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Preface

Welcome to the first edition of my book Sustainable process engineering, the inspira-
tion for which arose from my university teachings on sustainability and green engi-
neering. In this textbook, you will find an engaging and interesting reference guide
on sustainability that will provide you with a solid foundation in this exciting field of
science. This textbook is intended for chemists, materials scientists, and chemical en-
gineers to provide themwith the necessary tools to develop sustainable processes and
implement the concepts of sustainability in designing synthetic routes and chemical
processes. The book describes the basic principles of sustainable process design us-
ing simple, practical examples from various fields. An extensive reference list is also
provided so that interested readers can quickly find the most relevant up-to-date lit-
erature for a more detailed description of special aspects. The book also includes QR
codes to direct readers to animations, short videos, magazines, and blogs on the spe-
cific topics covered to enhance the learning experience.

One of the primary aims of sustainability is to manufacture products in the most
environmentally, economically, and socially beneficial way by conserving materials,
energy, and natural resources. Scientists, engineers, and industries have made great
efforts to design greener chemicals andmaterials and developmore efficient synthetic
routes and chemical processes. A set of green principles were initially drawn up to
facilitate sustainable design through proactive thinking and industry engagement.
These green principles have since matured over time into different green metrics.
Throughout this book, the principles of green chemistry and engineering are refer-
enced to guide the reader to the best sustainable practices. However, even with the
considerable progress in greenness and sustainability in recent years, significant dif-
ficulties remain in assessing the greenness and sustainability of processes. Hence,
the critical aspects and shortcomings of green technologies and methods are also
identified and discussed.

This textbook is divided into 14 chapters, each covering a fundamental topic:
Chapter 1 introduces sustainable process engineering with definitions and compar-
isons of green chemistry and green engineering. Chapter 2 discusses the increasing
number of green metrics used to quantify and compare the sustainability of reactions
and chemical processes. Chapter 3 provides an overview of green solvents and their
role in sustainable manufacturing and includes solvent selection guides to green
solvent manufacturing processes. Chapter 4 describes an example of the step-by-step
development of a sustainable process and compares the original patented routewith a
process-intensified alternative. Chapter 5 presents a survey of the different process in-
tensification methods and equipment employed. This chapter is followed by detailed
accounts of continuous flow reactions and continuous separation processes in Chap-
ters 6 and 7, respectively. Continuing on from the different methods and equipment
described in the previous chapters, Chapter 8 focuses on the recovery and recycling

https://doi.org/10.1515/9783110717136-201
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VIII | Preface

of solvents. Chapter 9 describes the toolbox of process analytical technologies and
gives examples of how they can achieve more efficient and safer manufacturing pro-
cesses. Chapter 10 introduces the basics of nuclear fuels and their future in terms of
sustainablity. Chapter 11 provides an overview of biofuels and their sustainable pro-
duction. The manufacturing and use of green polymers and green building blocks are
summarized in Chapter 12, followed by an introduction to solar powered engineering
in Chapter 13. Finally, the book’s different topics are summarized in Chapter 14 as
worked examples that aim to help readers deepen their understanding of the sustain-
able assessment of chemical manufacturing processes.

Letme conclude by gratefully acknowledgingmy students,whohelpedme to craft
andwrite this textbook. They are all members of the KAUST community and are either
members of my research group or attended my course Sustainable Process Develop-
ment. I have been working in process development for ten years now, and all my col-
leagues and students have contributed both directly or indirectly to the development
of this book. I am particularly indebted and grateful to two of my distinguished stu-
dents, Diana Gulyas Oldal and Gergo Ignacz, who have made a tremendous effort in
both the logistics and writing of this book; many thanks go to them for all their hard
work.

Gyorgy Szekely
Thuwal, Saudi Arabia

Advanced Membranes and Porous Materials Center
King Abdullah University of Science and Technology (KAUST)
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1 Introduction to sustainable processing
Diana Gulyas Oldal, Gyorgy Szekely

In 2015, the United Nations released a blueprint titled Transforming our world: The
2030 agenda for sustainable development, which describes 17 sustainable develop-
ment goals to achieve a better and more sustainable future world for all.[1] Most of
these goals are directly or indirectly connectedwith theworkof chemists and chemical
engineers. Chemistry involves the knowledge of chemical structures, reactions, prop-
erties, and the underlying theories. Chemists are tasked with making novel materials,
examining their fundamental characteristics and reaction mechanisms, determining
their structures, and implementing analyses (Figure 1.1a).

Figure 1.1: Schematic comparison between chemistry (a) and chemical engineering (b–c). The photo
of the ExxonMobil oil refinery in Baton Rouge is reproduced under the Creative Commons license.

The field of chemical engineering requires a general knowledge of chemistry; how-
ever, the primary emphasis is on a detailed knowledge of heat and mass flow and the
underlying thermodynamics andmathematics in these processes. Chemical engineers
scale upmethods for synthesis anddesign systems for heating, cooling, and transport-
ing large amounts ofmaterial. Furthermore, theywork on improving the efficiency and
economics of industrial processes (Figure 1.1b).

1.1 Sustainable development

Sustainable development “meets the needs of the present without compromising
the ability of future generations to meet their own needs” as per the definition by

https://doi.org/10.1515/9783110717136-001
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2 | 1 Introduction to sustainable processing

Brundtland.[2] Sustainability depends on the extent of utilized resources and gen-
erated waste.[3] Sustainable development requires two essential criteria: (i) natural
resources need to be utilized sustainably to prevent depletion of supplies in the long
run; (ii) any residues or waste should be generated at lower rates than the natural
environment can readily assimilate them.

To preserve current global resources and provide future generations the oppor-
tunity to have at least the same standards that we currently enjoy, supply depletion
should be controlled. The gold standard for the three crucial aspects of sustainability,
i. e., social, environmental, and economic development, should bemet, as Figure 1.2
illustrates.[4] These aspects can be described as people, planet, and profit – the three
Ps – as represented by overlapping circles.[5] The 2D metrics are shown as the inter-
actions of two aspects: socio-economic, eco-efficiency, and socio-ecological metrics.
Genuinely sustainable solutions will fulfill all three aspects. Follow the QR code on
this page to learn about the three pillars of sustainability.

Figure 1.2: The importance of sustainability among social, environmental, and economic factors.
Eco-efficiency, socio-economic, and socio-ecological metrics are 2D, while sustainability is 3D.

The broad scope of sustainability requires strong cooperation between social, eco-
nomic, and environmental professionals. Sustainable engineering aims to develop
technologically and economically viable systems with a particular emphasis on pro-
tecting ecosystems and human health. In addition to the environmental aspects, to
achieve a fully sustainable technology, socio-economic metrics must be considered.

Isoni and co-workers described sustainability as “an anthropocentric concept
based on human judgment of the delicate balance of social, environmental and eco-
nomic factors, and as such, it is not uncommon to observe trade-offs in borderline
situations.”[6] Sustainability is driven by human activities, since it relies on engi-
neers, policymakers, healthcare experts, social scientists, and economists, among
others. It is a global intersection of addressing societal needs while reducing the neg-
ative impact on the environment and considering the business aspects of a system;
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1.1 Sustainable development | 3

therefore, sustainability requires significant compromise. Two of the three pillars of
sustainability are highly subjective (the economic and social aspects). The environ-
mental factor is also subjective to some extent because there is no clear borderline
when a system/process/product can be considered detrimental to the environment.
Thus, these metrics change considerably depending on the field and geographical
area, and even from company to company.[5]

Transferring processes from one scale to another implies considerable temporal
and spatial interdependence (Figure 1.3), starting from themolecular scale and ending
at themacroeconomic level.[7] In the vastmajority of cases, this represents a challeng-
ing task, since many processes, materials, and aspects do not behave in the same way
at different scales.

Figure 1.3: Temporal versus spatial scales in sustainable development for modeling and optimiza-
tion. The smallest level considers molecules, which consume the least time and space, with the
primary aim to make new substances (green chemistry). The middle level deals with processes and
their development and optimization (green engineering). The largest level describes complete sys-
tems at the macroscale, including global network optimization (sustainability). Inspired by reference
[7].

Sustainability is equally important in both the corporate and the scientific world.
BASF is making significant efforts toward obtaining a leading sustainability position,
including the issuance of green bonds.[8] According to a recent statement, they suc-
cessfully issued corporate bonds of 2.28 billion USD to finance sustainable projects.
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4 | 1 Introduction to sustainable processing

They will fund instruments based on sustainability requirements to finance environ-
mentally and socially friendly products and projects. This is a fine example of how to
attract investors’ attention and capital to achieve sustainable business management,
and how to satisfy the increasing demand for cleaner production.

1.2 Introduction to green chemistry

Green chemistry deals with the fundamental aspects of chemistry without regard for
industrial processes or profitability.[9] Figure 1.4a illustrates the importance and po-
sition of green chemistry in the hierarchy of safety controls. It is the most effective
control measure because it eliminates or substitutes the hazard before it occurs. Con-
sequently, green chemistry is a powerful and useful tool for eliminating the use of haz-
ardous substances. Follow the QR code on this page to learnmore about the hierarchy
of safety controls.

Figure 1.4: The importance and position of green chemistry. (a) The role of green chemistry in safety
controls, and the steps illustrating the hierarchical structure of different controls in safety mea-
sures.[10] (b) Conglomeration of green and sustainable chemistry.

Green chemistry pursues to unify the academic, governmental, and industrial sectors
by paying more attention to the environmental effect during the initial invention and
innovation phase.[11] Paul Anastas [12] provided an ultimate academic definition of
green chemistry: “Green chemistry is the utilization of a set of principles that reduces
or eliminates the use or generation of hazardous substances in the design, manufac-
ture, and application of chemical products.” The ultimate governmental definition of
green chemistry was formulated by the Environmental Protection Agency (EPA):[13]
“Green chemistry is the designof chemical products andprocesses that reduce or elim-
inate the use or generation of hazardous substances. Green chemistry applies across
the life cycle of a chemical product, including its design, manufacture, use, and ulti-
mate disposal.”
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1.3 The 24 principles of green chemistry and green engineering | 5

Green chemistry aims to design and develop processes and materials that are en-
vironmentally benign, resulting in safer initial and final products with diminished en-
ergy consumptionandexpense.[14] The applicationof green chemistry results in facile
separation processes, high yields, and minimum waste generation.

Sustainable chemistry is a subset of green chemistry (Figure 1.4b), which incor-
porates the design, manufacture, and use of efficient, effective, safe, and more en-
vironmentally benign chemical products and processes. Moreover, implementing the
concept of sustainability in the production and use of chemicals and chemical prod-
ucts is crucial for enabling sustainable development. Another essential role of this
field is to enable industrial processes to produce better products, mitigate pollution,
and increase profit margins.

1.3 The 24 principles of green chemistry and green engineering

Paul Anastas, together with J. C. Warner [12] and J. B. Zimmerman,[15] introduced the
24 principles of green chemistry and green engineering (Table 1.1). The term green en-
gineering has the following definition according to the EPA:[16] “Green engineering
is the design, commercialization, and use of processes and products in a way that re-
duces pollution, promotes sustainability andminimizes risk to human health and the
environment without sacrificing economic viability and efficiency.”

Table 1.1: Summary of the 24 principles of green chemistry [12] and green engineering.[15]

The 12 principles of green chemistry The 12 principles of green engineering

Prevention Inherent rather than circumstantial
Atom economy Prevention instead of treatment
Less hazardous chemical syntheses Design for separation
Designing safer chemical Maximize efficiency
Safer solvents and auxiliaries Output-pulled versus input-pushed
Design for energy efficiency Conserve complexity
Use of renewable feedstocks Durability rather than immortality
Reduce derivatives Meet need, minimize excess
Catalysis Minimize material diversity
Design for degradation Integrate material and energy flows
Real-time analysis for pollution prevention Design for commercial “afterlife”
Inherently safer chemistry for accident prevention Renewable rather than depleting

The principles of green chemistry outline a real effort to preserve the surrounding en-
vironment and commit to clean chemical technology.Anastas pioneered thedefinition
of the principles,[12] which have become themost widely used list of definitions in the
field. The 12 principles are explained below:
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1. Prevention: It is better to prevent waste generation than treat or clean up waste
after it has been generated. Waste consumes time, energy, money, and resources
when generated, handled, and disposed of, particularly hazardous waste.[17]

2. Atom economy: Synthetic methods should be designed tomaximize all materials
used to produce the final product. The atom economy (AE) measures the efficacy
of different chemical reactions and facilitates the comparison of diverse synthesis
routes.[18]

3. Less hazardous chemical synthesis: Wherever practicable, synthetic methods
should be designed to use and generate substances that are non-toxic to human
health and the environment. While reducing the amount of material and energy
consumed represents a crucial element of green chemistry, considering resources
and energy also play an essential role. Highly reactive chemical substances are
frequently used for chemical reactions due to their favorable thermodynamic and
kinetic properties.[10] These compounds may react with unintended biological
cells of living organisms, leading to detrimental consequences.

4. Designing safer chemicals: Chemical products should be designed to preserve a
function’s efficacywhile reducing toxicity. One of themost notorious examples for
the need for safer chemical design is the case of the drug thalidomide, which was
used to treat anxiety, insomnia, andmorning sickness. This racemic sedative was
removed from the market in the 1960s because it was discovered to cause severe
teratogenic effects that resulted in congenital malformations, such as the lack of
arms and legs or extraordinary short limbs innewborns. Further research revealed
that the (R)-(+)-isomer was therapeutically active, while the (S)-(–)-isomer was
responsible for the teratogenic effect.[19] Follow the QR codes on this page for
more examples of safer chemical design.

5. Safer solvents and auxiliaries: The use of auxiliary substances1 should be
avoided wherever possible and innocuous when their use is unavoidable. An
example of this principle is the substitution of the toxic and low-boiling point
benzene with its less toxic and volatile alternative, toluene. Another example is
the replacement of pentane and hexane with the greener alternative, heptane,
which possesses a higher boiling point and lower toxicity. For more examples of
solvent replacement, please refer to [20].

6. Design for energy efficiency: Energy requirements for the intended scale of pro-
duction should be estimated and minimized. Synthetic methods and separations
should be performed at ambient temperature and pressure, if possible.

7. Use of renewable feedstocks: A raw material or feedstock should be renewable
rather than depleting whenever technically and economically practicable.

1 Auxiliary substances are solvents, separation agents, drying agents, surfactants, stabilizers, col-
orants, preservatives, emulsifiers, and every substance that is not directly incorporated into the prod-
uct, but it is still needed for the reaction to occur.
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8. Reduce derivatives: Unnecessary derivatization (use of protecting groups, pro-
tection/deprotection, temporary modification of physical/chemical properties)
should beminimized or avoided if possible because such steps require additional
time, reagents, and energy and generate waste.

9. Catalysis: Catalysts (as selective as possible) are superior to stoichiometric or ex-
cess use of reagents. Catalysts are usually easier to recover and reuse than excess
reagents because they often have a similar chemical nature to the product.

10. Design for degradation: Chemical products should be designed so that they
break down into innocuous degradation products at the end of their function and
do not persist in the environment.

11. Real-time analysis for pollution prevention: Analytical methodologies need
to be in place to allow for real-time, in-process monitoring and control before
forming hazardous substances. Refer to Chapter 9 for process analytical tech-
nologies.

12. Inherently safer chemistry for accident prevention: Substances and the form
of a substance used in a chemical process should be chosen to minimize the
potential for chemical accidents, including accidental release, explosions, and
fires.

Green chemistry can be considered as a tool for attaining sustainability. Sheldon
reported the correlations between green chemistry principles and green metrics.[5]
Mass-based metrics are related to five of the principles of green chemistry (1, 2, 5, 8,
and 9). They represent the backbone of green product design. Nevertheless, they are
not sufficient for obtaining a comprehensive picture of the greenness of a process.
Accordingly, more factors should be taken into account, such as energy efficiency
(principle 6), health and safety risks (principles 3, 11, and 12), the renewability of
resources (principle 7), and the environmental effect of input and output materials
(principle 3).[5]

Energy security appears as one of the main factors impacting sustainable and
green chemical design, along with environmental and human health aspects. Persis-
tence may be an advantageous property in terms of invested energy and complexity
for obtaining the desired final product. To ensure that this investment ultimately ends
up as a benefit, the decision pathway in Figure 1.5 should be followed.[21] The deci-
sions are related to the molecular complexity, embedded energy, and distribution in
the environment.

Figure 1.6 represents the optimal factors for green chemical syntheses. These con-
tributors can best succeed if they are taken into account during the design phase of a
particular process.

Paul Anastas and Julie Zimmerman developed the 12 principles of green engineer-
ing.[22] These principles emphasize the actions that will contribute to establishing a
greener chemical process or product. The definitions of these principles are provided
below.
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Figure 1.5: The decision pathway for chemical design. Adapted from [21].

Figure 1.6: Elements of reduction in chemical syntheses.

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



1.3 The 24 principles of green chemistry and green engineering | 9

1. Inherent rather than circumstantial: Process engineers should strive to ensure
that all material and energy inputs and outputs are as inherently non-hazardous
as possible.

2. Prevention instead of treatment: It is better to prevent waste generation than
treat or clean up waste after formation.

3. Design for separation: Separation and purification unit operations should be de-
signed to minimize energy consumption and materials use.

4. Maximize efficiency: Products, processes, and systems should be designed to
maximize mass, energy, space, and time efficiency.

5. Output-pulled versus input-pushed: Products, processes, and systems should
be output-pulled rather than input-pushed through the use of energy and materi-
als.

6. Conserve complexity: Embedded entropy and complexity must be viewed as
an investment when making design choices on recycling, reuse, or beneficial
disposition.

7. Durability rather than immortality: Targeted durability, not immortality, should
be a design goal. A successful design for durability rather than immortality is
demonstrated by developing biodegradable starch-based pellets and foams for
packaging materials. These products can be readily dissolved in water systems
at the end of their lifetime, making them sustainable alternatives to conventional
polystyrene packaging.[23]

8. Meet need, minimize excess: Design solutions for unnecessary capacity or capa-
bility (e. g., “one size fits all”) should be considered a design flaw. The reasonable
anticipation of the necessary process swiftness and product adaptability is a sig-
nificant factor at the design stage to avoid consequences arising from overdesign
or unusable capacities. If these requirements are met, there is no need to dispose
of and treat components, which would not be accomplished in the vast majority
of processing conditions.

9. Minimize material diversity: Material diversity in multicomponent products
should be minimized to promote disassembly and value retention.

10. Integrate material and energy flows: The design of products, processes, and
systems must include integration and interconnectivity with available energy
and materials flows.

11. Design for commercial afterlife: Products, processes, and systems should be
designed for performance in a commercial afterlife, i. e., they can be reused or
transformed to preserve their usefulness for other new products. For example,
the raw material of polyethylene terephthalate (PET) can be recovered, or new
material can be produced through chemical recycling via methanolysis, resulting
in the formation of dimethyl terephthalate and ethylene glycol. Another example
of the successful implementation of this principle is that approx. 90% of Xerox
equipment is designed for remanufacturing.[15]
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12. Renewable rather than depleting: Material and energy inputs should be re-
newable rather than depleting. Consuming finite substances leads to depletion,
and depleting virgin resources demand repetitive processes, which have environ-
mentally alarming consequences. An input can be considered renewable if the
generated waste may be reused as recycledmaterial or as an alternative feedstock
that does not lose its value. Thus, considering and applying renewable inputs
make an essential contribution to sustainable development.

The green engineering principleswere developed from the green chemistry principles.
Following both sets of principles, sustainable process design can be achieved by pay-
ing particular attention to the environment, our society, and the economy (refer to
Figure 1.2). Green chemistry mainly focuses on designing a product to minimize its
hazard, whereas the focal point of green engineering is the manufacturing process.
The interconnectivity of green chemistry and green engineering is shown in Figure 1.7.
There is a complex relationship between these two fields, which implies that, in real-
ity, chemists and chemical engineers need to cooperate closely to achieve sustainable
development.

Figure 1.7: Interconnectivity between the 12 principles of green chemistry and the 12 principles of
green chemical engineering.

The main aim of sustainable development is to address our present needs without
jeopardizing future generations from meeting their own needs. Consequently, the
chemical sector needs to develop sustainable products for the present and subse-
quent generations. Figure 1.8 shows the status of today’s chemical sector and what
transformations are needed to make the sector more sustainable. A transition is nec-
essary from linear to circular processes.[21] The inherent nature of the products must
be changed to meet the future needs of the chemical sector. Any waste generated
should be designed to be utilized as a raw material for other reactions. Follow the QR
code on this page to learn more about the future of the chemical industries.
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Figure 1.8: Comparison of the sustainability aspects of the present (a) and future (b) chemical sec-
tors, from obtaining the resources to the end of a product’s lifetime. Adapted from [21].
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Improvement in sustainability should represent a measurable change that can be
used for comparison, the communication of the work, and the transmission to manu-
facturing.[1] The evaluation of sustainability through comparison with conventional
methods is feasible through green metrics analysis. Several metrics have been de-
fined for sustainability assessment purposes.[2] An appropriate metric needs to
be simple, clearly defined, measurable, and objective.[1] Various metrics are used
during the design stage of synthetic routes, which are presented in the following
sections.

Figure 2.1 illustrates the synthesis route of aspirin (acetylsalicylic acid), which is
used to treat pain and inflammation. Aspirin is derived from the reaction of salicylic
acid and acetic anhydride in the presence of an acid catalyst. Acetic anhydride is in ex-
cess, and therefore the reactionneeds quenchingby the addition ofwater. Theproduct
precipitates upon the addition of water, and acetic anhydride undergoes hydrolysis to
yield two molecules of acetic acid. The mixture is left to cool to room temperature.
The solid product is isolated via vacuum filtration, followed by recrystallization using
ethanol and water, and a subsequent filtration step. The green metric analysis in the
following sections is based on the synthesis of aspirin in Figure 2.1.

2.1 Atom economy

Barry Trost first proposed the atom economy (AE) as a tool for organic chemists to
pursue greener chemistry.[3] AE measures the amount of substrates and reagents in-
corporated into a final product, assuming exact stoichiometric quantities and 100%
chemical yield. AE is defined as the ratio of the final product’s molecular weight and
the sumof themolecularweights of all reagents described in equation (2.1), whereMW
is the molecular weight and n is the stoichiometric number of a reagent. Note that, in
reality, the actual yield is always less than 100%. Furthermore, AE does not take into
account solvent use. Calculation of AE for a generic multistep process with I as the
final product is presented in equation (2.2).

AE (%) =
MWproduct

∑ n ×MWreagents
× 100%,(2.1)

A + B→ C + D,(2.2)

C + E → F + G,

F + H → I + J,

AE (%) = MWI
MWA +MWB +MWE +MWH

× 100%.

https://doi.org/10.1515/9783110717136-002
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Figure 2.1: The synthesis of aspirin (acetylsalicylic acid) from salicylic acid and acetic anhydride.
This example is used to calculate the green metrics in the following sections.

The higher the AE, the fewer by-products and co-products formed, and conse-
quently, the more sustainable the synthetic route. Simple addition and isomerization
reactions have 100%AE because all of the startingmaterials are incorporated into the
final product. There is no co-product or by-product (the by-product is structurally
related to the final product, whereas the co-product is not).[4] On the other hand, sub-
stitution and elimination reactions usually result in lower AE values. The calculation
of AE does not require any experimental work. It can already be used during reaction
design to indicate and assess waste generation among diverse alternative routes.[5]
Equation (2.3) presents an example calculation for AE based on the synthesis of as-
pirin (Figure 2.1). The equation includes the final product (acetylsalicylic acid, MW:
180.16 gmol−1) and the startingmaterials (salicylic acid,MW: 138.12 gmol−1; acetic an-
hydride, MW: 102.09 gmol−1).

AE = 180.16
138.12 + 102.09

× 100% = 75%.(2.3)
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2.2 Reaction mass efficiency

Reactionmass efficiency (RME) is amass-basedmetric developedbyConstable and co-
workers at GlaxoSmithKline (GSK).[2] RME represents an improvement to AE because
it takes yields and excess reactants into account. RME is defined as the percentage of
themass of the reactants that remains in the isolated product. For the generic reaction
of A + B → C, the RME is mathematically defined in equation (2.4), and simplified
in equation (2.5). The RME describes reactions only, and not the whole process, and
it does not consider the generated waste. Equations (2.6) and (2.7) present example
calculations for RME based on aspirin synthesis (Figure 2.1) following equations (2.4)
and (2.5), respectively.

RME (%) = ( MWC
MWA + (MWB ×molar ratio B/A)

) × yield,(2.4)

RME (%) = massC
massA +massB

× 100%,(2.5)

RME = 180.16
138.12 + 102.09 × 2.33

1.07
× 91.8% = 46%,(2.6)

RME = 4.80
4.00 + 6.48

× 100% = 46%.(2.7)

2.3 Carbon efficiency

Carbon efficiency (CE) is a metric also introduced by the pharmaceutical industry.[2]
CEwas developed to distinguish the carbonmass between reactants andproducts.1 CE
is defined as the percentage of carbon in the reactants that remains in the final isolated
product. The mathematical formula for the reaction of A + B → C is represented in
equation (2.8). Equation (2.9) shows the relation for CE calculation when the reaction
results in product C and co-product or by-product formation. TheCE takes into account
both the yield and the stoichiometry of reagents and products.

CE (%) = Amount of carbon in product
Total carbon present in reactants

× 100%,(2.8)

CE (%) = moles of C × carbons in C
(moles of A × carbons in A) + (moles of B × carbons in B)

× 100%.(2.9)

Equation (2.10) presents an example calculation for CE based on aspirin synthesis
(Figure 2.1). Equation (2.9)was appliedbecause, in this example, co-product formation
occurs (D).

CE = 0.027 × 9 carbons
0.029 × 7 carbons + 0.063 × 4 carbons

× 100% = 53.4%.(2.10)

1 With the exception of a few inorganic salts (potassium chloride or lithium chloride), pharmaceutical
products are exclusively carbon-based drugs.
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2.4 Effective mass yield

The effective mass yield (EMY) is defined as the percentage of the desired product’s
mass relative to the mass of all non-benignmaterials used in its synthesis (equation
(2.11)).[6] However, there is no clear definition for non-benign reagents. Benign sub-
stances are chemicals that pose no or negligible environmental risk and health con-
cerns, such as pure or saline water, cellulose, or dilute ethanol. A more exact defini-
tion is required because all materials (except water) are environmentally hazardous
to some extent. Moreover, the definition does not consider the level of toxicity based
on objective data.[1]

EMY (%) = Mass of product
Mass of non-benign reagents

× 100%.(2.11)

Note that the definition of non-benign reagents is somewhat vague and includes
those by- and co-products, reagents, and solvents that pose a negligible environmen-
tal risk, e. g., water, low-concentration saline, dilute ethanol, and autoclaved cell
mass.[6] This definition does not consider the level of toxicity or any objective data re-
garding the reagents’ non-benign nature. The EMY value for the example in Figure 2.1
is given in equation (2.12). Salicylic acid is an irritant and corrosive substance, and
acetic anhydride is classified as a flammable, irritant, and corrosive material. Thus,
both will contribute to the EMY of the example reaction because of their non-benign
nature.

EMY = 4.80
4.00 + 6.48

× 100% = 45.8%.(2.12)

2.5 Environmental factor

The environmental factor (EF), often shortened as E-factor, was one of the first green
metrics proposed by Roger Sheldon in the early 1990s.[7, 8] EF is defined as the mass
of waste per unit of product (equation (2.13)). The EF is simple to use, and therefore it
is one of the most common green metrics.[4] EF considers the waste generated from
all auxiliary components during a process (e. g., solvent loss and chemicals applied
for purification), not only what is generated during a reaction.[5] Lower values are
preferable, as a high E-factor refers to generation of a large amount of waste. There
is no difference between the types of waste regarding their hazardous nature. A large
amount of benignwaste is consideredworse than a small amount of hazardouswaste.
The ideal E-factor value would be zero, which would ultimately address the first prin-
ciple of green chemistry: prevention of waste generation.[9]

EF = Total mass of waste (excl. H2O)
Mass of final product

= [
kg
kg
].(2.13)
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The contributors to the EF originate from three significant sources (equation
(2.14)): the core chemical reaction (such as by-products and co-products), called
EFkernel; the excess reagents, which include all the unreacted materials, called
EFexcess; and the auxiliary materials from the work-up and purification processes,
called EFaux.

EFtotal = EFkernel + EFexcess + EFaux.(2.14)

The general concept of dividing the EF into subgroups is a powerful tool for com-
paring different reactions or processes. For example, EFaux provides the total auxil-
iary materials irrespective of the individual contributors. Consider the final product
of aspirin (Figure 2.1), which needs recrystallization and filtration. New sub-EFs can
be generated under EFaux, namely, EFcrystallization and EFfiltration, for the respective pro-
cesses. Comparing the values of EFcrystallization and EFfiltration, the effectiveness of EFaux
canbe further evaluated. Even though sub-EFs are useful, their derivation canbe cum-
bersome or even impossible in some cases.

Table 2.1 highlights the need for waste reduction, particularly in the fine chemical
and pharmaceutical sectors.[7] The petrochemical industry generates less waste per
product than other chemical sectors due to (i) the net margins with the demand of re-
ducing the amount ofwaste, (ii) utilizing thematerials instead of disposal, and (iii) rel-
atively few process steps.[1] The pharmaceutical industry is at the opposite end of the
spectrum. Pharmaceutical compounds are producedwith high purities throughmulti-
ple reaction andpurification steps.Moreover, higher net profitmargins do not necessi-
tate waste minimization. Nonetheless, the pharmaceutical sector produces consider-
ably less waste thanmany other industries.[1] However, bear in mind that petrochem-
icals are usually produced using significantly fewer steps than active pharmaceutical
ingredients.

Table 2.1: E-factors for different chemical industries.

Industry sector Annual product tonnage E-factor

Oil refining 106–108 Less than 0.1
Bulk chemicals 104–106 1–5
Fine chemicals 102–104 5–50
Pharmaceuticals 10–103 25–100

The E-factor can also be divided into the simple E-factor (sEF, equation (2.15)) and
the complete E-factor (cEF, equation (2.16)), depending on the process development
phase.[10] The sEF does not consider solvents and water, and thus, it is much more
suitable during the early development stage of synthetic routes. The cEF considers all
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process materials, such as raw materials, reagents, solvents, and water, without con-
sidering recycling. Thus, the cEF is adequate for total waste stream analysis (equa-
tion (2.16)).

sEF =
∑mraw materials + ∑mreagents −mproduct

mproduct
= [

kg
kg
],(2.15)

cEF =
∑mraw materials + ∑mreagents + ∑msolvents + ∑mwater −mproduct

mproduct
= [

kg
kg
].(2.16)

One of the limitations of the original E-factor is the lack of consideration for a re-
action’s energy consumption or, more precisely, the energy required for heating and
cooling. Energy generation represents one of the significant sources of greenhouse
gas (GHG) emission in the atmosphere (refer to Figure 2.4). Thus, this factor should
not be ignored, and for this, a new type of E-factor, called E+-factor (equation (2.17)),
has been introduced.[11]

E+ = ∑mwaste
mproduct

[kg kg−1] + W[kWh] × CO2EF[kg CO2 kWh−1]
mproduct [kg]

.(2.17)

To better understand CO2EF, please refer to equation (2.36) and Section 2.11 in
general. Consider the example of aspirin synthesis in Figure 2.1. Equation (2.18) can
be used to calculate the original E-factor based on the definition in equation (2.13). The
filtration step is done twice, before and after the recrystallization, and thus it needs to
be considered twice.

EF = 4.00 + 6.48 + 1.10 + 1.58 + 7.90 + 1.58 − 4.80
4.80

= 3.7 g g−1 = 3.7 kg kg−1.(2.18)

According to equation (2.14), the original E-factor of the aspirin example can be di-
vided into different parts.We can differentiate between the core reaction (EFkernel), the
recrystallization step (EFcryst.), and the filtration step (EFfiltr.). Thus, the total E-factor
is the sum of the previous E-factors (equation (2.19)). Note that the filtration step was
performed twice and that the materials from the kernel reaction to recrystallization,
i. e., the starting materials, should only be counted in the kernel step. The mass of the
product should be excluded from EFtotal; hence the subtraction at the end of equation
(2.19).

EFtotal = EFkernel + EFcryst. + 2 × EFfiltr.(2.19)

=
4.00 + 6.48 + 1.10

4.8
+
7.90
4.8
+ 2 × 1.58

4.8
−
4.80
4.80
.

The definition of sEF in equation (2.15) does not consider the solvents, and thus,
they should be excluded from the example calculation on aspirin synthesis (equation
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(2.20)).

sEFtotal = sEFkernel + sEFcryst. + 2 × EFfiltr. =
4.00 + 6.48 + 1.10

4.8
+ 0 + 0 − 4.80

4.80
(2.20)

= 1.41 g g−1 = 1.41 kg kg−1.

The cEF (equation (2.16)) considers all the inputs, such as the starting materials,
the solvents, and water. Accordingly, the example calculation for aspirin synthesis
includes all process materials (equation (2.21)).

cEFtotal = cEFkernel + cEFcryst. + 2 × cEFfiltr.(2.21)

=
4.00 + 6.48 + 1.10 + 4.00

4.8
+
20.00 + 7.90

4.8
+ 2 × 5.00 + 1.58

4.8
−
4.80
4.80

= 10.8 g g−1 = 10.8 kg kg−1.

The E+-factor for the aspirin example is calculated in equation (2.22). The emis-
sion conversion factor is taken from a 2018 UK government report.[12] The CO2EF is
calculated by multiplying the total consumed energy with the emission factor for the
used electricity (0.30720 kg CO2 eq. kWh−1). The energy consumption plays a signif-
icant part in the waste contribution, contributing 77.3% of the total E+-factor value.
Follow the QR code on this page to watch a webinar on green metrics by Andrew P.
Dicks from the University of Toronto.

E+ = 3.7 kg kg−1(2.22)

+
0.34 kWh × 0.30720 kg CO2 eq. kWh−1

0.0048 kg

+
2 × 0.027 kWh × 0.30720 kg CO2 eq. kWh−1

0.0048 kg
= 28.9 kg kg−1.

2.6 Mass intensity

The mass intensity (MI) is defined as the mass ratio of the total input of materials
(excluding water) to the final product (equation (2.23)).[2] Optimally, the value of MI
should approach 1. This metric considers the yield, the stoichiometry, the solvents,
and the reagents utilized in a chemical process. The total mass includes everything
needed for a process such as reagents, solvents, catalysts, material mass used in the
work-up, and purification, except water. MI can be expressed alongside the E-factor
(equation (2.24)). Equation (2.25) presents an example calculation for MI based on
aspirin synthesis (Figure 2.1). The same value of MI is obtained using equation (2.24)
by adding 1 to the result of EF in equation (2.18).

MI = Total mass in process (excl. H2O)
Mass of product

= [
kg
kg
],(2.23)
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MI = EF (excl.H2O) + 1,(2.24)

MI = 4.00 + 6.48 + 1.10 + 1.58 + 7.90 + 1.58
4.80

= 4.7 g g−1 = 4.7 kg kg−1.(2.25)

2.7 Process mass intensity

The Green Chemistry Institute Pharmaceutical Round Table reinvented the MI term
into a new term called process mass intensity (PMI, equation (2.26)), which includes
water in the solvent input materials and the inputs already included in MI (equation
(2.24)).[13] This metric expresses the overall sustainability of the process because it
does not ignorewater consumption. The same value of PMI is obtained using equation
(2.27) by adding 1 to the result of cEF in equation (2.21). Equation (2.28) presents an
example calculation for PMI based on the synthesis of aspirin (Figure 2.1).

PMI = Total mass in process (incl. H2O)
Mass of product

= [
kg
kg
],(2.26)

PMI = EF (incl. H2O) + 1,(2.27)

PMI = 4.00 + 6.48 + 1.10 + 4.00 + 5.00 + 1.58 + 20.00 + 7.90 + 5.00 + 1.58
4.80

(2.28)

= 11.8 g g−1 = 11.8 kg kg−1.

2.8 Mass productivity

Mass productivity (MP) is defined as the percentage value of MI’s reciprocal (equation
(2.29)). The introduction of this metric was suggested to improve the understanding of
MI in the business world.[14] The terms productivity and the percentage as unit are
more tangible and understandable for non-experts who do not work in green chem-
istry. Equation (2.30) presents an example calculation for MP based on aspirin syn-
thesis (Figure 2.1).

MP = MI−1 × 100% = Mass of product
Total mass (excl. H2O)

× 100%,(2.29)

MP = 4.7−1 × 100% = 21.3%.(2.30)

2.9 Wastewater intensity

Wastewater intensity (WWI) expresses themass ratio of the total generatedwastewa-
ter to the product, as described in equation (2.31).WWI takes into accountwastewater
but not the stoichiometry, the yield, and other solvents.[10] This green metric aims to
provide information on thewater consumption of a process instead of the E-factor,MI,
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and the MP, which excludes water.

WWI = Mass of total wastewater generated
Mass of product

= [
kg
kg
].(2.31)

Equation (2.32) presents an example calculation forWWI based on aspirin synthe-
sis (Figure 2.1). Every water molecule that is not incorporated into the final product is
considered wastewater, such as the 4.00 g of water used for quenching and 25 g used
in the purification steps.

WWI = 4.00 + 5.00 + 20.00 + 5.00
4.80

= 7.1 g g−1 = 7.1 kg kg−1.(2.32)

2.10 Solvent intensity

Solvent intensity (SI) is defined as the mass ratio of used solvents to the final prod-
uct (equation (2.33)). This metric accounts for solvent usage; however, the yield, sto-
ichiometry, and water are not considered.[10] SI varies significantly among different
industrial sectors. The higher the desired purity, the more purification steps are usu-
ally needed,which increases the SI. The SI doesnot take into account theusedwater in
the reaction. Equation (2.34) presents an example calculation for SI based on aspirin
synthesis (Figure 2.1).

SI = Mass of solvents (excl. water)
Mass of product

= [
kg
kg
],(2.33)

SI = 1.58 + 7.90 + 1.58
4.80

= 2.3 g g−1 = 2.3 kg kg−1.(2.34)

2.11 Carbon footprint, carbon emission factor, and carbon
intensity

The carbon footprint refers to the amount of GHG2 emitted by a particular source
per year (equation (2.35)).[15] Carbon dioxide comprises approx. 80% of the total
GHGs.[16] In practice, carbon dioxide is regarded as the only GHG, and to simplify the
calculations, the CO2 footprint is calculated instead of the GHG footprint. However,
other GHGs such asmethane or nitrous oxide are also included in the carbon footprint
by converting them to kg CO2 equivalents. With the proper conversion factors, various
data, including energy andwaste, can be converted to kg eq. CO2. The carbon footprint
represents the total amount of carbon dioxide emitted during material utilization or

2 GHGs are gases that absorb and emit infrared radiation. They include all emitted gases that con-
tribute to the warming of our planet.
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energy consumed by an individual, a car, a process, a company, a country, or a system.
The CO2 emission factor (CO2EF, equation (2.36)) of a particular source describes the
ratio of the mass of carbon dioxide released to the quantity of activity.

Carbon footprint = GHG emission × year−1,(2.35)

CO2EF =
Mass of CO2 emitted
Quantity of activity

.(2.36)

The phrase quantity of activity can be defined in a variety of ways. If the emis-
sion source is public transport, then the quantity of activity can be expressed as the
amount of burned fuel. If the source is cooking, then the quantity of activity can be
described as kWh of used electricity. If the CO2 quantity is expressed as a function of
the product mass (kg CO2 per kg product), it is termed as gravimetric emission fac-
tor.[15] On the other hand, when the amount of CO2 is expressed for a given volume
(kg CO2 per liter), the correct term is the volumetric emission factor.[15] Carbon inten-
sity (CI) is the mass emission of CO2 over the product, which can also be expressed
as a mass (kg) and energy (kWh or MJ) unit (equation (2.37)). In this book, the kg kg−1

form is used throughout the calculations; however, numerous reports use both units
inconsistently. Carbon intensity is useful for calculating and comparing the emission
intensity and the greenness related to different processes and is simple to use. For ex-
ample, CI can be calculated for various systems by taking the power consumption and
converting it into CO2 emission via emission conversion factors. The usefulness of CI
for comparing different processes is demonstrated in Section 8.3.

CI =
mCO2 emission

Product
.(2.37)

2.11.1 Methodology for carbon footprint industrial standards

The classification of different contributors to carbon footprint plays a crucial role in
sustainability assessment. The Greenhouse Gas Protocol: A Corporative Accounting
and Reporting Standard was developed by the Greenhouse Gas Protocol Initiative.[17]
It consists of a partnership of businesses and non-governmental organizations whose
primary aim is todevelopaglobally recognizedgreenhousegas accountingand report-
ing standard and promote its application. An essential part of this document is the set-
ting of operational boundaries by proposing the concept of “scope”. Three scopes are
introduced to facilitate distinction between direct and indirect emission sources,[18]
providing feasibility for organizations by helping them to determine what is relevant
regarding emissions, and to prepare GHG standards that are effective in different situ-
ations (Figure 2.2):
1. scope 1: for direct GHG emissions, which originate from sources owned or con-

trolled by the company;
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Figure 2.2: Summary of scopes to set operational boundaries. Scope 1 includes direct emissions
controlled and owned by the company, such as company-owned cars. Scope 2 includes indirect
emissions, which originate from sources owned or produced by other companies, such as purchased
electricity. Scope 3 involves other indirect emissions related to the company’s activity, utilizing
sources from other companies, such as raw material production.

2. scope 2: for electricity-based indirect GHGemissions, i. e., emissions from the gen-
eration of purchased electricity;

3. scope 3: for other indirect emissions, which are the implications of the activities
of the company, but from sources not owned or controlled by the company.

Reporting scope 1 and scope 2 emissions is compulsory in line with the protocol; how-
ever, scope 3 is optional. Consequently, some companies do not disclose their indi-
rect emissions, mainly due to double-counting of emissions between and within the
scopes. For example, double-counting can happen if a manufacturer and an indepen-
dent retailer use a third-party transportation company. In this case, both the manu-
facturer and the retailer could incorporate the emissions from transportation.

Evonik Industries, one of the largest specialty chemical companies, disclosed a
compilation of data based on direct and indirect emissions.[19] They classified emis-
sions from different sources and provided a complete evaluation of emissions starting
from purchased energy and raw resources, across transports and waste generation,
endingwith the disposal of marketed products. The company applied the Greenhouse
Gas Protocol Corporate Standard [17] for accounting and reporting of emissions.

Figure 2.3a illustrates the increase in greenhouse emissions in Evonik Industries,
which is likely due to increased productivity. Figure 2.3b shows the data for 2018 di-
vided into different categories based on their contribution to the overall emissions.
The largest contributor to the carbon footprint is the procurement of raw materials,
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Figure 2.3: Rising tendency of greenhouse gas emissions in Evonik Industries (a) and their carbon
footprint in 2018 (b) (unit in millions of metric tons of CO2). Adapted from [19].

with 42% share (11.5 million metric tons), followed by the recycling of sold products
(24%)anddirect emissions (21%)with approx. the sameproportion. In summary,more
than half of the carbon footprint of a major company in the chemical industry falls in
scope 3, with carbon emissions originating from outside the company.

2.11.2 Carbon footprint in the pharmaceutical industry

The importance of the carbon footprint is demonstrated by the fact that GSK, one of
the world’s largest pharmaceutical companies, recently added carbon footprint into
its three primary long-term goals regarding sustainability, in addition to waste and
water.[20] GSK examined their industrial processes and found that direct energy us-
age, i. e., heating, ventilation, and air conditioning (HVAC), is the major contributor
to their carbon footprint. Figure 2.4 illustrates the assessed contributors, showing that
more than half of the carbon footprint is caused following Good Manufacturing Prac-
tice (GMP).[20] Reaching a certain amount of purity with specified chemicals or sol-
vents requires a significant amount of energy and results in increased waste genera-
tion. The green metric analysis helped GSK make the necessary decisions and focus
the company on optimizing the manufacturing facilities, particularly by developing
energy-efficient HVAC systems.

2.11.3 Carbon footprint in the petrochemical industry

The overall energy landscape is steadily evolving, with a decrease in conventional en-
ergy resources and a gradual progression to renewable energy.[21] Oil and gas compa-
nies are in the early phases of this transition to establish low-carbon emission energy
development. The oil field carbon intensity study carried out by Stanford University in
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Figure 2.4: Breakdown of GSK’s process carbon footprint. Adapted from [20].

2018 reported global values of crude oil production for countries with at least 0.1% of
global oil production.[22] In total, 8966 on-stream oil fields in 90 different countries
were analyzed and the report covered approx. 98% of global crude oil and conden-
sate production. The report found that GHGs produced in the considered oilfields are
equivalent to 1.7 Gt of carbon dioxide, which amounts to approx. 5% of all emissions
from fuel combustion in 2015. The data illustrated in Figure 2.5 is ranging from Den-
mark (3.3 g CO2 MJ−1) to Algeria (20.3 g CO2 MJ−1) showed that oil in Saudi Arabia has
the second-lowest CI value, 4.6 g CO2 MJ−1, after Denmark.

Saudi Aramco is the largest company in the sector, with enormous productivity,
even though they have relatively few reservoirs. The gas flaring rates per barrel and the
generation of produced water in their oil production process are low. Consequently,
less mass needs to be lifted to gain a given amount of oil. The energy consumption
for fluid separation, handling, treatment, and reinjection is relatively low compared
to other countries.

A reduction in GHG emissions in the oil industry could be achieved by carefully
managing crude oils. Producing, transporting, and refining crude oil into fuels such as
gasoline or diesel contributes to approx. 15%–40% of the transport fuels’ GHG emis-
sion.[22] The report highlighted that flaring has a considerable impact on CI values.
Nevertheless, the study suggests that new and present oil fields should consider con-
servation methods, such as CO2 capture, and the elimination of routine flaring and
reducing methane emissions (e. g., through capturing). Algeria produces the world’s
lightest crude oil and possesses the highest CI values, which is a consequence of reg-
ularly burning large amounts of gas by the oilfield operators.[23]

Achieving lower carbon intensity requires thoughtful reservoir management by
minimizing flare and GHG emissions, energy efficiency, methane leak detection, and
immediate repair.[24] The implementation of careful reservoir management includes
practices that can be managed with balanced production, such as, for instance, us-
ing seawater injection as a recovery technique to maintain the pressure on the reser-
voir with maximizing reservoir sweep. For example, Saudi Aramco tries to mitigate
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Figure 2.5: Estimated global crude oil carbon intensity (numbers below each country represent the
analyzed fields). Reprinted with permission from [22]. Bar chart: national volume-weighted average
upstream GHG intensities in g CO2 eq./MJ crude oil delivered to the refinery. Dark blue: lowest; dark
red: highest. The dashed line represents the global average.

the amount of gas flared, which results in a flaring intensity of less than 1%. In con-
trast, 15% of all associated gas is flared globally.[25] However, according to the new
industrial perspective called “Zero Routine Flaring by 2030,” routine flaring will be
eliminated globally by 2030. Lowering the flaring rate can be achieved by applying
mobility geosteering, multilateral wells, and peripheral water flooding.[26] Methane
leak detection is crucial in terms of sustainability because methane is 84 times more
powerful than CO2 as a GHG.[27] Saudi Aramco uses modern solutions such as drone-
mounted and thermal cameras, laser detection, and quantification sensors for miti-
gating methane leaks, which has resulted in a substantially lower methane intensity
of 0.06% (the average methane intensity in the industry was 1.34% in 2012).[24, 26]

2.12 Health and safety hazards

The fourth principle of green chemistry states that chemical and materials design
should focus on function and mitigate health and safety hazards.[28] This principle
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is one of the most complex and interdisciplinary requirements of designing chemi-
cals and materials. The mitigation of organic pollutants and toxic, bioaccumulative
chemicals has gained increased attention in green chemistry in recent years.[29] Mea-
suring and quantifying the different hazardous properties of chemicals is notoriously
difficult. One available tool for identifying hazard and toxicity of materials are the la-
bels provided by the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS, Figure 2.6). This labeling system aims to protect health and the en-
vironment during the handling, transportation, and use of chemicals;[30] however,
GHS was not originally intended to quantify the hazards.

Figure 2.6: Hazard pictograms by the Globally Harmonized System of Classification and Labelling of
Chemicals.[32]

Creating aquantifiablemethod tomeasure the effective andoverall hazardof a process
has been proposed.[31] Follow the QR code on this page for the corresponding GHS
pictograms and their descriptions. The pictograms show the common GHS symbols,
and the areas of the pictograms are based on the sum of those materials that have the
specific hazard symbol. For example, the flammable materials pictogram would have
the largest area if the largest percentage of chemicals are flammable. The other sym-
bols, such as irritants, specific toxicity hazards, and corrosives, gradually decrease as
fewer chemicals with these traits are present. The quantifying method introduces an
easy method to compare different processes and to help with decision-making. Refer
to Section 4.5.6 for more details and an example of the use of this system.

However, the above-mentioned quantifying method does not differentiate be-
tween the severity of hazards. For example, both dimethyl sulfoxide and diethyl ether
are labeled as flammable; however, diethyl ether is extremely flammable, whereas
dimethyl sulfoxide is only slightly flammable. H-symbols (NFPA Rating in the USA)
have been introduced to overcome this problem.[33]
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2.13 Defining a good chemical process

Besides conventional green chemistry metrics, there are other directives for defining
GMP.[34] GMP describes eight applicable assessment criteria to define a good chemi-
cal manufacturing process. These criteria are classified into three categories: material
cost factors, conversion cost factors (process efficiency and process reproducibility
factors), and the modified ecoscale. Table 2.2 summarizes all the GMP criteria and
their contribution to the GMP. Process efficiency comprises five criteria. However, the
largest contributor is the volume-time output (VTO) with a 40% weighting. VTO is a
nominal volume of all unit operations (VUO) multiplied by the time spent in these unit
operations per batch (tUO), divided by the product output mass per batch (mp) (equa-
tion (2.38)), and refers to the whole production process. VTO is also a powerful metric
to compare different processes in batch andflowconfiguration. For example, a process
with large VTO is economically and financially less preferable than processes with
small VTO. VTOs close to or below 1 are favored. Flow processes have substantially

Table 2.2: The eight criteria needed to achieve a robust chemical manufacturing process.[34]

Primary
factor

Subfactor Criterion Description Weighting
[%]

Material
cost

Material cost Cost of all purchased
chemicals

15

Conversion
cost

Process
efficiency

Atom economy The efficiency of synthesis
in terms of raw material
strategy

5

Yield The efficiency of synthesis
in terms of productivity

5

Volume-time output Efficiency in terms of
reactor capacity and cycle
time

40

E-factor/process mass
intensity

Efficiency in terms of
process waste and
environmental impact

10

Process
reproducibility

Quality service level Reproducibility in terms of
product quality

5

Process excellence
index

Reproducibility in terms of
yield and cycle time

10

Modified
ecoscale

14-point multicriterion
analysis system
including environment,
health, and safety
considerations

Ballpark lab procedure
analysis tool acting as a
reward system (and not a
penalty)

10
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lower VTOs than their batch counterparts. Refer to Chapter 6 for a detailed batch and
flow comparison. VTO is calculated as follows:

VTO = VUO [m
3] × tUO [h]

mp [kg]
.(2.38)

These criteria are suitable for research and development in the chemical process-
ing industry. Volumeand time efficiencyplay significant roles,which canbe expressed
as the VTO parameter. Material costs and yield, along with environmental factors, are
also crucial for chemical process assessment.

Another current green chemistry metric is the greenmotionmetric.[30] This met-
ric is based on a penalty point system using a scale of 1–100, with a higher rating
ranking better in sustainability and green chemistry. However, thismetric lacks a clear
definition and breakdown of the scaling system. Precise and traceable information
about the calculations for the energy and renewable E-factors are not provided, and
therefore, the obtained results cannot be validated.
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3 The role of solvents in sustainable processes
Diana Gulyas Oldal, Gyorgy Szekely

Solvents and dissolution have a long history because they have always formed an in-
tegral part of scientific curiosity. In the fifteenth century, alchemists sought new sol-
vents to be used in dissolution processes, particularly to dissolve gold (Figure 3.1). The
ultimate goal was to find menstruum universale, a mystical solvent with the power to
eradicate disease from the human body.[1]

Figure 3.1: The universal solvent sought by alchemists was called alkahest. The picture depicts
Alchimia, the spirit of alchemy.

The word solvent is derived from the Latin word solvo, meaning to loosen something.
The main characteristic of solvents is to loosen the intermolecular bonds between the
molecules of a solute and separate them.[2] According to IUPAC’s classification, the
definition of a solution involving a solvent and a solute is the following:[3] “A liquid or
solid phase containingmore than one substance, when for convenience one (or more)

https://doi.org/10.1515/9783110717136-003

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.1 Classification of solvents | 33

substance,which is called the solvent, is treated differently from the other substances,
which are called solutes.” Solvents represent an important part of every industrial sec-
tor, from food and beverage, through pharmaceuticals to metallurgy. The size of the
global solvent market is worth approx. 26–28 billion USD, which is increasing steadily
on an annual basis (Table 3.1).

Table 3.1: Global market for petrochemical-based and green solvents per raw material in 2017 and
2018 and predictions for 2023 (expressed in billions of USD).[4] CAGR, compound annual growth
rate.

Raw material 2017 2018 2023 CAGR%
2018–2023

Fossil-derived solvents 25.9 26.3 27.9 1.2
Green solvents 3.9 4.2 5.9 7.0
Total 29.8 30.5 33.8 2.1

The following sections discuss the classification of solvents, present guidelines on
choosing appropriate solvents for sustainable processes and how to recover them, ex-
plain the difference between conventional and green solvents, and draw attention to
hazards associated with using organic solvents.

3.1 Classification of solvents

Solvents can be classified into two main categories: polar and non-polar. The dielec-
tric constant of solvents provides a measure of polarity, i. e., it is a measure of the re-
duction of the strength of the electric field surrounding a charged particle immersed
in a substance relative to the field strength around the same particle in a vacuum.[5]
Small electrostatic attractions and repulsions between ionic species occur when the
dielectric constant of a solvent is high because ions of opposite charge have a greater
tendency to dissociate. Solvents with a dielectric constant less than 15 are considered
to be non-polar.[5] On the contrary, solvents with a dielectric constant above 15 fall
into the category of polar or dipolar solvents.

Polar solvents can be further categorized into two subgroups: protic and aprotic
solvents. Protic solvents are good hydrogen donors, i. e., they have hydrogen bound
to oxygen or nitrogen and can solvate cations and anions. Aprotic solvents have large
dipole moments and do not contain hydrogen atoms directly connected to an elec-
tronegative atom; thus, they cannot form strong hydrogen bonds. Polar protic solvents
possess acidic hydrogen with the capability for strong hydrogen bonding. They usu-
ally have high dielectric constants. Some of the examples include water, most alco-
hols, ammonia, etc. On the other hand, polar aprotic solvents are not good hydrogen
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donors and therefore have medium dielectric constant values. Solvents included in
this category are ethyl acetate (EtOAc), N,N-dimethylformamide (DMF), acetonitrile
(MeCN), and dimethyl sulfoxide (DMSO), among others.

Non-polar solvents contain atoms with similar electronegativities, and therefore
the molecules lack partial charges, i. e., the electric charge is evenly distributed, re-
sulting in a low dielectric constant. Some representatives of this group include hydro-
carbons, diethyl ether (Et2O), and dichloromethane (DCM). In summary, three general
distinctive groups for solvents exist based on their molecular structure. Figure 3.2 pro-
vides general information about these groups, including examples for each category.
Follow the QR code on this page to learn more about the classification of solvents.

Figure 3.2: General classification and characterization of solvents.

3.2 Solvent usage and safety concerns

Solvents can play many different roles. They can be used to dissolve or disperse ma-
terials in a given medium or be applied as carriers. Cleaning and washing processes
are further applications where solvents are in high demand. Solvents are also widely
used as a reaction and mixing medium.

Organic solvents are broadly used in manufacturing and versatile sectors such as
paint, agricultural, food, pharmaceutical, and oil industries (Figure 3.3). The paint in-
dustry accounts for almost half of the total solvent consumption globally, followed
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Figure 3.3: The breakdown of organic solvent usage among diverse industrial sectors.[2]

by the pharmaceutical sector, with nearly one-tenth of the overall consumption.[2]
The paint industry mainly uses aromatic and aliphatic hydrocarbons, which are pro-
duced throughpetrochemical production. The second-largest organic solvent user, the
pharmaceutical industry, requires large quantities of high-purity solvents to produce
high-purity active pharmaceutical ingredients (APIs). APIs are manufactured through
multistep synthesis consisting of several reactions and purification steps.

The breakdown of solvents used by solvent classes reveals that the main contrib-
utors include alcohols with 30%, aromatics with 20%, and ether with 13%, followed
by esters and alkanes, each with 9% of overall usage. Chlorinated and polar aprotic
solvents account for 8% and 6%, respectively.[6] The solvents market is forecasted to
grow continuously and reach approx. 57 billion USD by 2023, which corresponds to a
10 billion USD increase and a 4% annual growth rate since 2018.[7] The car manufac-
turing and construction sectors drive the demand for petrochemical-based, conven-
tional organic solvents. Sustainable development and strict regulations aim to miti-
gate the use of volatile organic compounds (VOCs) and are thus driving the demand
for green solvents.

In many chemical productions, batch processes are still widely used, which im-
plies multiple reaction and purification steps with the isolation of intermediates.[2]
In particular, the pharmaceutical industry utilizes a large amount of solvents due to
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liquid phase reactions. A report by GlaxoSmithKline (GSK) revealed that solvents typ-
ically account for 80–90% of the total mass utilization in a pharmaceutical batch pro-
cess.[8] Consequently, solvents significantly affect the waste generation of industrial
processes (pharmaceutical sector) and products (paint industry). Since most solvents
are hazardous and detrimental to the environment, solvent usage and disposal must
be carefully managed. Solvents represent an important element of a process because
they affect yield, energy consumption, process efficiency, kinetics, toxicity, health,
and safety hazards (Figure 3.4).[2]

Figure 3.4: Solvents can make or break a chemical process because they affect various parameters in
a process and beyond. Adapted from [2].

A study carried out by the American Chemical Society Green Chemistry Institute Phar-
maceutical Roundtable (ACS GCI-PR) revealed that 46 kg material is used to produce
1 kg of API in a commercial process. Given that 56% of the mass used is solvent, it can
be derived that 22 kg solvent is required to produce 1 kg of API (Figure 3.5).[9] Such a
large amount of solventwill inevitably have a significant effect on an industry’s overall
sustainability. Therefore, solvent management, particularly in terms of disposal and
reuse, is key to improving the API sector’s sustainability.

Primary health hazards of solvents can be classified as short-term, reversible,
acute effects and chronic, long-term, irreversible effects. Most organic solvents are
neurotoxic, and many can cause liver and kidney toxicity. Chlorinated and bromi-
nated organic solvents are potential carcinogens, while some organic solvents may
be harmful to the skin, causing contact dermatitis or defatting of skin, for instance.
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Figure 3.5: Composition by mass of the types of materials used for the production of APIs. Adapted
from [9].

VOCs, which partly originate from organic solvents, contribute to ground-level ozone
pollution. Siloxanes and chlorinated solvents are persistent in the environment, and
most organic solvents are flammable. Solvent spills can be a potential groundwater
contamination source, endangering our waterways and food chains.

In thepast, solventswereusedwithout appropriate awareness of their detrimental
effects on the environment and humanhealth following their disposal.[2] In the 1970s,
regulations were introduced to mitigate the hazards of solvents in the workplace and
beyond. Some conventional solvents can be replaced by green solvents that possess
lower toxicity or lower exposure. The next section discusses the potential of green
solvents to mitigate the hazards associated with conventional solvents.

3.3 Green solvents
As discussed in Section 3.2, conventional organic solvents are petrochemical-based
and pose health and environmental risks. Green solvent alternatives are a significant
part of the solution for achieving more sustainable solvent use. Hallett et al. summa-
rized the most important green and sustainable solvents in terms of their reaction
performance with respect to their environmental and economic aspects.[10] They as-
sessed each class of green solvent andprovided a comprehensive guide on thepresent-
day status of these solvents.We recommend readers to read this review for detailed in-
formation on the comparison of green solvents. The global green solvents market size
was estimated to be worth approx. 5.5 billion USD in 2015, and has been growing con-
siderably since.[11] A comprehensivemarket analysis forecasted the value of the green
solventsmarket to double by 2022. The sector ismainly drivenby soaringdemand from
the application segments dominating the breakdown outlined in Figure 3.3. Follow
the QR code on this page to watch a webinar on the role of green solvents in a more
sustainable future.
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The use of green solvents instead of conventional solvents can facilitate meeting
the requirements of green chemistry and green engineering. Figure 3.6 illustrates the
way in which green solvents bridge the gap between green chemistry and green engi-
neering. Their renewable nature and safer use due to their lower volatility are the key
features that make them sustainable.

Figure 3.6: Green chemistry and engineering principles applying for green solvents.

Figure 3.7 illustrates the most important green solvent classes and their beneficial
green characteristics. The most common property among them is their low volatil-
ity, which facilitates the mitigation of VOC emissions into the atmosphere. Water is
the most preferred green solvent according to most solvent selection guides.[12, 13]
Section 3.4 introduces the solvent selection guides in detail. Other promising green
solvents include supercritical fluids [14] such as supercritical CO2, which is the most
famous example,[15, 16] ionic liquids,[17, 18, 19, 20] liquid polymers (mostly polyethy-
lene glycol and polypropylene glycol),[21, 22, 23] switchable solvents,[24] and renew-
able-based solvents.[25, 26]

Supercritical fluids exist in a state above their critical temperature and critical
pressure, which is an intermediate phase between the liquid and gaseous phase,
i. e., the boundary between these two phases disappears when a liquid is in equi-
librium above a critical temperature and pressure. These fluids have a liquid-like
density and a gas-like viscosity, and consequently have gas-like transport proper-
ties (diffusivity) with good compressibility. A small change in pressure will cause a
large change in volume and density; therefore, changing their solubility is simple.
Follow the QR code on this page to watch an animation about phase diagrams and
supercritical fluids. Some examples of often-used supercritical fluids include CO2,
water, ethylene, propane, ethane, and ammonia. Carbon dioxide is the most common
due to its environmentally friendly nature, low flammability and toxicity, and low
cost. Ionic liquids are molten at room temperature with extremely low volatility and
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flammability and high thermal and chemical stability. These materials are also tun-
able because the combinations of cations and anions are quasi-infinite. Ionic liquids
are promising alternatives for reducing the environmental impact of conventional
solvents. However, their implementation in industrial processes is limited because
of biodegradability and toxicity issues and high cost. The manufacturing of common
ionic liquids, namely, [TEA][HSO4], was compared to acetone production from fossil-
based resources and glycerol from renewable sources.[27] The total cost, including
direct production and indirect costs from externalities (such as monetized resource
damage, human health, and ecosystem quality), was 3.33, 2.22, and 1.87USDkg−1 for
glycerol, acetone, and [TEA][HSO4], respectively. This case study demonstrated that
the real costs of ionic liquids are not necessarily higher than those of conventional
solvents.

Liquid polymers are fluids with very low volatility. The most common examples
are polyethylene glycol (PEG) and polypropylene glycol (PPG), although poly(tetrahy-
drofuran) is also a known liquid polymer. Both PEG and PPG are biodegradable;
however, PPG is slightly less biodegradable than PEG. Switchable solvents are liq-
uids that can be reversibly changed from one form to another. Their properties can be
changed by introducing triggers, such as gas, heat, or light. CO2 can act as a trigger
to induce a change in switchable solvents, for instance, by switching their polarity
or hydrophilicity.[28] Switchable-polarity solvents can switch between a low-polarity
and high-polarity form by adding an atmosphere of CO2 to switch to higher polarity.
The reaction can be reversed to switch to a lower polarity form by removing the CO2,
which is usually carried out by heating or purging the solution with N2. Secondary
amines such as dipropylamine or N-ethyl-N-propylamine are switchable non-ionic
liquids with a low polarity that can switch to carbamate ionic liquids with higher
polarity triggered by CO2.[29] Switchable hydrophilicity solvents are typically hy-
drophobic and immiscible with water, thus forming a biphasic mixture with water.
The solvents turn into a hydrophilic form triggered by CO2 and thus become misci-
ble with water. The reversible reaction occurs by removing the CO2 through an N2
purge. Tertiary amines (e. g., N,N,N-trimethylamine) and amidines (e. g., N,N,N 󸀠-
tripropylbutanamidine) can be used as switchable hydrophilicity solvents due to the
miscibility change caused by the acid-base reaction between the solvent and CO2 (or
carbonic acid in carbonatedwater).[30] The reaction results in a hydrophilic bicarbon-
ate salt. The phase separation, while using switchable hydrophilicity solvents, can
eliminate the need for distillation and volatile solvents. Renewable- or bio-based
solvents are obtained from biodegradable biomass sources (e. g., crops, forest waste)
as an alternative to fossil-based solvents. A representative example of this group is
2-methyl tetrahydrofuran (2-MeTHF), which is an alternative to conventional tetrahy-
drofuran (THF). 2-MeTHF is obtained from sugars in biomass and has higher stability
and is less volatile than its corresponding conventional solvent.

Figure 3.8 represents the application areas of the green solvents introduced in Fig-
ure 3.7. Most of them are used as reaction and separationmedia, but their use inwash-
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Figure 3.7: Classification of green solvents and their sustainable and beneficial characteristics. sc,
supercritical; PEG, polyethylene glycol; PPG, polypropylene glycol.

ing and lubrication is also common. The versatile applicability of green solvents is
shown by the various industrial sectors that use them, from the chemical industry,
materials science, and mechanical engineering, to construction.
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Figure 3.8: Application areas of green solvents. sc, supercritical; PEG, polyethylene glycol; PPG,
polypropylene glycol.
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3.4 Solvent selection guides

Solvent selection represents an important step in every process design involving the
dissolution of a compound or material in a particular media. Solvents have a wide
range of physicochemical properties that determine their potential applications. How-
ever, hazards, health and safety, and sustainability are also important aspects of sol-
vent selection. To make an informed decision on selecting a green solvent, it is neces-
sary to gather a plethora of information, such as the carbon footprint of the solvent,
biodegradability, solubility in water, VOC-forming potential, the solvent’s potential
for recycling,waste disposal, andproduction through renewable-based routes, among
others.[31] Therefore, solvent selection guides have been crafted by pharmaceutical
manufacturers, including GSK, Sanofi, Pfizer, and ACS GCI-PR, to gather information
on solvents and categorize them.[2]

GSK published the first guide in 1999,[32] where 35 solvents were color-coded de-
pending on their impact on the environment, health and safety risks, and waste. This
guide was further expanded in 2004 with a life cycle assessment (LCA).[33] The sub-
sequent guideline in 2011 took into account regulatory concerns along with process
safety factors.[9] During the evolution of the solvent selection guides, the number of
classified solvents rose from 47 initially to 154 in the guideline published in 2016.[13]
The listed guidelines show a chronological development in solvent sustainability. Fol-
low the QR code on this page to learn how GSK scientists discover new medicines,
while reducing the environmental impact of their manufacture.

Pfizer proposed a traffic light-based color-coding system that ranked solvents as
green, yellow, or red, which classified them as preferred, usable, and undesirable cat-
egories, respectively.[34] Sanofi’s guide compares solvents based on their chemical
functionality (alcohols, ketones, esters, ethers, hydrocarbons, halogenated solvents,
aprotic polar solvents, bifunctional and mixed solvents). It ranks them in four dif-
ferent categories: recommended, substitution advisable, substitution requested, and
banned.[35]

The Innovative Medicines Initiative (IMI)-CHEM21, which includes various man-
ufacturing and academic collaborators, unified the solvent selection guides of GSK,
GCI-PR, Pfizer, AstraZeneca, and Sanofi.[36] They compared these different solvent se-
lection guides to find the overlaps and divergences between themand thus compiled a
general guide. The issues with previously published solvent selection guides were the
differences between ranking structures and criteria, i. e., each company invented their
own ranking system. However, CHEM-21 tended to overcome this obstacle by ranking
the solvents across three categories: environment, safety, and health. Each category
is ranked from 1 to 10 (1 as most recommended, and 10 as most hazardous). CHEM-
21 ranked solvents from previously published selection guides and incorporated the
bio-based solvents in the ranking system for the first time to compare their properties
with conventional solvents.[37]

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.4 Solvent selection guides | 43

Table 3.2 provides a summary of some of the most important specifications that
shouldbe considered in a solvent selectionprocess. The solvents are ranked from1and
10, from worst to best, in different classes, as proposed in GSK’s guide from 2011.[9]
The waste category refers to the recycling, incineration, volatility, and biotreatment
aspects, while the environmental impact covers the fate and effects of solvents on
the environment. The following category is health, which ranks solvents based on
their acute and chronic effects on human health and exposure potential. Issues linked
with solvent storage and handling are assessed under the flammability and explosion
class. The stability (reactivity) category covers factors affecting the stability of the sol-
vent. An LCA ranking covers the entire lifetime of the solvent, from production to dis-
posal; however, in Table 3.2, LCA ranking refers to environmental impacts related to
the solvent’s production. The boiling points of the solvents are indicated as an essen-
tial physical property for solvent selection. The solvents’ reaction types are presented
for each solvent, where the letters refer to different reaction types. The flashpoint and
the acute-toxicity LD50 numerical values can be used to compare the risks originat-
ing from different solvents. The short-term exposure limit values cover the tolerable
average exposure during a short time period (a few minutes). On the other hand, the
International Council for Harmonization of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH) guide categorizes solvents into four classes
based on their hazardous nature. Class 1 solvents should not be used to produce drug
substances due to their unacceptably toxic nature or their detrimental environmen-
tal effects. Nevertheless, if their use cannot be avoided for producing an API with a
significant therapeutic benefit, then their levels should be limited according to the
regulations.[38] The solvents in Class 2 need to be limited in pharmaceutical products
due to their inherent toxicity. Class 3 solvents have low toxic potential, i. e., there are
no solvents in this category hazardous to human health at levels normally accepted in
APIs.

General principles for solvent selection based on scientific facts and experience
are gathered into a collection of the following points:[39]
– Use a single solvent in the entire process, if possible.
– Recycle the solvent if economically feasible (critical on an industrial scale due to

high volumes).
– Do everything to reduce the environmental footprint.
– Prioritize renewable-based solvents.
– Avoid solvents that are tainted with legal restrictions.
– Refrain from intrinsically reactive solvents.
– Bring to the fore solvents with low viscosity to enhance mixing.
– Use solvents with high specific heat capacity due to their beneficial capability of

acting as a heat sink. However, do not neglect thatmore energy is needed for heat-
ing.

– Choose solvents with a higher flash point and auto-ignition temperatures because
they minimize sparking hazards.
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4 Sustainable process development from alpha to
omega

Diana Gulyas Oldal, Gyorgy Szekely

Improving the sustainability of production processes is increasingly important. Con-
siderable efforts focus on designing and developing greener synthetic routes for green
solvents such as Cyrene [1] and PolarClean.[2] In this chapter, the conventional pro-
duction process of PolarClean is presented, followed by the design and realization of
a more sustainable process. The role of PolarClean as a green solvent and its patented
process are discussed, and the retrosynthetic approach and the greenmetrics analysis
of the various possiblemanufacturing routes are explained. Health and safety consid-
erations are also presented and taken into account for decision-making. This chapter
provides a comprehensive case study, following the process from problem identifica-
tion, through design and assessment, to the final decision-making.

4.1 PolarClean: a green polar aprotic solvent

The demand for sustainable solutions is increasing due to environmental concerns,
which implies new efforts and research plans.[3] Substantial research on obtaining
and applying green solvents has mainly focused on alcohols and low-polarity esters
(Figure 4.1). However, there are significantly fewer sustainable alternatives available
for polar aprotic solvents. The importance of polar aprotic solvents is related to their
solvation characteristics and the promotion of various chemical reactions. Conven-
tional solvents are problematic because of their toxicity, and therefore, the demand
for green counterparts is growing (Table 4.1).[2]

Table 4.1: Examples and characteristics of conventional and green polar aprotic solvents. Based
on [2]. GVL, γ-valerolactone; PC, propylene carbonate; NBP, N-butylpyrrolidone; DMF, dimethyl-
formamide; DMAc, dimethylacetamide; NMP, N-methyl-2-pyrrolidone; THF, tetrahydrofuran; DCM,
dichloromethane.

Green polar aprotic solvents Conventional polar aprotic solvents

GVL, Cyrene, PC, NBP, PolarClean DMF, DMAc, NMP, THF, DCM

Limited commercial availability High reproductive toxicity
Low toxicity
Low environmental impact
Some are renewable-based

Methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate (1) (Figure 4.1), sold under the
commercial name Rhodiasolv PolarClean by Solvay, is a non-toxic alternative to con-

https://doi.org/10.1515/9783110717136-004
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Figure 4.1: Distribution of different green solvents based on solvent type. Polar aprotic solvents are
currently underrepresented compared to other types of solvents. Adapted from [2] under the CC-BY-
NC 3.0 license.

ventional polar aprotic solvents. PolarClean has low acute toxicity and is considered
non-carcinogenic, non-genotoxic, andnon-mutagenic.[4] Due to its high solvency and
eco-friendly characteristics, its popularity as a solvent or co-solvent in crop formula-
tion,[5] membrane technology,[6, 7, 8, 9, 10] chemical synthesis,[11, 12, 13] and solubi-
lization of agrochemicals [14] is increasing. Aside from its application as a solvent, it
acts as a crystal growth inhibitor and facilitates the cold stability improvement of final
formulations. It is a non-flammable compound with vapor pressure as low as 0.01 Pa
at 20 °C [9] and a boiling point of approx. 280 °C, and it is miscible with water. This
green solvent is produced from methyleneglutarodinitrile, a by-product of Nylon 66
manufacturing.[13] Such an approach is termed waste utilization or waste upcycling,
which contributes to the circular economy.

4.2 The patented production of PolarClean

The patented production of PolarClean entails three synthetic routes (Figure 4.2a).[15]
All three routes start with the hydrocyanation of butadiene, a readily available and
inexpensive material, leading to 2-methylglutaronitrile. The hydrolysis of 2-methyl-
glutaronitrile results in 2-methylglutaric acid. Routes A1 andA2 proceedwith a cycliza-
tion step leading to 2-methylglutaric anhydride. The subsequent esterification and
amidation of the two carbonyl groups take place in different orders in the different
routes, resulting in the formation of PolarClean (1). The third route, A3, reaches the fi-
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Figure 4.2: Commercial synthetic routes for the patented production of PolarClean (1) (a). Ring-
opening mechanism ultimately yielding the desired product (b) and the regioisomer by-product
(c). The improved reaction routes (d and e) are presented as Route B and Route C.

nal product formation from 2-methylglutaric acid through consecutive diesterification
and amidation steps.

Each patented synthetic route of PolarClean consists of multiple steps, and they
all result in a yellowish,multicomponentmixture. 2-Methylglutaronitrile is a common
intermediate in all three routes, which is a product of the hydrocyanation of butadiene
and consists of approx. 11% dinitrile isomers (Figure 4.2). The dinitrile isomer impu-
rities react in the same way as the main compound, which results in the carryover of
the isomers’ derivatives with the desired product. This carryover can ultimately lead
to a multicomponent mixture of the final product.

Furthermore, the cyclic anhydride’s ring-opening can occur in two positions due
to the similar reactivity of the two carbonyl groups (Figure 4.2b and Figure 4.2c). This
reaction results in the formation of the desired final product (1) and its regioisomer
(R1), methyl 5-(dimethylamino)-4-methyl-5-oxopentanoate. Due to the ring-opening
in different positions, the final product is amixture of 1 andR1, and its exact composi-
tion can be determined using gas chromatography analysis (Table 4.4 in Section 4.4).
The content of the desired product from Routes A1 (37%) and A2 (69%) was relatively
lowbased on the analysis. The isomer composition for RouteA3 has not been reported.
More detailed inline analytics could reveal how the isomer composition changes over
time, ultimately resulting in a better process. Refer to Chapter 9 for the various analyt-
ical technologies and their use in sustainable process development.

Overall, the patented synthesis of PolarClean consists of multiple synthetic and
purification steps, and there are several sources of impurities that are structurally re-
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lated to the final product. Consequently, the E-factor is relatively high and estimated
to be in the range of 13–26 kg kg−1.

Route B and Route C represent the improved reaction routes for the synthesis of
PolarClean. The subsequent chapters present the process of designing and evaluating
these new syntheticmethods from a green and sustainable point of view and deciding
whether the improved processes represent a better route than the patented one.

4.3 Toward the design of greener synthetic routes

Life cycle assessment considers the environmental impact of products from the cradle
to the grave. Therefore,mitigation of the drawbacks of the patented synthesis of Polar-
Clean will have an overall positive impact on this green solvent’s sustainability. New
synthetic routes have been designed using a retrosynthetic approach as a practical
tool for solving problems in the design of organic reactions.

Before discussing the retrosynthetic analysis applied to PolarClean, the defini-
tions and terminology related to retrosynthesis are reviewed. Retrosynthetic analy-
sis is often used to identify a synthetic strategy. This method transforms the desired
molecule into simpler precursors by literally chopping it up and creating so-called
synthons. Synthons are non-existing (or extremely unstable) molecules related to sta-
ble reagents, called synthetic equivalents. The goal is to reduce a molecule into its
building blocks of lower complexity until commercially available molecules are ob-
tained. To achieve a green synthesis, these molecules and the reactions that form
the desired product need to be environmentally friendly. Thus, their synthetic equiv-
alents must be obtained from a sustainable source and meet circular economy stan-
dards.

Disconnection describes the process of breaking a bond to form possible new
starting materials. Disconnection should occur during known reactions, such as the
Wittig reaction, oxidation, or reduction. If the compound contains a heteroatom such
as an ester, amide, ether, or sulfide group, then the disconnection should be carried
out along the heteroatom. In the case that there are many heteroatoms present in the
compound, chemoselectivity should be considered. A synthon is a fragment or species
generated frombonddisconnection.A synthetic equivalent is an existingmolecule that
can be ascribed to synthon.

The retrosynthetic analysis applied to PolarClean is shown in Figure 4.3.[2] In
the patented synthesis (Route A), the product’s carbon backbone is created using a
C4 + C1 + C1 pattern. Two new strategies, C4 + C2 (Route B, Figure 4.3) and C3 + C3
(Route C, Figure 4.3), can be considered alternative methods to obtain the same prod-
uct. Michael addition may be an option for carbon–carbon bond formation in both
alternative routes due to the CH acidic character of the α position in carbonyl deriva-
tives. Michael addition involves the nucleophilic addition of a carbon nucleophile to
an unsaturated carbonyl compound.
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Figure 4.3: Retrosynthetic approach for methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate (Po-
larClean, 1). The generated synthons represent the building blocks of the molecules for the differ-
ent routes. Synthons can be translated into synthetic equivalents, which represent real, existing
molecules. Adapted from [2] under the CC BY-NC 3.0 license.

The first alternative C4 +C2 strategy, Route B, is constructed frommethyl methacrylate
(MMA) and N,N-dimethylacetamide (DMAc) building blocks, which are readily avail-
able and inexpensive chemicals. Although they are currently derivedmainly from fos-
sil feedstock, their renewable-based synthesis from itaconic acid and acetic acid is
growing in popularity.[16, 17] Routes B and C represent a single-step synthesis, unlike
the original multistep Route A, which addresses the 8th principle of green chemistry,
i. e., byminimizing derivatives. Refer to Section 1.3 for the 12 principles of green chem-
istry.

The Michael reaction requires a base to deprotonate the CH acidic reagent. There-
fore, the pKa value of themolecules needs to be considered duringmaterial selection.
pKa is the negative logarithm of the acidity constant (Ka), commonly used to charac-
terize a molecule’s acidity. A list of green acids and bases are presented in Table 4.2.
All the listed acids and bases are labeled as green by the GlaxoSmithKline (GSK) stan-
dard.[18] The lower the pKa, the stronger the acid, and therefore the weaker the con-
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Table 4.2: Different green acids and bases, according to GSK.[18] Only those acids and bases con-
sidered green by the GSK standard are listed.

Acid pKa Base pKb

Hydrochloric acid −8 Sodium bicarbonate 5.95
Hydrobromic acid −9 Potassium bicarbonate 5.95
Phosphoric acid 1.9, 6.74, 11.74 Sodium carbonate 9.1
Sulfuric acid, dilute 3.19, 1,98 Potassium carbonate 9.1
Glutaric acid 4.41, 5.52 Cesium carbonate 9.1
Citric acid 2.93 Trisodium phosphate 11.74
Ascorbic acid 4.09 Tripotassium phosphate 11.74
p-TsOH (monohydrate) −6.57 Potassium hydroxide 15.74
Benzoic acid 4.2 Sodium hydroxide 15.74
Oxalic acid 1.25, 4.23 Calcium hydroxide 15.74
Pivalic acid 4.94 Barium hydroxide 15.74
Succinic acid 4.24 Potassium acetate 4.76
Acetic acid 4.76 Sodium acetate 4.76
Propionic acid 4.79 2-Methylpyridine 5.97
Formic acid 3.75 2,6-Lutidine 6.75
Methanesulfonic acid −1.92 DBN 13.5

Pyridine 5.17
4-Methylpyridine 6.02
Morpholine 8.49
Diethylaminopropylamine 10.48
Tetramethylguanidine 13.6
DBU 12.5
2,2,6,6-Tetramethylpiperidine 11.1

jugate base. For example, hydrochloric acid is a strong acid with a pKa of −6.12,[19]
while ammonia has weak acidity owing to its pKa of 32.5.[20] As mentioned,

(4.1) pKa = − log10 Ka.

The Michael addition starts with the deprotonation of the CH acidic reagent,
which is, in this case, the DMAc. It has a weak CH acidic character with a pKa value of
approx. 29.4.[21] Consequently, a strong base such as lithium diisopropylamide (LDA)
with a pKa value of approx. 35.7 for the conjugated acid[22] is needed to deprotonate
the DMAc. LDA is a pyrophoric and highly reactive material that poses a safety haz-
ard. Moreover, Route B’s reaction proceeds rapidly, even at temperatures as low as
−78 °C, which requires a significant amount of energy for cooling. The acidic work-up
employs hydrochloric acid, a highly corrosive material that poses an additional safety
hazard. Route B also generates a large amount of waste, at approx. 62 kg kg−1. This
aqueous and organic waste originates from the reaction, acidic work-up, extraction,
and distillation processes.

The second alternative, Route C, is constructed by the C3+C3 strategy usingmethyl
propionate and N,N-dimethylacrylamide as building blocks, which are also derived

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



54 | 4 Sustainable process development from alpha to omega

from renewable resources.[16, 17] This reaction route exploits the higher pKa (approx.
25) of the ester. The base used for the Michael addition is potassium tert-butoxide
(t-BuOK). Its basicity heavily depends on the solvent used. t-BuOK has higher base
strength in polar solvents, which facilitates the reversible deprotonation of weak CH
acids. DMAA is not only a building block in the reaction but also a polar solvent,which
reduceswaste generation and thenumber of components. Theneat reaction addresses
the 5th principle of green chemistry, i. e., by avoiding auxiliary substances.

The reaction carries on swiftly using only a catalytic amount of the base, which
addresses the 9th principle of green chemistry. Virtually 100% conversion is reached
within only 2.5min. Because this is an exothermic reaction, cooling is necessary, but,
in contrast to the −78 °C used in Route B, a milder temperature (0–5 °C) is adequate,
which allows for substantial energy saving. Another advantage of Route C is the appli-
cation of saturated aqueous oxalic acid for the work-up, which is less corrosive than
the hydrochloric acid employed previously.[18]

4.4 Quality assessment
The impurity profiles provide an assessment of the quality of the products obtained
throughRoutes A, B, and C (Figure 4.2). Two different batches, labeled X and Y and ob-
tained throughRouteA, are analyzed[23] and comparedwith the products fromRoutes
B and C (Table 4.3). Quality analysis is assessed based on the different batches’ col-
ors using UV-Vis spectroscopy and the platinum-cobalt (Pt-Co) scale.[24] PolarClean X
and Y havemedium yellow coloration above 200, while the reference value of another
commercial batch (PolarClean R) shows a weaker discoloration with a value less than
100. Product 1B possesses a strong yellow coloration, higher than 500, which exceeds
the upper limit of the used Pt-Co scale, while 1C is transparent with a coloration value
of 22. The coloration of high-purity products is an important quality parameter. Dis-
coloration usually indicates the presence of impurities, and they can lead to a failed
batch.[25] From a coloration point of view, Route C outperformed the other routes.
Figure 4.4 shows the identified by-products during the different synthetic routes.

Table 4.3: The coloration of different PolarClean batches obtained from Routes A, B, and C. The val-
ues refer to the Pt-Co coloration scale.

PolarClean X PolarClean Y PolarClean R PolarClean 1B PolarClean 1C

Pt-Co scale 233 ± 1 203 ± 1 < 100 > 500 22 ± 1

Quantitative analysis was performed to determine the composition of the reaction
products using gas chromatography-mass spectrometry (GC-MS), and the results are
summarized in Table 4.4. PolarClean X and PolarClean Y possess similar compo-
sition and purity. Their purity is 85.7% and 83.8%, respectively. In both cases, the
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Figure 4.4: By-products originating from different synthesis routes of PolarClean.

Table 4.4: GC-MS impurity profiles of PolarClean (1) obtained through different synthetic pathways.
Refer to Figure 4.3 for the synthetic Routes A, B, and C. The numbers in bold indicate the impurities,
whose name and structure are provided in Figure 4.4.

Batch 1 2 3 4 5 6 7 8

PolarClean X 88.7 8.9 4.3 1.1 – – – –
PolarClean Y 83.8 10 5.0 1.2 – – 4.6 –
PolarClean R 95.1 – Trace Trace – – – –
1B 90.1 – – – 8.9 1.0 – –
1C >99 – – – – – – –

main impurity is regioisomer 2. The ratio of regioisomers 1 and 2 is 9:1, which is strik-
ingly similar to the reported composition of 2-methylglutaronitrile (Figure 4.2a) and
2-ethylsuccinonitrile (Figure 4.2a) starting materials used in Route A (84% and 11%,
respectively).[26] Since neither of the X and Y products contains R1 as an impurity
originating from the ring-opening (Figure 4.2c), we can postulate that these batches
are produced through Route A3. A previously reported impurity profile for commercial
PolarClean R suggests a substantially different composition,[23] as it contains 4.6% 7
as the main impurity.

Route B gives the product with high purity (90.1%) and only two impurities
(5 and 6), which are aromatic compounds from the LDA solution. The impurities’
boiling point is near that of 1, and thus they became enriched in the final product.
Furthermore, the previously discussed strong yellow coloration of 1B could be caused
by the 5 and 6 aromatic hydrocarbons. These impurities result in the formation of
an oil-in-water emulsion during dilution of 1B with water, thus limiting the product’s
application. This issue can be avoided by using the LDA that is produced without a
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styrene-containing process. However, most commercial LDA products contain these
impurities, which require custom orders at a higher price.

Batch 1C has the highest purity among all the examined batches (>99%), and 8 is
the only observed by-product produced from Route C. The boiling point of 8 is signif-
icantly higher than that of 1, which facilitates removing this impurity. It forms due to
the Michael reaction between the desired product 1 and the DMAA starting material.

4.5 Green metrics analysis
Greenmetrics analysis was performed to facilitate the comparison of the different syn-
thesis routes. First, the followingmetrics were considered: number of steps, complex-
ity, ideality, carbon intensity (CI), atom economy (AE), yield, and complete E-factor
(Figure 4.5). Thehealth and safety riskswere also assessed at a later stage. The keypro-
cess performance indicators were the number of steps, complexity, and ideality. The
definitions of complexity and idealitywere the same as those proposed byRoschangar
et al.[27]

Figure 4.5: Green metrics comparison of the synthetic routes leading to 1. The blue reactors refer
to construction steps, while the pink reactors represent concession steps. Adapted from [2] under
the CC BY-NC 3.0 license. Extr., extraction; Dist., distillation; ΔCI, carbon intensity change; ΔcEF,
complete E-factor change; ΣYield, overall yield; ΣAE, overall atom economy.

4.5.1 Complexity and Ideality

Before discussing the terms of complexity (equation (4.2)) and ideality (equation
(4.3)), the construction and concession steps should be defined. Construction steps
are chemical transformations that form skeletal C–C, C–X, C–H, and X–H bonds (X =
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heteroatom) present in the product.[27] Concession steps are all non-constructive re-
actions and do not form skeletal bonds, e. g., carbonyl activation steps. For example,
the use of protective groups is a concession step.

Complexity = ∑ construction steps,(4.2)

Ideality = complexity
∑ steps

⋅ 100%.(4.3)

Figure 4.5 reveals that the different synthesis routes consist of a different number
of construction steps (Table 4.5). There are three construction steps during Route A,
the patented synthesis of the product. On the contrary, the proposed Routes B and C
have a complexity of 1, indicating an improvement in simplicity.

Table 4.5: Complexity and ideality of the examined synthesis routes yielding 1.

Route Complexity [%] Ideality [%]

A1 3 60
A2 3 75
A3 3 100
B 1 100
C 1 100

Ideality demonstrates a tendency in thewaymolecules are synthesized. The ideal syn-
thesis creates complex structures from available simple startingmaterials by connect-
ing them using construction steps, leading to the target compound without interme-
diary concession steps.[28]

Table 4.5 illustrates the calculated ideality values for each route. There is a pro-
gressive decrease across the patented routes (A1 → A2 → A3) due to the elimination
of concession steps. The proposed new Routes B and C have ideality values of 100%,
demonstrating their beneficial nature. Note that the three different Routes A all have a
complexity of 3, although A3 has an ideality of 100%. Therefore, of the five examined,
Routes B and C are preferred because they have the lowest achievable complexity and
highest ideality at the same time.

4.5.2 Carbon intensity

The pharmaceutical industry has also introduced carbon efficiency (CE) [29] to distin-
guish the carbon mass between reactants and products. CE is defined as the percent-
age of carbon in the reactants remaining in the final isolated product:

(4.4) CE(%) = Amount of carbon in product
Total carbon present in reactants

× 100%.
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To attain a comprehensive picture of the different synthetic routes’ sustainabil-
ity, CI is estimated to compare the different reaction routes. CI is the mass emission
of CO2 associated with producing a unit mass of the product (equation (2.8)). CI val-
ues are presented relative to the longest route (A1, CI = 223 kg kg

−1) in Figure 4.5 and
Table 4.6. Compared to the reference Route A1, A2 and A3 have lower CI values due
to the lower number of synthesis and purification steps, which results in less overall
waste generation. Route B has a higher CI value than A3; however, it only comprises
one synthesis step with a single-stage vacuum distillation. The overall best route is C,
with 29 kg kg−1, which is more than 87% less than for Route A1.

Table 4.6: Comparison of CI values of different synthetic routes.

Route CI [kg kg−1] ΔCI compared to A1 [%] Reason

A1 223 – –
A2 169 −24 Fewer synthesis and purification steps
A3 112 −50
B 145 −35 One-step synthesis; single vacuum distillation
C 29 −87 One step; neat; no extraction

Each synthesis was simplified to the following components: reactions, extractions, fil-
trations, atmospheric distillations, and vacuumdistillations. CI consists of three com-
ponents, namely, chemical waste (CIchem), energy consumption (CIen), and cooling
water consumption (CIcw), and it is mathematically described in equation (4.5). For
the energy consumption, four activities were considered: stirring, heating, chilling,
and applying vacuum (equation (4.6)).

CI = CIchem + CIen + CIcw,(4.5)
CIen = CIstirring + CIheating + CIchilling + CIvacuum.(4.6)

The energy consumptionswere calculated using estimations based on the catalog
power consumption of the equipment used and the activity duration. The cooling wa-
ter and energy consumption were converted to CI values using emission factors.[30]
Emission factors are scalar coefficients that allow converting activity into overall emis-
sion. For example, a modern car emits around 0.011 g CO2 per km, and burning one
ton of anthracite coal emits around 1.6 g of N2O while generating 7353 kWh energy.
The CI values related to the chemical waste were calculated by assuming that all the
organic waste is disposed of via incineration. Ideal combustion was hypothesized for
this process;more precisely, the chemicals’ total carbon contentwas converted to CO2.
The CIchem was calculated as shown in equation (4.7), where nC, raw materials, nC, reagents,
nC, solvents, and nC, product are the amount of carbon in rawmaterials, reagents, solvents,
and product in the synthesis, respectively. MCO2

represents the molar weight of CO2,
andmproduct is the mass of the product.
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(4.7) CIchem =
(∑ nC, raw materials + ∑ nC, reagents + ∑ nC, solvents − nC, product) ⋅MCO2

mproduct
.

The breakdown of the individual contributors to CI is presented in Figure 4.6. In
every case, the twomainCI constituents are energy consumption, specifically theheat-
ing, and the chemical waste, accounting for 71–83% of the total CI. Heating accounts

Figure 4.6: Overall CI and its breakdown for the different synthesis routes.
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for more than 50% for each patented synthetic route, while it is substantially reduced
in the proposed new Routes B and C, representing only 25% and 35%, respectively.
Solvents generally represent the most considerable portion of chemical manufactur-
ing chemicals, at 84% in Route A3.

4.5.3 Atom economy

The AE expresses the amount of starting material that ends up in the desired product.
AE is defined in equation (2.1), where MW is the corresponding molecular weight and
n is the stoichiometric number of reagent. Refer to Chapter 2 for more details on this
green metric. The AE calculations for Routes A1–A3 are shown in Figures 4.7–4.9 and
equations (4.8)–(4.10). The overall AE is calculated by considering all starting materi-
als and reagents but neglecting the intermediate compounds.

Figure 4.7: The derivation of the AE for synthesis Route A1.

∑AE = 187.24
54.09+ 2 ⋅ 27.03+ 4 ⋅ 40.00+ 2 ⋅ 98.07+ 102.09+ 32.04+ 118.96+ 45.09+ 101.19

(4.8)

⋅ 100% = 22%,
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Figure 4.8: AE calculation for Route A2.

∑AE = 187.24
54.09 + 2 ⋅ 27.03 + 4 ⋅ 40.00 + 2 ⋅ 98.07 + 102.09 + 45.09 + 118.96 + 32.04

(4.9)

⋅ 100% = 25%,

Figure 4.9: AE calculation for Route A3.
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∑AEA =
187.24

54.09 + 2 ⋅ 27.03 + 4 ⋅ 40.00 + 2 ⋅ 98.07 + 2 ⋅ 32.04 + 45.09
⋅ 100% = 33%.

(4.10)

The calculation of the AE for Route B is shown in Figure 4.10 and equation (4.11).

Figure 4.10: AE calculation for Route B.

(4.11) ∑AEB =
187.24

87.12 + 100.12 + 107.13 + 36.46
⋅ 100% = 57%.

The AE calculation for Route C is presented in Figure 4.11 and equation (4.12).

Figure 4.11: AE calculation for Route C.

(4.12) ∑AEC =
187.24

99.13 + 88.11
⋅ 100% = 100%.

The numerical data calculated for each step and the overall synthesis routes are
presented in Table 4.7. The AE values strongly depend on each step of the synthesis,
varying between 31% and 100% among Routes A, B, and C. In the case of Route A, the
AE of 31%means that less than a third of themass of the startingmaterials is incorpo-
rated into the final product via the patented synthesis. The new single-step synthesis,
Route B, has a considerably higher AE value of 57%, whereas Route C demonstrated a
significant improvement with an AE as high as 100%.

4.5.4 Yield

To calculate mass-related performance metrics, we need a comprehensive table com-
prising each route’s actual values. Table 4.8 lists all the chemicals used in the different
routes. The following calculations use the data from Table 4.8.
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Table 4.7: The AE values for each reaction step in synthetic Routes A, B, and C.

Steps AE (%)

(S1) 100 ∑A1 = 22 B = 87 C = 100
(S2) 31
(S3) 52

(S4) 100 ∑A2 = 25
(S5) 64
(S6) 58

(S7) 100 ∑A3 = 33
(S8) 58
(S9) 83
(S10) 85

A chemical process’s effectiveness can be described, for example, by the yield of
a reaction or a process. The percentage yield shows the ratio of the actual yield to
the theoretical yield (equation (4.13)). The theoretical yield is the highest achievable
product output, while the actual yield is the isolated product after the process. For
example, in anon-catalyzed asymmetric reaction, the theoretical yield is 50% (1:1 ratio
of R and S isomers), and the actual yield is always lower than that.

(4.13) Percent yield = actual yield
theoretical yield

⋅ 100%.

Table 4.9 shows the percent yield values for the different synthesis routes of Po-
larClean. The patented route is synthetically less challenging and therefore has a rela-
tively good overall yield in the range of 47–83%. However, the overall yields for Routes
B and C are 27% and 48%, respectively, due to the reaction’s low selectivity, resulting
in a significant number of side-products.

4.5.5 E-factors

The E-factors are used as estimates for the waste generated during the production of
a particular chemical compound. Thus, E-factors constitute a significant aspect of the
overall sustainability of a designed process. The complete E-factor (cEF) includes wa-
ter as waste, whereas the simple E-factor (sEF) excludes water.

sEF =
∑mraw materials + ∑mreagents −mproduct

mproduct
= [

kg
kg
],(4.14)

cEF =
∑mraw materials + ∑mreagents + ∑msolvents + ∑mwater −mproduct

mproduct
= [

kg
kg
].(4.15)
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Table 4.8: Comprehensive list of the used chemicals in Routes A1, A2, A3, B, and C.

A1 A2 A3 B C GHS symbols

S1 (kg) 1.23 0.94 0.69 – –

S2 (kg) 1.61 1.74 0.91 – –

S3 (kg) 1.3 0.99 – – –

S4 (kg) 1.38 – – – –

S5 (kg) 1.7 – – – –

S6 (kg) – 1.38 – – –

S7 (kg) – – 1.01 – – –
Water (kg) 6.32 7.07 3.57 6.94 0.48 –

Methanol (kg) 6.24 10.93 7.4 – –

Toluene (kg) 10.14 – – – –

Ethyl acetate (kg) – – – 13.89 –

tert-Butyl methyl ether (MTBE, kg) 5.05 3.86 2.85 – –

Tetrahydrofurane (kg) – – – 6.62 –

Methyl tetrahydrofurane (kg) – – – 9.49 –

Sodium hydroxide (kg) 0.96 0.73 0.54 – –

Sulfuric acid (kg) 1.19 0.91 0.68 – –

Dimethyl amine (kg) 0.85 1.1 0.32 – –

Thionyl chloride (kg) 2.3 2.26 – – –

Triethyl amine (kg) 1.19 – – – –

Acetic anhydride (kg) 2.66 2.87 – – –

Sodium methoxide (kg) – – 0.01 – –

Amberlyst 36 (kg) – – 0.74 – –

Lithium dimethyl amine (LDA, kg) – – – 2.38 –

Aq. Hydrochloric acid (kg) – – – 5.56 –

Aq. Sodium hydrogen carbonate (kg) – – – 6.94 – –
Brine (kg) – – – 6.94 – –

Dimethyl acetamide (DMAc, kg) – – – 1.83 –

Methyl metacrylate (MMA, kg) – – – 2 –

Methyl propionate (MeOProp, kg) – – – – 4.87

Dimethylacrylamide (DMAA, kg) – – – – 1.1

Potassium tert-butoxide (KOtBu, kg) – – – – 0.06

Oxalic acid (kg) – – – – 0.05

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



4.5 Green metrics analysis | 65

Table 4.9: Overall percent yields for the different reaction routes.

Route Percent yield (%)

A1 47
A2 68
A3 83
B 27
C 48

The E-factor values of the different routes are presented relative to Route A1 (cEF =
37.1 kg kg−1 and sEF = 30.8 kg kg−1) in Figure 4.5 and Table 4.10.

Table 4.10: cEF values of different routes with the corresponding reasons.

Route cEF ΔcEF (relative to A1) sEF ΔsEF (relative to A1) Explanation

A1 37.1 – 30.8 –
A2 29.6 −9% 22.6 −8% Fewer synthesis and

purification steps
A3 15.8 −50% 12.2 −60%
B 61 +138% 55.1 +80% More solvent in the

extraction step
C 5.6 −78% 5.1 −83% Solvent-free catalytic

reaction

Table 4.10 provides information about the E-factor values and their changes related to
the different synthetic routes. Routes A2 and A3 have lower cEF values than A1, which
means less waste is generated when producing a mass unit of 1. Meanwhile, Route B
possesses a significantly higher cEF value due to extensive solvent usage. The high
solvent consumption of B is because the reaction work-up consists of a liquid-liquid
extraction step using different solvents such as ethyl acetate, aqueous NaHCO3 solu-
tion, brine, and water. Note that without the purification procedure, the cEFB would
only be 27, which is comparable to that of Route A2. Route C showed the best cEF value
of 5.6 kg kg−1 due to the applied base’s favorable properties, i. e., no solvent was used,
and a catalytic amount of t-BuOK proved to be sufficient. Moreover, in Route C, the
final product did require fewer purification materials than the other routes, further
lowering the cEF values. However, the selectivity (1:3.5 compared to the side-product)
and the conversion (62%) could be further improved, for example through microflow
implementation of the procedure.

4.5.6 Health and safety risks

The health and safety hazards associated with the compounds used in the synthesis
of PolarClean were assessed using GHS pictograms. In Figure 4.12, the area of the il-
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Figure 4.12: Chemical hazards associated with the different synthetic routes. The areas of pic-
tograms are proportional to the amount of chemicals. The question mark refers to the chemicals
with unknown hazards. Reproduced from [2] under the CC BY-NC 3.0 license.

lustrated pictograms is proportional to the number of chemicals used per unit mass of
the product. The patented synthetic routes (A1–3) have similar hazard profiles. How-
ever, A3 does not have unknown hazards from the isolated intermediates. In Route B,
more non-toxic chemicals are used. Route C is the most favorable reaction path based
on the amount and nature of the chemicals used to obtain the product. Significantly
less toxic and corrosive chemicals are used in Route C compared to the other reaction
routes.

The effectivemass yield (EMY) is also estimated as part of the risk assessment. The
EMY is defined as the percentage of the desired product’s mass relative to the mass of
all non-benign materials used in the synthesis (equation (2.11)).[31] However, there
is no clear definition for non-benign reagents. Benign substances are chemicals that
pose no or negligible environmental risk and health concerns, such as pure or saline
water, cellulose, or dilute ethanol. The EMY is calculated as follows:

EMY(%) = Mass of product
Mass of non-benign reagents

× 100%.

The example below shows the calculation method for Route C. First, the haz-
ardous and toxic reagents need to be identified to estimate the EMY. As discussed pre-
viously, thismetric lacks a precise definition. Nonetheless, equation (4.16) attempts to
provide information about the amount and hazardous nature of the chemicals used
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in the reaction (Figure 4.3). Based on this dataset, the EMY can be estimated for the
synthesis of PolarClean. The EMY for Route C is calculated as follows:

(4.16) EMYC =
1.00

4.87 + 1.10 + 0.06 + 0.05
⋅ 100% = 16.4%.

Similarly, the EMY can be derived for the other synthesis routes, presented in Ta-
ble 4.11. Note that, based on the definition, higher EMY percentage values are pre-
ferred. The patented Routes A1 andA2 have EMY values of 3.1% and 4.2%, respectively,
due to their similar hazardous nature and the slightly higher number of utilized chem-
icals. Route A3 shows a substantial improvement in the A-series due to the decrease
in the amount of materials used in the synthesis. Route B possesses the least favor-
able EMY value, which results from a large amount of used chemicals, in particular
solvents. In line with the expectations, Route C proved to have the highest EMY value
of 16.4% because it is a solvent-free synthesis, and less toxic chemicals are required
compared to other reactions.

Table 4.11: Comparison of the effective mass yield (EMY) values for the different synthetic routes.

Route EMY (%)

A1 3.1
A2 4.2
A3 7.6
B 2.4
C 16.4

4.5.7 Solvent intensity

The solvent intensity (SI) accounts for solvent usage, but yield, stoichiometry, and
water arenot taken into consideration (equation (2.33)). TheSI is calculatedas follows:

SI = Mass of solvents (excl. water)
Mass of product

= [
kg
kg
].(4.17)

The SI for the five different routes are displayed in Table 4.12.

Table 4.12: Comparison of the SI values for the different synthetic routes.

Route SI (kg kg−1)
A1 21.43
A2 14.79
A3 10.25
B 28.38
C 0
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The SI varies between 10–28 kg kg−1 for Route A1 and B, while that of Route C is techni-
cally zero due to the neat conditions. However, there is an important note here: both
starting materials in Route C (and B as well) are liquids, and MeOProp is used in 10
molar excess equivalents compared to DMAA. The unreacted MeOProp, in this case,
could act as a solvent and, depending on how we define the term “solvent,” increase
SI to 3.89 kg kg−1.

The overall green metrics analysis is summarized in Table 4.13. In every segment
of the analysis (except for the percentage yield), Route C was superior to Routes A1–3
and B. In particular, the CI, AE, and cEF significantly improved. Moreover, the most
advantageous health and safety profile using less toxic and hazardous materials was
also obtained for the solvent-free synthesis Route C. Overall, it can be concluded that
Route C is the most sustainable process with regard to both quality and green metrics
performance.

Table 4.13: Summary of the green metrics analysis with the best values highlighted in green.

Complexity Ideality
(%)

CI
(%)

AE
(%)

Percent
yield (%)

cEF
(kg kg−1) EMY

(kg kg−1) SI
(kg kg−1)

A1 3 60 223 22 47 25.8 3.1 21.43
A2 3 75 169 25 68 23.5 4.3 14.79
A3 3 100 112 33 83 13.5 7.6 10.25
B 1 100 145 57 27 61.6 2.4 28.38
C 1 100 29 100 48 5.6 16.4 0

4.6 Room for improvement: further optimization potential

The previous sections demonstrated that Route C is the most promising process, al-
though there is room for improvement, which can be realized through further opti-
mization. Route C’s major disadvantage is the formation of a by-product, namely, the
doubleMichael adduct8 (Figure 4.4). The use ofMeOProp in excess couldmitigate this
by-product formation. However, this comes with a drawback because more base cata-
lyst is required for 100% conversion of DMAA, and excess MeOProp leads to higher CI
and cEF values. The by-product is crystalline, and thus, it can be easily isolated with
high purity. If 8 could be used as a material for other purposes (i. e., as a useful prod-
uct), then the cEF and CI values would decrease by 14% from 29 to 25 and from 5.6 to
4.8 kg kg−1, respectively.

However, the formation of 8 may be avoided by efficient and selective Brønsted
base catalysts. Strong, commercially available non-ionic alternatives to t-BuOK can be
considered from the GSK’s base selection guide.[18] The base called P4-phosphazene
(pKa = 42.1) proved to behave similarly to t-BuOK. There was no conversion observed
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in the case of weaker bases. Asmentioned before, selectivity could be significantly im-
proved via precise temperature control. The reactionswere only conducted in batch re-
actors, where the temperature profile was uneven due to the small surface-to-volume
ratio. The temperature and residence time could be controlled via microflow chem-
istry, thus increasing the overall conversion and yield.
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5 Process intensification: methods and equipment
Diana Gulyas Oldal, Gyorgy Szekely

There is currently a growing trend in environmental awareness and efficiency im-
provement in different technologies, leading to a more sustainable process design
on every scale, particularly in industrial manufacturing. Process intensification (PI)
provides an engineering tool for achieving better process efficiency through adequate
equipment and novel method design or redesign. PI was first introduced in the 1970s.
Since then, there have been many attempts to define it for the chemical and energy
industries. PI has several definitions, which are summarized in Table 5.1. Most defini-
tions center on innovation but have different meanings. The term PI was first defined
in the 1980s by Ramshaw,[1] which focused on decreasing volumes and costs. Cross
and Ramshaw,[2] a few years later, complemented the definition to achieve a spe-
cific goal. Stankiewicz and Moulijn [3] expanded the definition of PI by incorporating
the concept of minimization, calling for the minimization of energy consumption
and waste generation: “PI is any chemical engineering development that leads to
a substantially smaller, cleaner, and more energy-efficient technology.” In 2003, PI
developed a newmeaning that embraced the replacement of conventional equipment
and processes with more efficient ones.[4] Moulijn et al. proposed that PI is a tool to
enhance the efficiency of processes by introducing novel and radical measures.[5]
Following that, Becht et al. stated that PI is a method for product and process inno-
vation in the chemical fields, whose main aim should be to maintain profitability.[6]
Lutze et al. expanded PI’s meaning by emphasizing process development and apply-
ing integration principles to different unit operations, functions, and phenomena.[7]
Portha et al. introduced the concepts of local and global intensification because PI
is connected to the sequence of the unit operations due to interactions among all
units in the process, thus strongly improving the whole process.[8] In the following
sections, we will use the following definition when referring to PI:[9] “any chemi-
cal engineering development that leads to a significantly smaller, cleaner, and more
energy-efficient technology.”

Van Gerven and Stankiewicz, instead of suggesting a new definition, gathered the
principles of PI in the following four points.[11] These goals can be achieved through
four domains: structure, energy, synergy, and time.
1. Maximize the effectiveness of intra- and intermolecular events. This point

refers to changing the kinetics of a process, leading to a potential solution for low
conversions and undesired by-products.

2. Give eachmolecule the same processing experience. Processes allowing all the
molecules to go through the same path, i. e., have the same history, would ide-
ally result in uniform products withminimumwaste generation. It is important to
consider meso- and micro-mixing and temperature gradients besides the macro-
scopic residence time distribution, dead zones, or bypassing.

https://doi.org/10.1515/9783110717136-005
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Table 5.1: Various process intensification definitions from the literature.

Definition Source

“PI is the devising of exceedingly compact plants, which reduces both the
‘main plant item’ and the installation costs.”

Ramshaw (1983)
[1]

“PI is the strategy of reducing the size of a chemical plant needed to
achieve a given production objective.”

Cross and
Ramshaw (1986)
[2]

“PI is the development of innovative apparatuses and techniques that offer
drastic improvements in chemical manufacturing and processing,
substantially decreasing equipment volume, energy consumption, or waste
formation, and ultimately leading to cheaper, safer, sustainable
technologies.”

Stankiewicz and
Moulijn (2000)
[3]

“PI refers to technologies that replace large, expensive, energy-intensive
equipment or process with ones that are smaller, less costly, more efficient
or that combine multiple operations into fewer devices (or a single
apparatus).”

Tsouris and
Porcelli (2003)
[4]

“PI tries to achieve drastic improvements in the efficiency of chemical and
biochemical processes by developing innovative, often radically new types
of equipment processes and their operation.”

Moulijn et al.
(2008) [5]

“PI stands for an integrated approach for process and product innovation in
chemical research and development, and chemical engineering in order to
sustain profitability even in the presence of increasing uncertainties.”

Becht et al.
(2009) [6]

“PI is a process development/design option, which focuses on
improvements of a whole process by enhancing of phenomena through the
integration of unit operations, integration of functions, integration of
phenomena and/or targeted enhancement of a phenomenon within an
operation.”

Lutze et al.
(2010) [7]

“PI is a holistic overall process based intensification (i. e., global process
intensification) in contrast to the classical approach of PI based on the use
of techniques and methods for the drastic improvement of the efficiency of
a single unit or a device.”

Portha et al.
(2014) [8]

“PI is any chemical engineering development that leads to substantially
smaller, cleaner, safer and more energy-efficient technology or that
combine[s] multiple operations into fewer devices (or a single apparatus).”

Baldea (2015)
[10]

3. Optimize the driving forces at every scale and maximize the specific surface
area to which these forces apply, i. e., transporting rates across interfaces. The
effect of driving forces, e. g., concentration difference, should be maximized,
which is achieved by maximizing the interfacial area for that driving force.

4. Maximize the synergistic effects frompartial processes, i. e., synergistic effects
should be utilized whenever possible.

Based on the reviewed definitions, reduction plays a crucial role in PI. For exam-
ple, lower mass and heat transfer resistances allow reduced reaction time of the

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



5 Process intensification: methods and equipment | 73

diffusion/conduction interfaces. This advantage, coupled with higher-intensity fluid
dynamics in intensified equipment, enables the processes to achieve their inherent
rates.[12] Consequently, faster mixing provided by lower reaction volumes allows an
increase in selectivity.

PI supports green chemistry andgreen engineeringprinciples, and theunderlying
relationships are presented in Figure 5.1. Prevention and safety are prevalent, along
with energy efficiency and integration concepts. It is important to emphasize that PI
contributes to the inherently safe nature of the proposed methods, equipment, and
energy-saving. Thus, some of the goals of green chemistry and green engineering can
be achieved by applying PI.

Figure 5.1: The multiple contribution potential of process intensification to address green chemistry
and green engineering principles.

PI overlaps with the area of process systems engineering, whose main aim is to en-
hance decision-making for the creation and operation of the chemical supply chain
involved in the discovery, design, manufacturing, and distribution of chemical prod-
ucts.[13] This common area of activity can be presented on a time-length scale (Fig-
ure 5.2).

It is important to mention that PI concerns only engineering methods and equip-
ment, which means that the development of a new chemical route or a change in the
composition of a catalyst does not qualify as PI. PI concernsnovel equipment, process-
ing techniques, and process development methods that significantly improve chemi-
cal processing. The PI toolbox consists of two dimensions with a broad spectrum of
equipment and processing methods (Figure 5.3).[5] PI equipment includes novel reac-
tors, intensive mixers, and devices for better mass transfer and heat transfer. On the
other hand, PI methods consist of integrated processes (integration of reaction and
separation, heat exchange, or phase transition) in multifunctional reactors, method-
ologies utilizing alternative energy resources (e. g., light, microwaves, ultrasound),
and hybrid separation operations, as well as other techniques such as dynamic op-
erations.
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Figure 5.2: Scales of study in process intensification and process systems engineering. On a time-
length scale, PI has an overlapping area of activity with process systems engineering. Adapted from
[14].

Figure 5.4 summarizes the main benefits of using different PI methods and equip-
ment. Most of them are characterized by increased yield and better selectivity.

5.1 Evolution of chemical processes

There are numerous chemical process progression stages, starting from step-by-step
operations carried out in different equipment to microreactors which fulfill the same
or evenmore roles as conventional microreactors (Figure 5.5). Batch processes are of-
ten used in the fine, specialty, and pharmaceutical industries primarily by convention.
However, it is also the batch reactors’ flexibility (the same reactor can be used for sev-
eral different types of reaction without modification), affordable price, batch integrity
(in the pharmaceutical industry, every process has to be precisely defined, which is
easier with distinguished batches), and long residence time for slow processes con-
tribute to their widespread use.[12] However, scale-up and heat and mass transfer is-
sues are the main drawbacks of batch processes.

Continuous processes usually have better heat andmass transfer properties than
batch operations; thus, they are usually safer and more efficient. A continuous reac-
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Figure 5.3: Process intensification can be broken down into methods and equipment. Adapted from
[3].

tor is smaller than the equivalent batch reactors due to twomain factors: greater occu-
pancy andmore effectivemixing (length scales are smaller).[12] Furthermore, continu-
ous operations are more energy-efficient and easier to control, provide better product
quality, and have reduced capital and running costs.

Flow chemistry is a system containing channels and tubings for carrying out a
reaction in a continuous stream rather than in batch production. A fluid is pumped
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Figure 5.4: The technology benefits of using process intensification methods and equipment.

Figure 5.5: The evolution of chemical processes through the development of reactors.

into a tube, and, at the connection with another tube, the reactive fluids mix with
each other, and the reaction proceeds. These reactions are carried out continuously;
therefore, only a small part of the reaction mixture reacts at a given time, implying
better reaction time and selectivity.[15] Refer to Chapter 6 for a detailed sustainability
overview of continuous microflow reactors and processes.

5.2 Process-intensifying equipment

PI is divided into two approaches: equipment and methods. Process-intensifying
equipment includes novel reactors, intensive mixers, and heat transfer and mass
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transfer devices. The equipment is classified into (i) reactors for chemical reactions
and (ii) devices not involving chemical reactions directly (Figure 5.3). Chemical re-
actors include many versatile devices such as a spinning disk reactor (SDR) which
utilizes centrifugal forces ormicroreactors that aremicro-structured ormicro-channel
reactors.[14] Static mixers are elements inside pipes responsible for the generation
of ideal radial mixing and interfacial surface area. A static mixer reactor is another
type of equipment with tailored tubings, representing a combination of intensivemix-
ing, mass, and heat transfer for improved radial mixing. Monolithic reactors are de-
vices that allow chemical reaction engineering of segmented flow in micro-channels.
Equipment not involving chemical reactions are used as non-reactive systems such
as a rotating packed bed or centrifugal absorber. A static mixer is applied for the
continuous mixing of fluids without moving parts.

5.2.1 Microreactors

Microreactors are usually a type of continuous flow reactor with a small footprint and
small reaction volumes with channel-shaped design. They consist of micron-sized
channels, and these channel networks are linked between the reagents and prod-
ucts. Microreactors are usually small, with a sandwich-like structure consisting of
several layers and micromachined channels with a diameter range of 10–100 µm (Fig-
ure 5.6).[3] These reactors utilize micrometer-scale reaction spaces that allow more
precise control of diffusion, heat exchange, retention time, and flow patterns in chem-
ical reactions.[16] Owing to their microstructured features, a smaller amount of ma-
terials can be used, which implies safety and economic benefits and environmental
profits. Since reactions performed in microreactors represent continuous techniques,
the rapid processing of unstable intermediates can be realized.

Figure 5.6: A microreactor with channels having a diameter in the range of 10–100µm. Reprinted
with permission from [17].

The microreactors possess an important advantage: mixing, catalytic reaction, heat
exchange, or separation can be incorporated within a single unit in various combina-
tions and stages.[3] Moreover, this reactor has an inherently small footprint. Besides,
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these reactors allow exceptional heat transfer rates[18] that are barely achievable by
other equipment. The enhanced heat exchange, together with the increased surface-
to-volume ratio, provides great thermal control. Consequently, exothermic reactions
can be performed and safely controlled that were previously inaccessible on a larger
scale.[19] Moreover, microreactors allow the decrease of reaction time under carefully
controlled conditions by increasing the temperature while avoiding the formation of
by-products due to the improved temperature distribution.[20]

Their very low reaction volume-to-surface area ratio makes them attractive for
processes involving toxic or explosive reactants because these materials can be uti-
lized or generated in situ.[12] As discussed previously, microreactors’ main advantage
is the great temperature control of the reaction, which, together with the low inter-
nal volume, provides higher process safety.[21] Therefore, this is an inherently safe
reactor.

Despite all these advantages, microreactors also suffer from drawbacks. Tubular
reactors, and consequently microreactors, can work well with lower-viscosity liquids.
However, usinghigh-viscosity fluids can result in undisturbed laminar flow,which can
lead to inadequate mixing and a non-homogeneous outcome. The insufficient mixing
of the inlets due to the laminar flow is a bottleneck that should be considered. The is-
sue of laminar flow can be solved with the application of static mixers (Figure 5.7).[22]
The tiny channel dimensions, along with the use of static mixers, provide millisecond
mixing times.[19] Owing to their small dimensions, hot spots occurring in batch reac-
tors can be prevented, resulting in better selectivity and yield for many reactions.[23]
The small channel diameter can result in the formation of insoluble solids in the re-
action, i. e., the flow path’s clogging, which can stop the reaction route. Another oc-
curring issue is the high pressure drops originating from gas formation during the
reaction.

Figure 5.7: Flow profile in microreactors (a) without a mixer and (b) with a static mixer. Reprinted
with permission from [22].

Some examples are presented in the next paragraphs to demonstrate how microreac-
tors can lead tomore sustainable processes. The first example is the optimization of re-
gioselectivity in a sensitive Grignard reaction (Figure 5.8).[23] The Grignard reaction is
awidely known organometallic chemical reaction for the formation of carbon–carbon
bonds.
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Figure 5.8: Selective Grignard reaction in a batch reactor and a microreactor, and the corresponding
yields and product ratios for each process.

The table in Figure 5.8 represents the obtained data after performing the same reaction
in two different manners. The initial 49% yield of the batch process was increased to
78%, together with an increase in the regioisomer ratio from 65:35 (A:B) to 95:5 (A:B).
Another example showing the advantages of microreactor is the Sonogashira reac-
tion between iodobenzene and phenylacetylene in ([BMIm][PF6]) ionic liquid is given
in Figure 5.9.[24] Sonogashira coupling is a useful reaction to prepare acetylene com-
pounds, usually performed in organic solvents, such as DMF or THF, with a palladium
catalyst and copper co-catalyst. In this case, the coupling was carried out in an ionic
liquid in a microreactor allowing easy separation of the product from the copper-free
catalyst, which was subsequently recovered. The results revealed a negligible drop
in yield from 95% in batch to 93% in microreactor processing. However, the reaction
time decreased tenfold. In brief, even though the yield declined by 2%when switching
from batch tomicroreactor, the time reductionwas nonetheless excellent. A reduction
in time is important in manufacturing processes as shorter reaction times mean less
energy consumption, lessmaintenance, less depreciation of the equipment, and often
higher selectivity.

Figure 5.9: Comparison of the results of a Sonogashira reaction carried out in an ionic liquid in a
batch reactor and a microreactor.
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5.2.2 Rotating devices

5.2.2.1 Spinning disk reactors
SDRs were primarily designed for swift and very fast liquid/liquid reactions with
large heat effects such as nitrations, sulfonations, and polymerizations.[3] The work-
ing principle of SDRs is shown in Figure 5.10. In this reactor, a thin layer (typically
100 µm) of liquid moves on the surface of a disk spinning at up to 1000 rpm. The
thin film containing the reactants is created utilizing centrifugal force. These reactors
were invented to enhance heat and mass transfers combined with good processing
times. They operate in a continuous mode and are inherently safe due to the small
reaction volumes. However, the moving parts require regular maintenance due to the
high-speed rotation.

Figure 5.10: Schematic of a spinning disk reactor is designed for very fast liquid/liquid reactions
with large heat effects such as nitration, sulfonation, and polymerization.

5.2.2.2 Rotor/stator mixers
Rotor/stator mixers are designed for processes that need very fast mixing on a mi-
croscale.[3] This equipment consists of a high-speed rotor spinning close to a station-
ary stator. The fluid goes through the regionwhere the rotor and stator interact, which
results in highly pulsating flow and shear. The four stages in Figure 5.11 explain the
operation of a high-shear rotor/stator mixer.[25] Follow the QR code on this page for
the corresponding animation that shows the entire process.

In stage 1, the rotor blades’ high-speed rotation within the precision-machined
mixing workhead creates a powerful suction effect. It drags the liquid and solid ma-
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Figure 5.11: Different operation stages of a high-shear rotor/stator mixer. (a) Stage 1. (b) Stage 2. (c)
Stage 3. (d) Stage 4. Reprinted with permission from [25].

terials upwards from the bottom of the vessel into the center of the workhead. During
stage 2, the centrifugal force drives the fluids and solids towards the edge of the work-
head. These materials are milled in the precision-machined clearance between the
ends of the rotor blades and the stator’s inner wall. Stage 3 is comprised of (i) an in-
tense hydraulic shear as the liquid and solid materials are forced out at high velocity
through the perforations in the stator and (ii) circulation into the main body of the
mixture. In the final stage, the fluid and solids discharged from the head are launched
radially at high speed towards the mixing vessel’s sides. Simultaneously, fresh sub-
stances are continuously pulled into the workhead to maintain the mixing cycle. The
radial discharge effect and suction into the head create a circulation pattern that min-
imizes exposure to the air induced by disturbing the fluid’s surface.

5.2.2.3 High-gravity technology
High-gravity (Higee) technology intensifies the heat and mass transfer processes by
performing the processes in rotating packed beds. The centrifugal force of the equip-
ment induces a high-gravity environment.[26] In the rotating packed bed, thin liq-
uid films and/or tiny droplets are generated. The interface between gas/liquid or liq-
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uid/liquid is renewed vigorously, leading to a significant intensification ofmass trans-
fer and micromixing, i. e., 1–3 orders of magnitude more mass transfer and micromix-
ing than conventional packed beds.[27] Follow the QR code on this page for the corre-
sponding video that shows how rotating packed bed reactors operate. This equipment
originally pertained to separation processes (distillation, extraction, absorption) but
has since been applied to reacting systems as well, in particular mass-limited reac-
tions.[3] The technology can be utilized for systems of three phases (gas/liquid/solid).

The following example of biomass torrefaction presents the benefits of using
Higee technology.[28] Owing to increasing environmental awareness, alternatives to
conventional energy sources are becoming increasingly prominent. Biomass repre-
sents a renewable energy resource as a sustainable raw material for biofuel produc-
tion. Bamboo can be used as a biomass feedstock. In this study, torrefaction was
applied as a technology where biomass is thermally pretreated at high temperatures
(200–300 °C) in an oxygen-free environment to produce high-quality fuels. Torrefac-
tion is a mild type of pyrolysis that results in a dehydrated product by removing
volatiles and moisture from the biomass. The higher heating values (HHVs) were
examined under different conditions because they provide measurable data of the
calorific value, thus improving fuel quality. The HHV is the maximum potential en-
ergy released during complete oxidation of a unit of fuel. HHV includes the thermal
energy recaptured by condensing and cooling all products of combustion. The higher
the HHV value, the higher the calorific value of the fuel. The highest attainable HHV
was 28.389 MJ kg−1 with an average centrifugal force in the rotating packed bed at
234 g located at 1800 rpm. The energy yield was approx. 64%, while the HHV showed
a 60% increase.

5.3 Process-intensifying methods

Process-intensifying methods can be classified into four main areas: hybrid sepa-
rations, multifunctional reactors, techniques using alternative energy sources, and
othermethods (Figure 5.3). In the case of hybrid separations andmultifunctional reac-
tors, the emphasis is on integrating operations such as reaction and separation or heat
exchange. Multifunctional reactors fall under the PI method category because they
synergistically combine processing units, such as combining reaction and separation
into a single device.

Multifunctional reactors are intensified by adding different functions of conven-
tional unit operations.[29] These reactors include a wide variety of integration com-
binations such as heat exchange for thermal intensification or reactive comminution.
Reactive separation processes entail the simultaneous integration of separation and
reaction in one device, e. g., reactive distillation, reactive stripping, reactive absorp-
tion, reactive extraction, reactive crystallization, andmembrane reactors. Some other
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methods, such as reactive extrusion and fuel cells, also fall into the multifunctional
reactors category.

Hybrid separations require the integration of at least two separation units,which
results in a better separation performance than the application of the individual units.
Some hybrid separation combination examples are the dividing wall column, which
combines two distillation columns into one unit,[30] andmembrane distillation (MD),
which is a membrane separation process enabled by phase change. Membrane ad-
sorption and adsorptive distillation are also considered hybrid separations.

Alternative energy sources can improve numerous conventional processing tech-
niques. Solar energy, microwave, and ultrasound are just some of the possibilities
for more sustainable chemical processing. Other methods include supercritical flu-
ids, whose unique behavior above a critical point, i. e., where there is no difference
between the liquid and gas phase, can be exploited for PI. Owing to their specific
physical and transport properties, supercritical fluids can be a favorable environment
for mass transfer processes and chemical reactions.[3] Refer to Section 3.3 for a more
detailed explanation of supercritical fluids. Dynamic reactor operations result from
pulsing flows or concentrations, which can improve the outcome of reactions.

5.3.1 Membrane reactors

Membrane reactors integrate reaction and separation in a single unit. They represent
a highly effective system in overcoming equilibrium limitations in reactions because
the products are continuously and selectively removed, favoring a forward reaction in
line with Le Chatelier’s principle.[31] Membrane separation involves applying a selec-
tive barrier (membrane) to regulate the transport of substances such as gases, vapors,
and liquids, at different mass transfer rates.[32] The mass transfer rates of different
substances depend on the permeability of the barrier toward the feed components.
Figure 5.12 shows a membrane reactor for a water-gas shift reaction.

Figure 5.12: Schematic illustration of a membrane reactor for a water-gas shift reaction comprising
an outer layer (the shell) and an inner layer, which is a tube packed with a catalyst. The reaction and
permeation simultaneously occur in the inner layer. Adapted from [33].
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The membrane can play various roles in membrane reactor systems,[3] which are
listed below:
– selective in situ separation of the reaction product, resulting in an advantageous

equilibrium shift;
– controlled distribution of the feed (reactants) to increase the overall yield or se-

lectivity of a process or to enhance mass transfer;
– shifting the equilibrium of the reaction by the continuous removal of the product

or by-product;
– in situ recycling of catalysts, reagents, or solvents;
– catalyst can be incorporated into the membrane, evolving into a highly selective

reaction-separation system (Figure 5.13).

Figure 5.13: A hybrid reaction-separation system featuring a catalytic membrane. (a) SEM image of
the membrane. (b) Components of the reactor. Reproduced from [34] under the CC BY 4.0 license.

These systems have a smaller footprint due to the combination of different unit oper-
ations. The green aspects of membrane technology, such as energy efficiency, contin-
uous operation, andmodularity, are also beneficial for developing an overall sustain-
able process. Membrane reactors can be homogeneous and heterogeneous systems
often used in bioreactors in the form of an aqueous system with ultrafiltration.

Some of the drawbacks of the use of membrane technology are the short mem-
brane lifetime under harsh conditions. Another disadvantageous property of these
systems is fouling attributed to the accumulation and deposition of solutes or par-
ticles in the feed onto the membrane surface and into the membrane pores.[32]
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5.3.2 Hybrid separations

5.3.2.1 Membrane distillation
MD is a widely known hybrid separation technique considered an alternative to re-
verse osmosis and evaporation.[3] This method consists of bringing a volatile compo-
nent of a liquid feed stream through a porous membrane as a vapor and condensing
it on the other side into a permeated liquid. The driving force of the separation is the
temperature difference. The main benefits of MD are the following:
– 100% rejection of ions, macromolecules, colloids, cells, and other non-volatiles;
– lower operating pressure than in the pressure-driven processes such as reverse

osmosis;
– lower operating temperature than in temperature-driven processes such as distil-

lation;
– the low temperatures in the range of 30–60 °C permit the reuse of residual heat

flow and the use of alternative energy sources such as sun, wind, and geothermic;
– less membrane fouling due to the lack of contact with a liquid stream and larger

pore size than reverse osmosis membranes (10 nm to 1 µm).

Compared with traditional distillation, MD has the characteristic benefits of mem-
brane separation, such as simple scale-up and operation, a high membrane surface-
to-volume ratio, and the potential of treating streams with heat-sensitive compo-
nents.[35] Several MD configurations exist, as summarized in Figure 5.14.

Figure 5.14: Different membrane distillation (MD) configurations, such as direct contact membrane
MD, air gap MD, feed gap MD, and feed gap air gap MD. Reproduced from [36] under the CC BY 4.0
license.

Direct contact MD represents a process where the hot feed solution flows on one
side, and the cooled permeate flows on the other side of the membrane in a counter-
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current.[36] In air gap MD, a thin polymer film is responsible for separating the dis-
tillate channel from the coolant. Feed gap MD is a system where the feed solution
is circulated through the former air gap. The heating solution is introduced into the
previous cooling stream, which is isolated from the feed solution using a polymer
film. Feed gap air gap MD represents a combination where the feed solution is sepa-
rated from the heating solution, and the coolant channel is also separated from the
permeate channel.

5.3.3 Use of alternative energy: ultrasound and microwave

Sonochemistry represents a field where ultrasound is used as an alternative source of
energy. The formation of cavities occurs in the liquid reaction medium via the action
of ultrasound waves. These cavities behave as high-energy microreactors. Their col-
lapse creates micro-implosions with high local energy release. These can be used for
in situ catalyst cleaning and rejuvenation, for instance. The maximum economically
and technically feasible size of the reactor vessel is still the limiting factor for indus-
trial applications. This form of energy can be used in reactions, dissolution, purifica-
tion, water treatment, and cleaning. The main advantages of ultrasound technology
are good yields, short reaction times, andmild reaction conditions.[37] Sonochemistry
was successfully used in oxidative desulfurization of liquid hydrocarbons[38] as well
as for biomass valorization [39] (Figure 5.15).

Figure 5.15: Utilizing sonocatalytic technology for biomass valorization. Lignin is removed from the
lignocellulosic biomass and subsequently converted to bio-based building blocks using various
pretreatment methods. Sonocatalysis is used to convert and hydrolyze lignocellulosic biomass into
fermentable sugars, which can be subsequently utilized as useful products. Adapted from [39].
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Oxidative desulfurization is a method to reduce the sulfur content of diesel. Organic
sulfur compounds in fuels can cause pollution and acid rain, and thus their emission
levels need to be controlled. Hydrodesulfurization is the conventional technology for
this purpose, which requires high temperatures and high-pressure hydrogen. Not ev-
ery sulfur compound canbe removedby thismethod.[40] On the contrary, ultrasound-
assisted oxidative desulfurization has proved to be a promising alternative solution
because it does not require high-pressure hydrogen or high temperatures, even though
it possesses high desulfurization efficiency.[38] The chemical nature, such as the type
ofmaterials used, operating conditions (e. g., time, temperature), and geometrical pa-
rameters (e. g., reactor volume, probe size, probe immersion depth) are equally impor-
tant to achieve a high level of desulfurization. Desulfurization efficiencies of 98% can
be achieved with a proper probe diameter. The reactor material also has a significant
role. A glass wall reactor provided approx. 16% higher desulfurization efficiency com-
pared to a polypropylene reactor.[38]

Sonocatalytic biomass valorization represents a new approach in sustainable
energy production. Biomass pretreatment is one of the most critical factors to obtain
bio-based building blocks for further applications, i. e., pretreatment has a crucial
role in breaking the lignin down and disrupting the crystalline structure of cellu-
lose, which makes cellulose easily accessible to enzymes for further conversion.[41]
Biomass pretreatment can be performed utilizing biological (enzymatic and biodegra-
dation), chemical (basic or acid treatment, solvent extraction, oxidation), and phys-
ical processes (irradiation, milling).[42] Physical treatment (mechanical comminu-
tion) involves mechanical size reduction of lignocellulosic biomass through grinding,
milling, or chipping to reduce the cellulose’s crystallinity.[43] However, inmost cases,
this method uses more energy than the biomass’s theoretical energy content. Irra-
diation techniques involve sonication, ionization, cold plasma, microwaves, shock
waves, and high-energy radiation methods. They can be used due to improved di-
gestibility of lignocellulosic biomass, although they may be expensive, and some are
time-consuming and energy-intensive. Thus, the irradiation processes are often used
in combination with other pretreatment methods. Chemical lignocellulosic treatment
comprises catalytic reactions such as acid and alkaline hydrolysis, oxidative delig-
nification, or organosolv processes. Acid pretreatment is utilized for the hydrolysis
of the lignocellulosic material and the removal of hemicellulose, whereas the al-
kaline method results in more digestible cellulose due to the removal of lignin.[42]
Oxidative delignification utilizes oxidizing agents such as hydrogen peroxide, ozone,
oxygen, or air. In contrast, organosolv processes use organic solvents or their mix-
tures with water to remove lignin before enzymatic hydrolysis.[44] Biological treat-
ment is a less energy-intensive process than chemical treatment and includes using
fungi or other microorganisms to break down the lignin in lignocellulosic materi-
als.[45] However, biological treatments are time-consuming and can take up to several
days.
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Ultrasound irradiation can be used to increase the yields of enzymatic hydroly-
sis reactions and decrease the required pretreatment time. Figure 5.15 illustrates the
process of sonocatalytic biomass valorization. Exposing lignocellulosic material to
ultrasound irradiation breaks it down into different products such as fermentable
sugars. The ultrasound enhances the hydrolysis of lignocellulosic biomass into sug-
ars and their subsequent fermentation. The PI results from intensified mass transfer
and the activation of the catalysts in the reacting system.[46] Ultrasonic pretreatment
has been successfully used for the acidic hydrolysis of oil palm empty fruit bunch at
low temperature (100 °C) and atmospheric pressure.[47] The xylose yield increased
more than twofold from 22% to 52%. High conversion (95%) of treated cellulose was
achieved through ultrasonic heating, which is almost twice that of the untreated
cellulose (43%).[48]

Microwave radiation is a highly effective heat source in chemical reactions. A mi-
crowave is a low-energy electromagnetic wave of the electromagnetic spectrum that
lies between infrared and radio waves (Figure 5.16).

Figure 5.16: The electromagnetic spectrum represents a scale of frequencies and wavelengths of
different radiation types. Microwave radiation is a region with electromagnetic wavelengths longer
than infrared light but shorter than radio waves.

Microwave reactors work at a particular frequency of 2.45 GHz.[49] Microwaves can
generate heat through the electric field by interacting with molecules in two different
mechanisms: dipolar rotation and ionic conduction (Figure 5.17). Dipolar rotation
is a phenomenon where molecules rotate back and forth to align their dipoles with
the constantly oscillating electric field.[50] These rotations cause friction between
molecules, resulting in heat energy generation. Ionic conduction is a translational
move of free ions or ionic substances through space to synchronize with the electric
field. Heat generation is also a consequence of friction between these moving species.
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Figure 5.17: Dipolar rotation and ionic conduction in microwave heating. The dipole rotation results
from the molecular rotation aligning the molecule’s dipole with the electric field. Ionic conduc-
tion originates from the ion movement, and thus its alignment with the electric field. Adapted from
[50].

Microwaves interact directly with the reaction mixture’s contents without intermedi-
ate processes, and therefore the heat transfer from microwaves is more efficient than
conductive heating (Figure 5.18). Conventional conductive heating occurs through the
reactor’swall,which is less effective and results in anundesired temperature gradient.

Figure 5.18: Difference between conductive and microwave heating. Conventional heating is illus-
trated in the left figure, which is based on thermal conductivity. The right figure shows microwave
heating by dipolar rotation and ionic conduction, representing a more efficient heat transfer method
than the previous one. Adapted from [50].

Waves can act differently in the electromagnetic field, i. e., when they enter amedium,
they canbe absorbed, transmitted, or reflected. Due to these interactions, some losses,
such as dielectric loss, cause heat generation. This dielectric loss of a material can
be high. The heating efficiency for a large-size sample is sometimes low,[51] possibly
due to the low penetration depth of the microwaves into the sample. Therefore, the
penetration depth of the material by microwaves is crucial because it can cause scale-
up issues. The dielectric constant of materials inversely changes with temperature.

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



90 | 5 Process intensification: methods and equipment

Microwave technology is used for various chemical manufacturing tasks such as
reactions, biodiesel production, polymerization, separations, and waste processing
(Figure 5.19). The application ofmicrowaves is common in synthetic organic chemistry
for various reactions involving solvent-free and water-mediated reactions.[52]

Figure 5.19: The application areas of microwave-based technologies.

Microwaves possess many beneficial properties such as selective heating (which de-
pends on the material’s dielectric properties), an increased rate of reactions and per-
centage yield, and efficient and uniform heating. This is an eco-friendly technique for
neat reactions. The batch variance with microwave-assisted processing is low.

Numerous studies demonstrate the benefits of microwave technology, for in-
stance, a microwave-enhanced biodiesel production process[53] or Suzuki cross-
coupling reactions in microwave reactors.[54] In the latter case, the microwave ap-
plication increased the yield from 66% to 83% while reducing the reaction time from
5h to 20min. Ultrafast pyrolysis of lignocellulose is another excellent example of a
sustainable process through the implementation of microwaves.[55] Figure 5.20 il-
lustrates the actual amount of gasified materials during conventional heating and
microwave heating. All generated products (except H2) had almost comparable vol-
umes formicrowave and conventional heating, regardless of the reaction temperature.
The high amount of H2 duringmicrowave heating at 400 °C resulted from in situ steam
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Figure 5.20: The distribution of gasified materials as the result of the ultrafast pyrolysis of lignocel-
lulose. The high amount of produced H2 at 400 °C makes microwave heating a beneficial technique
for lignocellulose’s fast pyrolysis. MW denotes microwave heating, whereas CH denotes conven-
tional heating. Adapted from [55].

reforming from water and biochar, which originated from the cellulose bed. The large
volume of generated H2 makes the microwave more advantageous than conventional
heating. The heating time of the pyrolysis reaction was reduced to 12.5% as a result
of microwaves. Moreover, it reduced the process’s energy consumption by 60%, and
there was no need for time-consuming shredding as pretreatment. However, the tech-
nology’s limitations became apparent during the pyrolysis process because of the
low degree of microwave absorption of lignocellulose as a consequence of its low
dielectric loss.

On the other hand, the bottleneck of microwave technology is that it can be ap-
plied only for materials that absorbmicrowaves. Sulfur, for instance, is transparent to
radiation. High-pressure systems combined with a microwave can result in runaway
reactions leading to a possible explosion. High-frequency microwaves can penetrate
human cells and destroy them, which requires a safety risk assessment. Overheating
and hotspots due to heat build-up in solid particles, such as in catalysts, can lead to
side reactions or degradation of heat-sensitive compounds.
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6 Continuous microflow processes
Gergo Ignacz, Gyorgy Szekely

6.1 Introduction

Reactor configurations have not changed significantly since scientists first started
performing chemical reactions. As long ago as 50 BC, Getafix, the famous druid from
Asterix and Obelix, cooked his magical strength potion in a large cauldron. Such
cauldrons had the advantage of flexibility, allowing them to cook different magical
potions on demand, such as potions for strength and knowledge. When the Roman
army attacked their village, Getafix realized the villagers needed a large volume of
strength potion to resist the Roman army. However, they soon found they needed an-
other cauldron to meet demand. If only they had an innovative technology that could
continuously produce the potion, they could have averted disaster (Figure 6.1).[1] Un-
fortunately for Getafix and the villagers, they would have to wait for another 2000
years for the invention of the continuous flow reactor. The first mention of a con-
tinuous microfluidic device (a chip-based gas chromatograph) dates back to 1937.[2]
Manz andWolley developed these reactors significantly in the 1990s.[3, 4] These early
studies were mostly focused on capillary technologies for intended use in analytics.
The widespread realization of small-scale reactors in chemistry started to emerge in
the early 2000s. Follow the QR code on this page to learn about the realization of the
potential benefits of the microflow technology presented by Frank Gupton, one of the
pioneers of microflow chemistry.

A microfluidic device usually has a diameter of less than 0.5mm. More precisely,
for a system to be considered microfluidic, the Reynolds and Péclet numbers must be
below 250 and 1000, respectively.1 As a rule of thumb, the smaller the tubing diameter
(or capillaries), the easier it is to maintain themicrofluidic regime, and thus a higher
flow rate can be used. The large surface-to-volume ratio allows better heat transfer or
higher electromagnetic and acoustic wave flux, resulting in a more uniform reaction
composition.

The transition from batch to continuous flow reactors is still ongoing today, re-
quiring careful research and development. The upcycle of biomass-derived chemicals
to commodity or high-added value compounds using new continuous flow process
concepts could change biorefineries’ future perspectives.[5] Table 6.1 shows the differ-
ences between a typical batch reactor and a continuous flow reactor.

This chapter focuses on the sustainable aspects of continuous microflow reactors
and processes. The examples presented are from the pharmaceutical sector because

1 TheReynolds number is a dimensionless number between the inertial and viscous forces. The Péclet
number is a dimensionless number for heat transport due to convective and diffusive transport.

https://doi.org/10.1515/9783110717136-006
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Figure 6.1: Getafix preparing a magic potion in continuous flow (left) and a batch cauldron (right).
The continuous flow reactor can supply sufficient quantities when the demand is high, while the
batch reactor can only periodically supply the potion with considerable downtime between batches.
Artwork based on Alberto A. Uderzo’s Astérix le Gaulois.

this sector generates the most waste per kg product and is also rapidly implement-
ing continuous flow reactors. Refer to Chapter 2 for the E-factor comparison between
various industries.

6.2 The advantages and disadvantages of continuous microfluidic
systems

Small size. Size matters, especially in chemical reactors. A smaller size manifests
in fewer precious reagents and catalysts used. Catalyst testing, DNA and protein se-
quencing, or even active pharmaceutical ingredient (API) building block synthesis
testing greatly benefits from a microfluidic reactor’s small size. Microfluidic reactors
consume far fewer reagents than their batch counterparts. Due to the continuous op-
eration mode on a large scale, the reactor and auxiliaries take up smaller space and
are easier to relocate.

Higher selectivity. The improved temperature control of microflow reactors com-
pared to batch reactors results in improved kinetic or thermodynamic control of the re-
action, manifesting in higher selectivity but not higher conversion. Since the reaction
rate should not depend on the reactor configuration, the overall conversion does not
change across batch and flowunless awall-mediated reactionmechanism is involved.
Generally, in flow reactors, only higher selectivity can be achieved but not higher con-
version.[6]

Green attributes. Owing to the smaller size and better heat transfer, the amount
of energy consumed in a microflow reactor is relatively small, leading to environmen-
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Table 6.1: Typical features of batch and continuous flow processes.

Batch reactors Features Continuous flow reactors

Formulations, pharmaceuticals,
agrochemicals, specialty
chemicals

Industry sectors Fuels, bulk chemicals,
intermediates

Multipurpose plants,
multiproduct

Flexibility of use Tailored to specific products

From cryogenic to 200 °C Operating
temperature

From cryogenic to 1000 °C

Up to 10bar for over 10m3

vessels
Operating pressure Up to 1000bar

From minutes to hours Residence time From milliseconds to minutes
Poor due to the complex fluid
dynamics and significant
inhomogeneity in the flow

Heat transfer
scalability

Good due to high
surface-to-volume ratio and
possible different mechanisms
(staged injection, intercoolers)

Very poor due to complex fluid
dynamics and significant
inhomogeneity

Mixing Can be well controlled through
multiple available mechanisms,
available mixing times in the
milliseconds range

Molecules experience all
concentrations and reaction
times

Residence time
distribution

May approach plug flow
approximation of residence time
distribution

Dynamic control over the
reaction progress; scheduling

Control Maintaining steady state,
response to disturbance, and
long-term dynamics (e. g., catalyst
deactivation)

Typically not integrated Process integration Frequently heat and/or mass
integrated in complex facilities

Liquid phase, slurries,
gas-liquid, liquid-liquid,
multiphase systems

Multiphase
processes

Particle flow is frequently used in
complex continuous flow systems;
gas and liquid-liquid systems also
known; particle flow is
problematic at small scale

tal and cost benefits in the long term.[6] Similarly, the higher selectivity results in
higher purity, which requires less purification and thus generates less waste. Refer
to Section 6.3 for a more detailed explanation and examples of the green and sustain-
able aspects of microflow systems.

Rapid reactions. Microflow reactors enable faster reactions than conventional
batch reactors.[6] However, this claim is somewhat misleading because the reaction
rate does not depend on the reactor’s geometry unless a wall-mediated mechanism
is involved. This rule is true because the kinetics does not depend on bulk diffusion.
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The only exception to this rule is the mass transport-limited reactions, where the dif-
fusive effects are significant for the overall rate.[7] However, directly comparing batch
and flow processes is not straightforward because batch systems are rarely optimized
to achieve the best space-time yield. Moreover, they are usually left to run above the
equilibrium point to ensure that the reaction proceeds well. In contrast, microflow re-
actors must be optimized, resulting in a better space-time yield. One must be careful
to consider all possible bias in the system when comparing batch versus flow – espe-
cially in the literature.

Owing to their inherently low residence time, microfluidic devices can achieve a
higher conversion rate for reactions than batch reactors. For example, organometallic
lithiation reactions, which are cumbersome to perform in batch, can achieve an 80%
yield with a 0.002 s residence time. This short residence time is practically impossible
to achieve with conventional batch technologies.[8]

Safer reactions. The small footprint and internal volume of microfluidic reactors
make them inherently safe. The effective volume needed for reactions involving toxic
or dangerous intermediates is minimized, and thus they can be carried out safely (re-
fer to Section 1.3). The high surface area-to-volume ratio allows for quick cooling, en-
abling the extremely exothermic reaction. Reaction quenching is also enhanced in
microflow reactors compared to batch systems by introducing an inlet stream of a
quenching agent after the reactor.

Facile scale-up and integration. Scale-up experiments in the batch operation
mode are non-trivial due to the small flask’s high surface area-to-volume ratio relative
to the large reactor. This burden is significant, and therefore pharma manufacturers
usually operate a dedicated department for scale-up procedures. In theory, a carefully
optimized microflow reactor could be applied in production the same way as in the
lab. Moreover, the parallelization of microflow reactors is simple and straightforward.
Generally, batch processing requires the handling and transportation of intermedi-
ates, which is labor-intensive and increases exposure risk.2 In theory, the integration
of different reactionsunder flowconditions ismore straightforward compared to batch
reactions. Solvent exchange, particle formation, and gas generation in the batchmode
are not problematic, yet it remains a challenge for flow processes.

6.3 The green attributes of continuous flow processes

In continuous flowprocesses, the reactor consists of a small diameter tube or a packed
bed reactor. The small reactor volume has better heat transfer, and the residence time
can be controlled more precisely than in conventional batch reactors. The advantages

2 Thementioned problem could be solved to a certain extent by telescoping reactions. The procedure
is called one-pot synthesis. During one-pot synthesis, a few or even several reactions are performed
in the same reactor without work-up.
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of this technology include increased safety, quality and productivity and decreased
space-time yield. The disadvantages include the high capital cost of investment and
resources.[9] The inherent safety of continuous flow technology is one of its most at-
tractive aspects for pharmaceutical companies. For example, Eli Lilly developed a con-
tinuous hydrogenation processwhere the evacetrapibAPIwas produced on a twomet-
ric ton scale. Using continuous flow technology, the amount of hydrogen in the sys-
tem was reduced by 98% at a time, resulting in a safer, low-risk process.[10] Note that
hydrogenation is considered a high-risk process due to the broad explosive limit of
hydrogen gas (4–75%).

Another benefit of continuous flow processes is the increased quality resulting
from the more precise heat transfer, temperature control, and mixing. The lower res-
idence times result in fewer side reactions, which also increases the yield and purity.
Solvent consumption and the E-factor are relatively low due to the decrease in down-
stream processing requirements needed to reach a specific quality product. Flucyto-
sine (an antifungal medicine) is a good example to demonstrate the effect of less side-
product formation. In the original process, the APIwas formed in four steps, including
a step with POCl3 and NH3, which are both highly toxic substances. The implementa-
tion of continuous flow technology resulted in higher overall yield and significantly
less waste.[11] The precise control over the reaction increased the selectivity for the
monofluorinated product. In the example of atropine production, the E-factor was re-
duced by 99% from 2245 to 24 kg kg−1 by minimizing by-product formation and intro-
ducing an inline liquid-liquid extraction module.[12]

Telescoping several steps into one process, i. e., by omitting purification and
isolation-focused unit operations between reactions, leads to an increase in the pro-
cessing speed, decreased resource intensity, and an increase in the overall sustain-
ability of the process. The rapid reaction interrogation and optimization through pro-
cess analytical technology (PAT) (refer to Chapter 9) speeds up a chemical product’s
research and development stage and improves asset utilization. The transfer of con-
tinuous flow processes from the laboratory scale to the pilot scale is straightforward
and requires a relatively small laboratory footprint. Since continuous flow processes
operate at a steady state, the system can eventually run with regular planned main-
tenance or cleaning. The steady-state operating condition brings another advantage:
continuous processes are not as labor-intensive as batch systems, and they can be
easily performed remotely. These core features are visualized in Figure 6.2, which
shows the correlation between green chemistry and green engineering, highlighting
the impact of flow chemistry on both.

6.3.1 Principle 1: prevention

The historical take-make-dispose model’s sole focus was to increase profit margins
by increasing the yield and production rate, resulting in high waste generation. Re-

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



100 | 6 Continuous microflow processes

Figure 6.2: The impact of continuous flow processes on the 12 principles of green chemistry and the
12 principles of green engineering.

cent changes in legislation have pushed companies towards a more sustainable in-
dustry.[13] Prevention in microflow-operated systems can be divided into two main
applications: (i) prevention by solvent-free reactions and (ii) prevention by higher ef-
ficiency and minimal reagent consumption.

6.3.1.1 Prevention by solvent-free reactions
The easiest way to prevent the generation of solvent waste is to avoid using any sol-
vent, which is the most desirable approach in any process design. The removal of sol-
vent(s) from the reaction is considered a process intensificationmethod,which results
in an improved processmass intensity (PMI) and lower complete E-factor. Solvent-free
reactions in the batch configuration are challenging to achievedue to themanagement
of the reactor’s uncontrollable heat. Refer to the worked example in Chapter 14, which
demonstrates that solvent consumption contributes significantly to waste generation,
resulting in a high E-factor.

In theory, all reactionswhere the startingmaterials are liquid or gas at the reaction
temperature can be performed in a microflow system. Although a complete solvent-
free system is challenging to achieve, if the starting materials are solid, heating the
system to supply the melted chemicals is possible but cumbersome. An interesting
approach is to perform reactions in extruder machines. Extruders are mainly used
in the polymer industry to transport the melted polymers to the form. Extruders are
designed to pump highly viscous substances at high temperatures. Special twin-type
extruders are designed to help mix the reagents. One early example showed that ex-
truders could be used as reactors.[14] For example, one study showed that sustainable
starch-based graft co-polymers could be synthesized using reactive extrusion without
any solvent.[15] The method can be employed on a large scale, and the resulting poly-
mers are excellent packaging materials.

Another example is the large-scale reduction of aromatic aldehydes to alcohols
using a water-soluble green reagent, such as sodium borohydride.[16] Since aromatic
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aldehydes and alcohols are poorly soluble in water, the reaction is performed in a sus-
pension (Figure 6.3). To overcome this solubility problem, conventional methods use
solvent mixtures, such as tetrahydrofuran-water or dioxane-water, in different com-
positions to achieve acceptable solubility for the aldehyde, the alcohol, the sodium
borohydride, and the sodium hydroxide. Solvent mixtures are always undesired due
to their cumbersome regeneration procedures. For example, tetrahydrofuran forms a
minimum azeotropic mixture containing 6.4% water at 64 °C. Slurry-type reactions
are a viable option in batch operations but not in continuous flows due to possible
clogging issues.

Figure 6.3: General reaction scheme of the reduction of aromatic aldehydes to alcohols. Sodium
hydroxide is used as a catalyst.

A reactive extrusion can be used to perform the reactions on a slurry mixture to over-
come the limitationsmentioned above. Reactive extrusion is a type of extrusionwhere
the extruder also acts as a continuous reactor. A schematic representation of a system
to reduce aldehydes to alcohols is shown in Figure 6.4. Although the configuration is
not amicroflow system– since the extruder has larger cavities than 1mm– themethod
presents an excellent example of how solids and slurries can be handled under con-
tinuous flow.

The aromatic alcohols were synthesized on a kgh−1 scale. The material cost de-
creased from 5.5 to 3.5 ton material per ton product by switching from the batch
to the continuous operation mode. Similarly, energy consumption decreased from
9600 to 300MJ ton−1. The nearly 97% decrease in energy consumption was due to
the more efficient heat utilization of the extruder than the batch reactor (heating and
cooling).

Ionic liquid and deep eutectic solvent production (refer to Chapter 3 for details)
may also benefit from continuous microflow systems. Conventional batch synthesis
may suffer from cumbersome purification of the final solvent to achieve the desired
quality.Highly controlledmicroflowsystems can increase the yield andpurity, eventu-
ally leading to lower production costs and less energy andmaterial utilization. For in-
stance, [EMIM][EtSO4] ionic liquidwas synthesized in amicroflow reactor at 0.5 kg h−1
under completely solvent-free conditions. The overall production efficiency was three
orders of magnitude higher compared to the similar-sized batch reactor.

Liquid-gas reactions can also be performed under solvent-free conditions. For ex-
ample, ethyl piperidine-3-carboxylate is anAPI building block used in the pharmaceu-
tical industry. It is synthesized from ethyl nicotinate using activated Rh catalysts on
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Figure 6.4: Schematic representation of the continuous flow reduction of aromatic aldehydes into
alcohols.

Al2O3 particles under high pressure and temperature (Figure 6.5). Ethyl nicotinate is
supplied from a natural source (tobacco), hydrogen is generated from water splitting,
and the electricity is obtained from a renewable source, thus resulting in an overall
sustainable system.[17]

Figure 6.5: Schematic representation of the production of ethyl piperidine-3-carboxylate from ethyl
nicotinate using hydrogenation under continuous flow conditions. The same reaction setup is used
to obtain other hydrogenation products.
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6.3.1.2 Minimal reagent consumption
Microflow reactors can also minimize waste in the production scale and development
and laboratory scale. While batch scouting reactions3 typically require tens of mg of
reagents and mL of solvents, these reactions can be performed in microflow reactions
using only a few micrograms of starting materials in a few µL of solvent. The abil-
ity to connect microflow reactors to inline analytical techniques (refer to Chapter 9)
rapidly changes the reaction conditions, and incorporating automatic optimization
algorithms allows efficient waste minimization. The integration of PAT eliminates the
need for downstream processing in scouting reactions (work-up, isolation, purifica-
tion, and analysis), lowering the reactions’ solvent stress.

For example, a Heck reaction was optimized via feedback control in a microflow
reactor. The control unit changed the parameters according to the system’s actual con-
version, resulting in the rapid optimization of the reaction conditions. The automated
system generated 50 times (!) less waste than the conventional manual batch opti-
mization while achieving similar or better final conversion and product purity.[18]

6.3.2 Principle 2: atom economy

Because the atom economy (AE) is inherently based on the reaction type and not on
the conditions, controlling the reaction conditions (temperature, pressure, residence
time, concentration, and the equivalent of reagents) does not affect the AE. How can
we improve AE inmicroflow reactors and take advantage of the higher conversion and
purity? To answer this, here we present a relevant case study on the application of
diazomethane chemistry. Refer to the QR code on this page to learn how not to work
with diazomethane by Derek Lowe.

Diazomethane is a versatile reagent, but its highly reactive naturemakes it a toxic
and explosive gas. Diazomethane explodes upon contact with any sharp or uneven
surface, even under mild conditions such as in a solution at room temperature. It is
one of themost useful reagents in the fine chemical industry because it can participate
in a wide variety of reactions (Figure 6.6). The transport and storage of diazomethane
are dangerous. It is usually prepared on-demand from its precursor; however, the risk
of in-reaction explosion is still high. Unfortunately, even pilot-scale production of di-
azomethane is problematic, and therefore large-scale industrial alternative methods
are required.

Figure 6.7 illustrates the difference between the AE of a diazomethane reaction
and the AE of an alternative, hypothetical route. The first reaction (Figure 6.7a) uses

3 Small-scale scouting reactions are performed to explore the chemistry of unknown reaction paths.
Several thousand reactions can be performed and worked up to determine which reaction path could
lead to the best overall yield or selectivity. Scouting reactions are not optimized nor performed in high
numbers, meaning their E-factor is extremely high.
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Figure 6.6: Chemical transformations using diazomethane (CH2N2).

Figure 6.7: Diazomethane and atom efficiency. (a) Reaction path involving diazomethane. (b) Reac-
tion path using an alternative route. Note that (b) is a hypothetical path.

diazomethane as the homologation agent in the reaction with isatin (147.3 gmol−1).
The second reaction (Figure 6.7b) uses ethyl 2-diazoacetate (114.1 gmol−1) to reach the
final product (161.16 gmol−1). While path (a) is only one step, path (b) requires four
consecutive steps to reach the same product, where the different intermediate steps
must be isolated, analyzed, and purified. The corresponding AE values for the reac-
tions shown in Figure 6.7a and Figure 6.7b are calculated in equations (6.1) and (6.2),
respectively:

AEa = 161.16
147.13 + 42.04 ⋅ 100 = 85%,(6.1)

AEb = 161.16
147.13 + 114.10 ⋅ 100 = 62%.(6.2)

The AE of the alternative route is more than 20% lower than that of the reaction
path involving diazomethane. Note that we consider the AE only, and other factors,
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such as E-factor or PMI, are not considered. Refer to Chapter 14 for a worked example
on this problem. Because pure diazomethane cannot be directly used in the example
in Figure 6.7a, route Figure 6.7b is preferable on a large scale using a batch reactor,
which ultimately results in a safer but less efficient multistep process.

Diazomethane can be produced from its precursors, such as from Diazald, for ex-
ample,which is a relatively stable compoundoftenused for the in situ generation of di-
azomethane in the presence of a base. Figure 6.8 shows a tube-in-tube reactor’s possi-
ble implementations to generate diazomethane and immediately react it with the sub-
strate. The diazomethane is generated in the inner tube (Figure 6.8b, Inner tube) and
diffuses through a semi-permeable membrane into the substrate stream (Figure 6.8b,
Outer tube). The membrane should only allow gases to diffuse through; therefore, a
dry reaction (nowater inside) can also beperformed. The substrate is in the outer tube,
where it reacts with the in situ generated diazomethane gas.[19] The flow rate in the in-
ner and outer tubes can be fine-tuned to optimize the reaction and reduce the amount
of Diazald needed. Using a 400 µLmin−1 inlet flow rate, the final production varied
between 170 and 360mgh−1, reaching 59–99% isolated yield. The basic aqueous
waste was approx. 200 µLmin−1, containing unreacted Diazald, KOH, and potassium
4-methylbenzenesulfonate as another product of Diazald and KOH’s reaction. Since
the aqueouswastewas still reactive, the reactionhad tobequenchedusingacetic acid,
which also reacted with the KOH and diazomethane. The organic phase (tetrahydro-
furan) only contained the final product and some unreacted starting material.

Figure 6.8: Diazomethane production using Diazald and aqueous KOH solution. The inner tube
(blue) in the tube-in-tube reactor contains the diazomethane solution, and the outer tube (red)
contains the reagent. The high vapor pressure of diazomethane comes in handy now! The dia-
zomethane, generated in situ inside the inner tube, diffuses through a semi-permeable membrane
into the outer tube, where it reacts with the reagent. Adapted from [19].

To conclude, the tube-in-tube reactor technologymade diazomethane chemistry safer
and reduced the release ofwaste and toxic chemicals. This example demonstrates how
to adopt green chemistry principles in terms of AE and prevention by using less haz-
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ardous chemical synthesis methods and inherently safer chemistry for accident pre-
vention. In addition, this example is in line with green engineering efforts through the
more efficient integration of energy and material flows.

6.3.3 Principle 6: design for energy efficiency

The energy efficiency of microflow reactors originates from the improved heat trans-
fer and even the reactor’s temperature profile (see also Section 5.2.1). For example, an
exothermic gas phase oxidation reaction can create a temperature difference of 133 °C
in a 10mm inner diameter tube reactor between the reactor’s wall and center tem-
peratures. When the reactor diameter is reduced to 1mm, the temperature difference
between the wall and the center decreases to 1.3 °C.[20] This temperature uniformity
results in better heat, and thus energy, utilization.

Microflow reactors can also be transformed into potential PI systemswith the abil-
ity to miniaturize complete chemical plants.[21, 22] The miniaturization of intercon-
nected reactors, as small as a briefcase, has already been demonstrated.[23, 24] On-
demand systems are specialized for a few API syntheses, which typically have a very
short expiration date. The APIs’ stable precursors can be stored, and the drug can be
synthesized when needed, which provides enough drug supply for long expeditions
both on Earth and during extraterrestrial or space exploration.[25]

6.3.4 Principle 9: catalysis

Microflow systems can also enhance the performance of certain types of catalytic re-
actions. For example, photoredox catalytic reactions are preferably performed in
continuousmicroflow systems due to the high illuminated area-to-volume ratio. Also,
photocatalysis itself is considered green because of the inherent sustainable nature of
solar energy.

The main bottleneck of any type of electromagnetic wave-catalyzed reaction in
batch operation is the low achievable radiated surface area.[26] Coil and microchip
reactors –where the surface area-to-volume ratio is substantially higher than in batch
– have many advantages in photocatalytic processes. The Lambert–Beer law defines
the exponential decrease of transmittance from the light source within a medium by
the following equation:

A = εilCi,(6.3)

where εi is the absorptivity factor of species i, l is the studied length, and Ci is the con-
centration of species i. To illustrate this, take a standard 100mL reactor made from
a transparent glass material designed for a specific wavelength. Even if the reactor is
homogeneously irradiated, the large radial distance from thewall to the reactor’s cen-
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ter will absorb most of the light (Figure 6.9a). Because of the small internal distance
in capillary microflow reactors, the light intensity further away from the surface (e. g.,
in the middle of the tube) has approximately the same value. Thus, the photon flux
is more homogenous in a microflow reactor in the spatial distance, resulting in fewer
side reactions and a higher overall conversion rate. The selectivity improves, while
the reliance on the downstream separation and purification decreases. Consequently,
photocatalytic processes performed in continuous flow reactors are more sustainable
than the corresponding conventional batch processes. Two conventional but differ-
ently illuminated continuous flow systems are presented in Figure 6.9a.

Figure 6.9: Continuous flow photoreactors. (a) Attenuation of light irradiance with distance from the
light source. (b) Typical setups for flow photochemistry. Reprinted with permission from [27].

Figure 6.9a shows a non-sensitized reaction mechanism in which the reaction is me-
diated using a photosensitive catalyst.[28] This field of photochemistry emerged in
the last 12 years and has already reached the commercial scale. The uniqueness of
photoredox catalysis is the mild redox character of the photocatalyst radical, which
enhances the reaction’s stereoselectivity. This paradigm shift in radical-type reac-
tions coupled with microflow technology enables previously unattainable (“forbid-
den chemistry”) transformations. Figure 6.10 shows microflow-based photoredox
catalyst-mediated Stadler–Ziegler one-pot arylsulfide synthesis.[29] The conversion
rate is high in all 14 examples, with ten of the examples above 70%, and the reac-
tion was reported to be robust. Comparing the batch and flow productivity at similar
conversions, the used batch reaction produced 0.17mmol h−1, while the flow reactor
achieved a 13.2mmol h−1 conversion. Note that the direct comparison is valid here
since both configurations are optimized to reach the same conversion.

Figure 6.10: Photoredox microflow one-pot Stadler–Ziegler synthesis of arylsulfides.

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



108 | 6 Continuous microflow processes

Photoredox catalysis requires mild reaction conditions, desired from both economic
and sustainability standpoints. The catalyst is usually an organometallic complex.
The metals in these complexes are platinum, palladium, iridium, or other precious
metals. Their recovery is not straightforward due to so-called photobleaching, i. e., the
catalyst’s degradation under light. Metal-free photoredox catalysts exist, but they are
more prone to photobleaching and are not reusable. Recently, carbon nitride emerged
as an efficient photocatalyst for certain types of reactions.[30] Carbon nitrides are sta-
ble against photodegradation, but they are practically insoluble in all solvents. Aplug-
flow microreactor system was invented to overcome this issue, which employs a het-
erogeneous, stable, reusable, and metal-free carbon nitride catalyst.[31] Figure 6.11
shows the structure of some photoredox catalysts.

Figure 6.11: Three different types of photoredox catalysts used in continuous microflow reactors: fac-
Ir(ppy)3 is an organometallic complex, 4CzIPN is a metal-free organocatalyst, and carbon nitride is a
heterogeneous catalyst.

6.3.5 Principle 11: real-time analysis for pollution prevention

PAT is discussed in detail in Chapter 9. Briefly, PATs are systems that can give real-time
feedback on the reaction composition, conversion, or purity. PATs can be connected to
a reactor or between reactors, and the real-time results can be analyzed or displayed
using computers. The ability to monitor the reaction and solvent composition after
every process step lowers the risk of accidental pollution.

6.3.6 Principle 12: safer chemistry for accident prevention

The small effective reaction volume and the precisely controlled microflow reactors’
parameters result in safer operating conditions than batch processes. The process
mentioned in Section 6.3.2 is a perfect example of safely performing a generally dan-
gerous reaction under continuous microflow conditions. Other examples include
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highly exothermic reactions, such as nitration, fluorination, hydrogenation, or meta-
lation reactions.

For example, hydrogenation reactions are considered problematic due to the ex-
plosive nature of hydrogen. Storing a large volume of hydrogen in a reaction vessel
containing an activated catalyst requires careful deoxygenation and inert gas flush-
ing. The small volume of microfluidic reactors overcomes these issues. Several differ-
ent systems have been developed for continuous flow hydrogenation. The two leading
technologies are inline gas mixing and the tube-in-tube configuration. During inline
gas mixing, the hydrogen enters the system before the reactor travels along with the
reactionmixture. The tube-in-tube configuration (similar to the example above) uses a
semi-permeable membrane tube to create contact between the two hydrogens and the
liquid phase. The catalyst is usually a packed bed reactor filledwith activated catalytic
particles.[32]

Many companies use hydrogen tanks to supply hydrogen to their systems; how-
ever, hydrogen storage has risks. ThalesNano developed a system to overcome this
issue that does not rely on hydrogen transportation and storage (Figure 6.12).[33] The
hydrogen is generated in situ in the equipment via water-splitting. The hydrogen is
purer than hydrogen from a commercial source due to the lack of hydrogen sulfide,
a catalyst inhibitor. This method is considered environmentally friendly and sustain-
able because it does not rely on fossil fuel-based hydrogen (however, on a large scale,
hydrogen is still produced from natural gas).

Figure 6.12: ThalesNano’s H-Cube Pro. The system consists of a high-pressure pump, a hydrogen
generator, a heated reactor with the catalyst inside, and a back-pressure regulator. The system can
be operated at temperatures up to 150 °C and can supply hydrogen at pressures up to 100bar.
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Reactors operating under extreme conditions enable researchers to develop reactions
that are otherwise unattainable with conventional chemistry. Such systems are reac-
tors that operate at extremely low or high temperature and pressure. Reactors operat-
ing under supercritical conditions are common examples. A pressurized and heated
reactor is required to reach supercritical conditions for common solvents or carbon
dioxide, which can be achieved in continuous reactors as well as in batch reactors.
Several continuous methods utilizing supercritical fluids have been reported in the
literature, and some have already reached the commercial scale.[34] For example, the
hydrogenation of isophorone (used in the polymer industry to prepare polycarbon-
ates) under supercritical conditions was performed by Thomas Swan & Co. as early as
in 2003. Note that the reaction was not operating in the microflow regime.

The ring-opening reaction of phthalic anhydride is presented here as an exam-
ple. Products derived from phthalic anhydride are used for manufacturing pharma-
ceuticals, plasticizers, and dyes. The reaction can be performed in a supercritical CO2
andmethanolmixture (1:1mixture) in a continuousmicroflow reactor (Figure 6.13).[35]
The reactor volume is as low as 0.32 µL, where the pressure can reach 110 bar and the
temperature 100 °C. For comparison, a typical water droplet has a volume of approx.
50 µL; thus, the reactor is more than 150 times smaller than a water droplet. Owing to
the reactor’s small size, the amount of supercritical CO2 is also small and is generated
in situ, which ensures safe operation.

Figure 6.13: Ring-opening reaction of phthalic anhydride utilizing supercritical carbon dioxide in a
microreactor.

Comparing the batch and flow operating conditions, the microflow reactor’s imple-
mentation resulted in a 5400-fold increase in the reaction rate,which canbeattributed
to the added scCO2 to the system, allowing a different reaction mechanism to occur.
However, the flow rate was relatively low, in the range of 0.075 to 0.125 µLmin−1. Since
the pressure and temperature can be controlled, and their impact on the system can
be observed inline,microflow reactors have great potential to perform reactions under
extreme conditions.

6.4 Microflow reactor systems

Table 6.2 shows the common parts of a microflow reactor setup. The system consists
of syringe or HPLC pumps for material transport, tubing, valves, and connectors to
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Table 6.2: General list of a simple one-step reaction configuration with inline purification and analyt-
ics.

Prereactor parts
Injectors and pumps Material transport and pressure
Tubing and connections Connecting the inlet streams
Static mixers Mixing inlet streams
Filter Removing solid particles
Heating/cooling module Providing heat
Reactor Coil, packed bad, chip, rotating disc, etc.

Postreactor parts
Backpressure regulator Providing a specific pressure for the reactor
Inline purification system
PAT Chemical composition feedback
Product collector

connect the system and the reactor with heating or cooling modules. The postreactor
part usually contains inline analytics purification systems and the product collector.
However, someparts are interchangeable or can be omitted, andmultiple reaction sys-
tems (telescopic reaction) can be repeated multiple times. This high versatility makes
microflow reactors an appealing tool for organic and pharmaceutical chemists, who
often encounter different reactions that can consecutively follow each other. However,
there are non-trivial challenges. For example, solid particles could stop the flow and,
eventually, the whole system. Product removal and inline purification are still not
state-of-the-art technologies in microflow systems.

Figure 6.14 shows a schematic representation of a typical flow reactor.

Figure 6.14: A typical flow reactor system. The reagent, pumps, heating blocks, and product collector
are connected with tubing.

Several differentmanufacturers have developed flow reaction systems. Themost com-
mon types of reactors are the tubular, packed bed, andmicrochip reactors. Despite the
increasing number of commercialmicroflow reactors, the simple do-it-yourself reactor
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(DIYR) is still common. DIYR systems allowmore configurations, easier maintenance,
and lower cost. As a disadvantage, they are difficult to reproduce, and implement-
ing a DIYR into a GMP-based pharmaceutical plant is complicated. To resolve this is-
sue, Syrris, Vapourtec, and Labtrix offer different flow reactor configurations, which
are well documented in the literature (Figure 6.15a, b, c). Another advantage is that
they tend to be configurable and modular-based, therefore meeting any customer’s
needs. For example, Vapourtec has different specialty reactors, such as a photoreac-
tor, an electrochemical reactor, and a microchip reactor and accessories, and they are
all compatible with the central system. In addition, these systems allow telescoping
reactions, which comes in handy for performing multistep reactions.

Figure 6.15: Laboratory-scale flow reactors (a, b, c) for research and development and industrial-
scale flow reactors for production (d, e, f). (a) Syrris Asia modular flow electrochemistry system.[36]
(b) Vapourte R-Series flow reactor.[37] (c) Labtrix Start flow reactor.[38] (d) Labtrix KiloFlow reac-
tor.[38] (e) Labtrix S1 automated flow reactor kit.[38] (f) Fluitec ContiPlant Pilot reactor.[39] All pic-
tures are used with direct permission from the manufacturer.

Since microflow processing is a relatively new field, it lacks industry standards, espe-
cially in the chemical industry. The variance between the reactors of different brands
could result in performance discrepancies.[40] Material and performance deviations
of pumps, valves, and reactorsmake it difficult to scale up or scale outmicroflow reac-
tors in practice.[41] Although one can find premade pilot-scale reactors, the majority
are custom-made for a specific purpose. This customization contrasts with the highly
variable batch reactors, where one reactor could be used for several different types of
reactions. Figure 6.15d, e, f shows some general-purpose kilogram-scale or pilot-scale
reactors on the market.
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Continuous transfer of corrosive chemicals at high temperature and pressure
is a considerable challenge for pumps. Typical pumps for microflow reactors are
high-performance liquid chromatography pumps, syringe pumps, and peristaltic
pumps. HPLC pumps can be extremely precise and resistant, and they can provide
high pressures up to 600 bar. The major differences between the pumps are displayed
in Figure 6.16. HPLC pumps are generally more expensive than the other two, and
another disadvantage is the pressure drop during the piston change. However, this
can be minimized by using dual-head pumps. The weakest point of syringe pumps
is the low-pressure capability. Moreover, at least two syringe pumps must be used to
reach an accurate continuous reagent flow: one is in pumping mode, while the other
one is in withdrawal mode.

Figure 6.16: Differences between the most frequently used pumps in microflow systems. The more
panel colors, the better the specific performance.
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7 Continuous separation processes
Gergo Ignacz, Gyorgy Szekely

7.1 Downstream processing in organic synthesis

In most cases, chemical transformations do not solely yield the desired product to
100%. Undesired by-products can be structurally similar to or different from the de-
sired product. The relative difference defines the complexity of the separation and the
choice of the downstream process. Generally, the larger the difference in physical and
chemical features, the more straightforward the separation of products from impu-
rities. For example, removing supercritical CO2 (scCO2) from an extraction mixture is
significantly less cumbersome than the separation of two enantiomers. The other sub-
stances that require downstreamprocessing include solvents, catalysts, additives, and
remaining starting materials.

Downstream processing is used to remove the undesired compounds from the
product and to recover or purify the products. Distillation is a separation process of
liquid mixtures based on their different volatilities. Its main limitation is that only
volatile components can be separated, while its main drawback is the high energy
consumption due to the required phase change during the separation. Extraction is
another common separation technique based on the different partitioning ability of
a substance between two phases. A significant difference in polarity is needed for ef-
ficient separation. Crystallization is a thermodynamically driven process that occurs
due to the oversaturation of a solute in a liquid. A pressure gradient drives the most
common membrane separation processes, and the compounds are separated based
on their molecular size, i. e., molecules larger than the membrane pores are retained.
Their main advantages include modularity, mild conditions for labile compounds,
and energy-efficient operation because there is no need for phase changes. In chro-
matography separation, a mixture is dissolved in a mobile phase, which carries the
compounds through a stationary phase. The different compounds travel at different
speeds, i. e., they have different affinities with the stationary phase, which is the basis
of the separation.

All the above-mentioned separation processes often require the excessive use of
solvents, which end up as waste for disposal. Therefore, the careful selection and po-
tential recovery of solvents are crucial for achieving a sustainable process. Refer to
Chapter 3 for solvents in general and Chapter 8 for solvent recovery.

7.2 Batch versus continuous separations

The separation and isolation of compounds can require a significant amount of en-
ergy. Therefore, the choice of the correct separation process has a profound effect on

https://doi.org/10.1515/9783110717136-007
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the overallmanufacturing process. The energy intensity of separation unit operations,
ranked in order from high to low, is distillation, drying, evaporation, extraction, ad-
sorption, absorption, membranes, and crystallization (Figure 7.1).

Figure 7.1: The spectrum of energy requirements for separation processes. Recreated from the Na-
tional Academies of Sciences, Engineering, and Medicine.[1]

Similar to chemical reactor setups, separation processes can be split into batch and
continuous unit operations. In the batch operation mode, the separation does not de-
pend on space. For example, crystallization in a batch is governed by the solution’s
oversaturation due to solubility changes. This change occurs uniformly at every point
in the reactor (ideal cases). On the other hand, when using a tubular continuous crys-
tallizationmodule, the solubility of the solute changes across the reactor’s length due
to the temperature change,which results in an uneven solution composition along the
x-axis. Operating the module at steady state results in a stable and reliable system to
meet industry standards.

One of themain advantages of continuous separationmodules is their ability to be
coupled to other continuous processes. This connectivity allows the design and mod-
eling of systems in which every sub-process is directly connected without the need for
labor-intensive manual transfer of materials. The resulting closed system is less vul-
nerable to contamination from the outside, needs less workforce, and runs without
disruption. However, one sub-unit’s failure can stop the whole system, and the restart
can be time-consuming and knowledge-intensive. These issues can be rectified with
automation and remote control. One of the main goals of modern chemical and phar-
maceutical engineering is the full integrationof separation systems in continuousflow
processes.[2]

Not all separation processes can be implemented in the continuous flow mode.
Usually, the batch mode is preferred for time-consuming and high-viscosity systems.
Thorough knowledge of every intrinsic feature of the separation process prior to
continuous flow implementation is necessary. In the following chapters, we will ex-
plore the different types of existing separation techniques used in continuous flow
systems.
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7.3 Continuous processing with supercritical fluids

Carbon dioxide (CO2) is a naturally occurring gas in the air at low concentration (ap-
prox. 410 ppm) but is widely produced during different chemical processes, mostly
combustion of hydrocarbons. Compared to oxygen, nitrogen, or hydrogen gases, CO2
has a relatively high supercritical temperature (31 °C) and moderate critical pressure
(71 bar). These characteristicsmake CO2 easy to liquefy through reaching supercritical
conditions. Under supercritical conditions (above the critical temperature and pres-
sure), CO2 liquid and its vapor share the same density and other intrinsic features, and
therefore, they are indistinguishable. The solubility properties of supercritical CO2
(scCO2) are superior to normal liquid solvents in some aspects.[3] For example, chang-
ing the temperature and the pressure of scCO2 results in different solubility properties.
Therefore, scCO2 can be used to extract a wide range of materials, from polar caffeine
to non-polar hydrocarbons. Since CO2 is a gas under standard temperature and pres-
sure, it does not leave trace contamination in the reaction mixture or the equipment,
although it can be trapped in crystals. CO2 is non-toxic (but it can lead to suffocation),
non-flammable (but certain metals can burn in CO2), non-corrosive (but it can dam-
age certainmaterials), and chemically stable (but it is reactive), andmost importantly,
its use in chemical manufacturing is considered environmentally friendly. Supercrit-
ical fluid extraction (SFE) is not limited to carbon dioxide. Although it is possible to
use any stable material that can reach a supercritical state, the energy used in these
processes is high, and the supercritical liquid properties are not sufficient. Using and
reusing carbon dioxide for SFE right from combustion gases offers a cheap, alterna-
tive solution to managing global greenhouse gas emissions. Supercritical solvents are
used inmany applications such as extraction, deposition, decomposition, chromatog-
raphy, reactionmedia, reagents, particle formation, refrigeration, crystallization, and
even for drying clothes.

Figure 7.2 compares materials deposition using conventional liquid solvents and
supercritical fluids. The solvent molecules cannot effectively penetrate the material;
therefore, the precursor deposition is less efficient and requires several deposition-
solvent removal steps. Additionally, the vaporization energy of the liquid solvent is
approximately an order of magnitude higher than that of carbon dioxide, making the
conventional process based on the liquid solvent energy-intensive. In comparison,
scCO2 has a significantly lower dynamic viscosity than a typical liquid solvent. For
example, ethyl acetate, a low-viscosity solvent widely used for extraction processes,
has a dynamic viscosity of approx. 0.44mPa-s at 27 °C, whereas the dynamic viscosity
of scCO2 ranges between 0.02mPa-s and 0.15mPa-s, depending on the applied pres-
sure, at 27 °C.[4] This order of magnitude difference and the low surface tension of
scCO2 results in the extensive penetration of scCO2 into porous materials.

Based on the advantages outlined above, scCO2 is now widely used in the chemi-
cal and food industry. For example, extraction of caffeine from coffee beans is usu-
ally done by SFE using scCO2. The process has substantial benefits over using liq-
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Figure 7.2: Schematic representation of a precursor deposition in a porous material using conven-
tional liquid solvent (a) and scCO2 (b). Adapted from [5].

uid solvent technology. The extracted caffeine and the residual beans can also be
used (for decaffeinated coffee, for instance) because there is no leftover solvent, which
deteriorates the taste and smell of the product and poses health concerns. Another
example where continuous scCO2 extraction is used is vanilla extraction from the
dry pulp.[6] The extraction of natural products is usually more sustainable than their
petrochemical-based synthesis. Figure 7.3 shows a schematic diagram of the continu-
ous SFE module using scCO2. The system uses a specific emulsification unit that con-
tains a micromixer to distribute the components evenly. The residence time is as low
as 10 s, and the extraction efficiency is 97% (compared to the thermodynamic limit) at
37 °C and 200 bar. The process can be adapted for use with other liquids that contain
hydrophilic solutes.

Supercritical carbon dioxide is an alternative solvent with tunable solubility
properties that vary depending on the applied pressure and temperature. Extractions
and other processes using scCO2 will not solve the global warming problem but may
potentially be useful for the exploitation of CO2 gas.

7.4 Continuous membrane separations

Membrane technologies have been used for separations for decades, but continuous
processes have been rapidly emerging over the past decade. This section provides an
overview of continuous membrane separations, introduces the basic concepts, and
highlights the main ideas through case studies. Dead-end filtration is the simplest
way to perform membrane separations, but due to concentration polarization and
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Figure 7.3: Schematic representation of the continuous extraction of vanillin from dry pulp using
scCO2. Adapted from [6].

scale-up difficulties, cross-flow filtration is mainly utilized on an industrial scale. In
cross-flowfiltration, a continuous streamof feed enters the systemand is split into per-
meate and retentate streams. This operation mode allows the continuous streams to
be diverted into any other separation unit’s reaction, ensuring simple integration into
any continuous automated series of unit operations. For example, reverse osmosis op-
erates in the continuous filtration mode without exception and is implemented into
water treatment plants to continuously supply freshwater.[7] Mostmembrane separa-
tions do not require a phase change, which allows the processing of labile compounds
and also saves energy. Moreover, the applied pressure is relatively low (approx. 0–
40bar), contributing to this technology’s energy-efficient operation. Consequently,
membrane separations are considered green alternatives to distillation or recrystal-
lization.[8] Replacing conventional distillation methods with membrane technology
could decrease industrial energy consumption by as much as 90%.[9]

The scale-up of membrane processes is straightforward. The throughput depends
on the membrane area. Membranes are manufactured in spiral wound membrane
modules (SWMMs) with a given surface area in the range of 3–60m2 in a multileaf ar-
rangement. Figure 7.4 shows the layer-by-layer structure as well as the inlet and outlet
streams of an SWMM. The feed solution enters the axial side of the module and flows
along the module’s length. The retentate side is always enriched with the less perme-
able component, while the permeate side purges the smaller components. Industries
widely implement membrane processes for gas separation andwater treatment. How-
ever, industrial implementation of membrane-based liquid separations in harsh pH
or organic media is scarce due to the shorter membrane lifetime, lack of industrial
know-how, and time-consuming process development.[10]

The area normalized flow rate (N) is called the flux (Q), which is generally a prop-
erty of the membrane and process (equation (7.1)). Normalizing the flux with the ap-
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Figure 7.4: Schematic representation of a spiral wound membrane module (SWMM). Between the
outward-facing membrane, the layers include the inert spacer and permeate collection material. The
flat-sheet membranes are wrapped around a perforated central tube, glued together at the ends,
and placed into a plastic or metal casket.

plied pressure difference across the membrane gives the permeance (J). Permeance
is a membrane property with the strict criteria that the pressure gradient across the
membrane will not change the membrane uniformity. The normalized thickness per-
meance is denoted as permeability (P), which is a material (membrane, solvent, and
solute) property. The complexity of the measurement of these descriptors follows the
same order. Equation (7.1) shows the relationship between the formulas. If the mem-
brane is asymmetric in structure or built from different layers, one should follow the
resistance in a series model, such as that developed for gas separation but also valid
for liquid-liquid separation.[11] The area normalized flow rate can be calculated as
follows:

(7.1) N = V
t
→ Q = V

A ⋅ t
→ J = V

A ⋅ t ⋅ Δp
→ P = V ⋅ l

A ⋅ t ⋅ Δp
[

m3 ⋅m
m2 ⋅ s ⋅ Pa

],

where V is the volume (m3), t is time (s), A is the area (m2), Δp is the pressure differ-
ence across the membrane cross-section (Pa), and l is the membrane thickness (for a
monolayered, dense isotropic membrane).

Since the main idea of separation technology is to fractionate different compo-
nents, the rejection of a substance must be defined. Rejection (R) is an arbitrary value
showing the relative concentration ratio before and after separation, defined in equa-
tion (7.2), where j is the substance and C is its concentration (molm−3). In liquid sep-
arations, flux and permeance are usually calculated for a solvent, while rejection is
calculated for the solutes.

(7.2) Rj = 1 −
Cj,permeate

Cj,retentate
[%].
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The pharmaceutical and food industries often use harsh conditions and organic
media, which generally requires special reactors and tubing. Resistant and stable
polymeric- or ceramic-type materials are required to implement membrane separa-
tions in these industrial sectors. This technology is called organic solvent nanofil-
tration (OSN), and it uses solvent-resistant membranes that can separate solutes
with a molecular weight between 50 and 2000 gmol−1.[12] Hence, OSN requires ro-
bust membranes that retain their separation characteristics in harsh organic media
such as acetone, chloroform, N,N-dimethylformamide, or N-methyl-2-pyrrolidinone.
Figure 7.5 illustrates the operating principle behind OSN, showing that small-size im-
purities pass through the membrane while large solutes are retained. Separating on
the molecular level is an attractive field for purification,[13] catalyst recovery,[14] or
solvent recovery.[15]

Figure 7.5: Separation principles of organic solvent nanofiltration (rs is molecular size, MW is molec-
ular weight).

The driving force in OSN membrane separation is the pressure difference across the
membrane. The direction of the flow is always from the high-pressure side to the low-
pressure side. A plethora of physicochemical properties of the membranes, solvents,
and solutes alter the separation performance during membrane filtration. Two major
separation models are accepted nowadays. One is the Knudsen diffusion-based pore
flowmodel,[16] and the other is the solution diffusionmodel.[17] Reverse osmosis sep-
aration with less than 2 nm pore size is widely accepted to be based on the solution
diffusion model, while ultrafiltration with a pore size of more than 50nm is based on
the pore flowmodel. However, nanofiltration membranes generally lie between these
two pore sizes, most probably compromising solution diffusion for smaller pore sizes
and pore flow separation for larger pore sizes. During Knudsen diffusion, the parti-
cles’ diffusivity coefficient can be approximated using the Stokes–Einstein relation-
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ship, which assumes spherical-shaped particles:

(7.3) Di = μikBT ,

whereDi is the diffusivity coefficient of species i, μi is themobility of species i, kB is the
Boltzmann constant, and T is the temperature. Themobility of amolecule depends on
the size; therefore, the diffusivity is a kinetic parameter.

In dense membranes, as the solution diffusionmodel states, the solute has to dis-
solve in the membrane material first,1 diffuse through the membrane material, and
then desorb on the permeate side. This process is driven by the interaction between
the polymer material and the solute itself. These parameters are well defined for sev-
eral different polymer-solvent systems (see Hansen solubility parameters). Therefore,
we can conclude that the permeability and the selectivity for a specific substance are
defined as follows:

(7.4) Pi = Di + Si,

where Si is the solubility of species i.
Figure 7.6 shows a continuous membrane-based liquid separation assembly as a

rendered image (a) and a process flow schematic (b). The feed stream is transported
by a pump, which provides the feed flow rate and the pressure as the driving force
for the separation. The feed stream then enters the circular membrane cells where
the separation occurs. A certain amount of solvent and solute permeates through the
membrane, forming the permeate stream (downstream of the membrane material).
The corresponding retentate stream passes through the membrane cell without per-
meating through the membrane (upstream of the membrane material). A given frac-
tion of the retentate stream is recirculated in a so-called retentate loop, as shown by
the red arrows. A gear pump provides a high flow rate to ensure that the mixing in the
retentate loop, and therefore the membrane cell, is thorough, resulting in a homoge-
neous concentration upstreamof themembrane. The cross-flowoperation reduces the
effect of concentration polarization.[19] The process flow diagram shows the coupling
of a cross-flow nanofiltration unit to a continuous flow reactor.[18] Refer to Chapters 5
and 6 for details on flow reactors. The reactor is a packed bed reactor filled with an
organocatalyst attached to the surface of silica gel. The catalyzed model reaction is
a Michael addition of nitromethane to a conjugated ketone in different solvents (Fig-
ure 7.7). The crude reaction mixture is diverted into a nanofiltration unit to recycle in
situ the excess nitromethane (note: 1.4 equivalents of nitromethane reagent was used)
and solvent (Figure 7.6b). Solvent and reagent recycling reached up to 90% over six

1 This is very similar to the Flory–Huggins model where the interaction parameter is based on the
addition of one molecule (usually a solvent) to the infinite number of polymer chains.
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Figure 7.6: Rendered image of a sub-pilot-scale liquid membrane separation unit (a) and a schematic
process flow diagram of a continuous nanofiltration unit with solvent and reagent recycle (b).
Adapted from [18].

Figure 7.7:Michael addition of nitromethane to a conjugated ketone, the reaction performed in the
continuous flow membrane reactor depicted in Figure 7.6b.

weeks. The integration of the continuous membrane separation unit resulted in re-
ducing the E-factor and the carbon footprint by 91% and 19%, respectively. At the end
of most manufacturing processes, the products need to be isolated or concentrated,
which involves removing the solvent. Removal of the solvent is conventionally done
by distillation, evaporation, or crystallization. However, in this case, the membrane
process was designed to concentrate the product by an order of magnitude.

Table 7.1 summarizes the sustainability of two different processes: one without
the membrane module and one with the membrane-assisted continuous solvent and
reagent recovery. The incorporation of the nanofiltration unit reduced the E-factor
from 317 to 29 kg kg−1. Note that the overall contribution of the solvent to the E-factor
remained above 99%. This seemingly minor change (99.7%→ 99.3%) reduced the sol-
vent consumption from 316 to 29 kg kg−1, corresponding to a 91% improvement in sol-
vent consumption. Simultaneously, the carbon footprint was reduced from 2885 to
2315 kg kg−1. This modest 20% reduction in carbon footprint can be attributed to the
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Table 7.1: Comparison of energy consumption, the E-factor, and the carbon footprint for the reaction
performed in the continuous flow reactor depicted in Figure 7.6b and Figure 7.7. Two reaction setups
are compared, one with in situ solvent and reagent recycling and one without solvent. Notation: n. a.
denotes “not applicable.”

Without in situ solvent& reagent recovery With in situ solvent & reagent recovery
Energy
consumption
(kWhkg−1)

E-factor
(kg kg−1)

Carbon
footprint
(kg kg−1)

Energy
consumption
(kWhkg−1)

E-factor
(kg kg−1)

Carbon
footprint
(kg kg−1)

High-pressure
pump

0.0117 n. a. 0.0080 0.4678 n. a. 0.3200

Recirculation
pump

n. a.* n. a. n. a. 12.30 n. a. 0.4400

Thermostat 3300
(99.9%)

n. a. 2257
(78.2%)

3300
(99.6%)

n. a. 2257
(97.2%)

Solvent n. a. 316
(99.7%)

626
(21.7%)

n. a. 29
(99.3%)

57
(2.5%)

Reagent n. a. 0.9100 1.8000 n. a. 0.0900 0.1840
Catalyst n. a. 0.1175 0.1175 n. a. 0.1175 0.1175
Membrane
module

n. a. n. a. n. a. n. a. 0.0002 0.0065

Total 3300 317 2885 3312 29 2315

reduced use of solvent. The main contributor to the carbon footprint is the heating
through the application of a thermostat. This example demonstrates that the solvent
contributes mostly to the generated waste in organic reactions and that the E-factor
can be significantly reduced by recycling the solvent. Moreover, the case study high-
lights the need for reducing energy consumption as it is an equally important contrib-
utor to the total carbon footprint as waste generation.

This conclusion is in close agreement with the presented calculation in Sec-
tion 14.2, where we demonstrate that the solvent usually primarily contributes to the
generated waste. This observation is generally true for the pharmaceutical industry,
where an excess amount of solvent is used during the reaction and the purification of
the product. Most solvent waste ends up incinerated, thereby increasing greenhouse
gas emissions and potentially leading to toxic substance release. However, solvent
recovery by various technologies is currently on the rise.

Another notable example of continuous membrane separation is the recovery of
homogenous catalysts from the postreaction mixture of hydroformylation reactions
(Figure 7.8a). This reaction class is important in producing surfactants, detergents,
and plasticizers. It uses C6–C10 olefins to generate high-C number olefins through
metathesis reactions that could be functionalized to form various valuable prod-
ucts.[20] The hydroformylation reaction comprises the addition of a formyl group to
the double bond of an olefin using carbon dioxide, hydrogen, and a catalyst. This
aldehyde could be subjected to further transformation into various functionalities
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Figure 7.8:Membrane-assisted hydroformylation. (a) Schematic representation of surfactant pro-
duction through metathesis and hydroformylation reactions. (b) Schematic process flow diagram
of a hydroformylation reactor coupled with organic solvent nanofiltration. The high-pressure pump
provides the flow rate and the pressure for the filtration system. The recirculation pump acts as a
homogenizer set at a high flow rate, which reduces the effect of concentration polarization. Adapted
from [21].

such as hydroxyl or carboxyl. The catalyst usually has a transitionmetal (e. g., Rh, Ru,
Pd, Pt) complexed with phosphate ligands (e. g., Xantphos, XPhos, triphenylphos-
phine, BiPhePhos) and carbon monoxide. The recovery of these metal complexes is
of utmost importance due to their scarce nature, high price, and toxicity. OSN can
recycle the catalyst back to the reactor, thus lowering the amount of catalyst needed
and increasing the turnover number (in the case of a stable catalyst) while keeping
the reaction rate at a quasi-constant level.

Figure 7.8b shows the schematic diagram of a hydroformylation reactor coupled
with anOSN system. The permeate stream contains the solvent and the product, while
the retentate stream is enriched in the catalyst. The unreacted CO andH2 can be easily
recovered from both the permeate and the retentate by lowering the pressure. Com-
pared to a conventional distillation procedure, the OSN separation technique con-
sumes less energy, resulting in significant cost savings of about 85%. Moreover, OSN
ensures that metal contamination is kept below 5 ppm. Figure 7.9 shows the energy
usage and total operating cost for different solvents processed by OSN and distilla-
tion.[20] The efficiency of the process depends on the solvent’s physical and chemical
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Figure 7.9: Comparison of the energy usage (a) and total operating cost (b) for processing different
solvents with OSN and distillation.

properties,which could significantly alter the operating costs and could even triple the
operating expenditure (1-decene versus 1-undecanol). Membrane processes require
less energy and depend considerably less on the type of solvent used.

If the reaction rate is relatively low, the conventional batch reactor can be substi-
tuted with a CSTR, CSTR in series, or tubular reactor. The permeate enriched in the
valuable product can be used immediately in another reaction, and the pressurized
retentate can be recycled back into the reactor. Overall, continuous membrane sep-
aration is a powerful tool to reduce solvent consumption and to separate chemicals
at the molecular level. These hybrid processes offer an in situ solution for the recov-
ery and recycling of solvents, catalysts, and reagents, thereby increasing the system’s
overall effectiveness.

7.5 Continuous crystallization processes
Continuous crystallization is a solid-liquid separation technology to purify a desired
product from one or more undesired components, such as side-products, unreacted
compounds, additives, catalysts, or solvents. Crystallization is a thermodynamically
driven process that occurs due to a solute’s oversaturation in a liquid. Crystallization
is frequently employed in the fine chemical industry, and it has a special place in the
pharmaceutical industry.[22] Since most pharmaceutical products are formulated in
solid form, active pharmaceutical ingredients (APIs) must be crystallized during the
manufacturing process. If we consider that the pharmaceutical industry is moving
towards continuous technology, implementing continuous crystallization is impera-
tive. Thus, process development engineers make tremendous effort to design and im-
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plement continuous crystallization technology into continuous production lines.[23]
Crystallization processes aim to deliver a productwith the right particle size,morphol-
ogy, purity, and density. These parameters are affected by the crystallization technol-
ogyused. For example, a faster coolingproceduremight induceadifferent crystal poly-
morph, resulting in different physical properties.[24, 25] Since APIs fall under strict
regulations by various authorities, changing any final product parameters is prohib-
ited. Thus, all criteria agreed with the authorities should be met at GMP standards, ir-
respective of the crystallization technology. Follow the QR code on this page to browse
the European Medicines Agency (EMA) website, which regulates APIs and medicines
in the European Union.

Figure 7.10 shows the comparisonof different continuous crystallizers. Themixed-
suspension, mixed-product removal (MSMPR) crystallizers are considered semi-
continuous processes, similar to continuous stirred-tank reactors. MSMPR is compat-
ible with most batch systems, and therefore their implementation in batch-to-batch
technology is straightforward. In theory, if we increase the number of units in MSMPR
to infinity, we eventually reach a continuous plug flow crystallizer (CPFC). CPFCs
are simple tubular reactors where the crystallization occurs along the length of the
reactor. Since the formed solid particles (crystals) tend to subside, CPFCs can easily
get clogged, resulting in the production line’s halt. Oscillatory-type flow can be intro-
duced to prevent the equipment from clogging, known as continuous oscillatory baf-
fled crystallizer (COBC). To further increase themixing, a so-called slug-flowmethod
can be used, called the continuous segmented flow crystallizer (CSFC). The fluid
comprises two phases before crystallization and forms separated segments, which
will significantly increase each segment’s mixing. The phases are usually immiscible
solvents or liquid-gas systems.[26]

Fouling is one of the main issues in CPFC because nucleation can occur on the
tubing wall due to a gradual cooling effect along the tubing (Figure 7.11). Fouling can
alter the heat transfer and the flowdynamics of the system, thus increasing the energy
consumption. Fouling can also decrease the residence time, which will result in lower
yield and product quality. Eventually, extensive fouling can block the whole system,
leading to emergency shutdown or equipment damage. Thus, it is crucial to develop
methods that are fouling-proof.

Figure 7.11 shows a sequential cooling-heating CPFCmodule. Nucleation, i. e., the
initiation of crystal formation, starts in Section 1. Larger particles are thermodynam-
ically more stable, and thus the growth rate increases with increasing particle size,
which can lead to broad particle size distribution. In Section 2, the partial reheating
of themixture dissolves the smaller particles because they are thermodynamically less
favorable. Another cooling section follows the heating section. Since there are fewer
small crystals in the system and larger crystals’ growth is favored, an overall improve-
ment in theparticle size distribution occurs. Theprocedure is namedOstwald ripening
after the Baltic German chemist Wilhelm Ostwald, who won the Nobel Prize in Chem-
istry in 1909. The highest energy is required to start the nucleation. Implementation
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Figure 7.10: Schematic diagrams of different types of continuous crystallizers and the corresponding
mixing patterns. (a) Mixed-suspension, mixed-product removal (MSMPR) crystallizer cascade. (b)
Continuous plug flow crystallizer (CPFC). (c) Continuous oscillatory baffled crystallizer (COBC). (d)
Continuous segmented flow crystallizer (CSFC).

Figure 7.11: The problem of fouling in continuous crystallizers. (a) Antifouling and crystal-size distri-
bution control via a sequential cooling-heating system. (b) Fouling along the CPFC tubing.

of Ostwald ripening in a series enables control of the particle size distribution and
prevents fouling.

Slow nucleation kinetics in a tubular-type crystallizer can cause difficulties be-
cause the residence times are limited. Ultrasound-assisted nucleation induction was
invented to overcome this issue, which is often called sonocrystallization.[27, 28] Ul-
trasound induces the possibility of heterogeneous nucleation in the system and can
significantly reduce the induction time (Figure 7.12). The beneficial reduction in induc-
tion time is the result of accelerated diffusion in the presence of ultrasound. Sonocrys-
tallization can reduce induction timeand increase thenucleation rate,which is crucial
for obtaining small crystals in the sub-micrometer and nanometer range. High nucle-
ation rates usually result in a large number of smaller crystals. Follow the QR code on
this page for more details on sonocrystallization and the related equipment designed
for continuous flow operation.

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



7.6 Centrifugal partition chromatography | 131

Figure 7.12: The effect of ultrasound on crystallization processes. The induction time (tind) of rox-
ithromycin antibiotic crystallization as a function of the degree of supersaturation (S) in the absence
(squares) or presence (triangles) of ultrasound (20 kHz). Reprinted with permission from [29].

7.6 Centrifugal partition chromatography

Centrifugal partition chromatography (CPC) is a counter-current-type liquid-liquid
adsorption process. CPC stands out among the different continuous separations be-
cause it does not require any stationary phase (silica gel), unlike other chromatogra-
phy methods. If the solvent waste is regenerated, CPC does not produce any waste at
all. This zero-waste emission, coupled with the inherent continuous aspect of CPC,
appeals to the pharmaceutical sector.[30]

During CPC, the stationary phase is a liquid withheld (i. e., immobilized) by cen-
trifugal force, and therefore it must have a higher density than the mobile phase (Fig-
ure 7.13). Imagine a spinning set of small, connected chambers, filled with a solvent
acting as the stationary phase. The mobile phase is pumped through these chambers
from the inner (descending mode) or the outer (ascending mode) end with respect to
the spinning. In the ascending mode, the stationary phase is forced to the chambers’
outer end, while the mobile phase is forced to travel to the next chamber due to the
continuous incoming stream. The descending mode is operated in the same manner,
but the densities and the direction of the flow are reversed.[31] Follow the QR code on
this page to watch a video explaining how industrial-scale CPC works.

The typical rotational speed for a general CPC machine varies between 500 and
2000 rpm, depending on the density difference between the two solvents. Every other
aspect of the CPC is similar to other chromatography techniques. In particular, the
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Figure 7.13: Schematic representation of the two modes in centrifugal partition chromatography.
Reprinted with permission from [31].

separation’s efficiency is based on the partition coefficient of the substance in the used
solvents. The partition coefficient (Ki) is defined as the concentration ratio of species
i for the two solvents as follows:

(7.5) Ki =
ciSolvent A
ciSolvent B

.

A typical reaction-separation module is presented in Figure 7.1. The first reaction
occurs at 100 °C in a tube reactor with 10min residence time, followed by catalytic
hydrogenation under high pressure using an H-Cube Pro (Section 6.3.6). The crude re-
action stream is diverted into the separation unit, presented as a combination of one
ascending mode (AM) module and one descending mode (DM) module. Before enter-
ing the CPC module, the crude reaction stream is continuously charged with solvent
(water) as the extraction medium. The two outlets from AM and DM consist of the fi-
nal product and the impurities, respectively. Note that the used solvents cannot be
miscible with each other.

7.7 Pressure and temperature swing adsorption

The field of adsorption science is vast; in this section, we focus primarily on continu-
ous and semi-continuous temperature and pressure swing adsorption processes. Ad-
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Figure 7.14: Continuous synthesis and purification by coupling a multistep flow reaction with cen-
trifugal partition chromatography. Adapted from [31]. Refer to Chapter 6 for the details on continu-
ous reactors.

sorption can be used in downstream processing to remove gases from postreaction
mixtures, remove impurities, or isolate valuable fine chemicals.[32]

Temperature swing adsorption (TSA) and pressure swing adsorption (PSA) are
based on the difference in the thermodynamic limit of the specimen uptake at differ-
ent temperatures or pressures, respectively. Different molecules have a different affin-
ity towards the surface of adsorbent materials at different pressures or temperatures,
which serves as the basis for TSA and PSA in separation processes. Figure 7.15 shows
the working principle for TSA and PSA. A PSA cycle starts with pressurization and ad-
sorption at high pressure, followed by depressurization and desorption at low pres-
sure. PSA is considered a robust technology, which means it can be operated under
changing conditions.[33]

Figure 7.15: Definition of the temperature swing adsorption (TSA) and pressure swing adsorption
(PSA) processes.
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Applying pressure on the system at a specific temperature (moving along on the T1
isochore surface), the uptake will reach the thermodynamic limit. By increasing the
temperature while staying under isobaric conditions, the adsorption uptake will be
less. Thus, the previously adsorbed molecules on the surface are released. Similarly,
by decreasing the pressure and the temperature, the system reaches the original start-
ing point. Repeating the adsorption-desorption cycles could lead to an efficient way
of removing undesired molecules from a mixture. During TSA, the heating and cool-
ing cycles generally take longer than the pressurizing and blowdown times during a
PSA process. This time difference significantly affects the bed size: a small bed size
is usually sufficient for TSA, while PSA requires a large bed size. Therefore, it is chal-
lenging to combine the two processes. If the pressure is below ambient pressure, the
process is called vacuumpressure adsorption (VSA). The pressurizing step during PSA
can require a considerable amount of energy compared to TSA, and therefore TSA is
preferred from a sustainability point of view. This energy difference is the manifesta-
tion of the temperature sensitivity of the adsorption capacity of different materials. In
other words, reaching the same Δq with TSA requires less energy than with PSA, and
low-grade heat utilization can also be considered.

Owing to the cyclical nature of PSA and TSA, they can be classified under peri-
odically operated dynamic processes, such as simulated moving bed reactors. PSA is
spatially distributed andnon-linear due to the non-isothermal adsorption cycles. Note
that PSA and TSA do not reach steady state at normal operating conditions. Highly
porous materials such as activated carbon, zeolites, silica gel, alumina, or different
polymeric adsorbents and resins are often used for PSA and TSA. PSA has been suc-
cessfully used for CO2 capture [34, 35] aswell asmethane [36] and hydrogen [37] purifi-
cation. PSAhas ahigh adsorbedmaterial recovery rate (above 90%), flexible operating
conditions, and better compatibility with thermally labile compounds than TSA.

The second half of this section gives a detailed example of TSA used in agri-
cultural waste upcycling. The conventional linear mentality of chemical technology
(take, make, dispose) often neglects the power of downstream processing to make a
difference.[38] For example, agricultural waste utilization via the extraction of fine
chemicals or pharmaceuticals is a growing field. Olive leaves and other agricultural
waste from olive harvests contain a significant amount of biophenols such as oleu-
ropein, which are natural bioactive compounds and valuable building blocks for the
pharmaceutical industry. Low-value agriculture waste can be upcycled into a high-
value product through the extraction of these compounds. However, isolating a single
compound from a complex mixture found in waste is challenging.

Olive tree leaves can be digested at 40 °C in ethyl acetate using sustainable ultra-
sound technology, followed by the adsorption of oleuropein using a molecularly im-
printed polymer (MIP, Figure 7.16). Read about the use of ultrasound in process intensi-
fication in Section 5.3.3. MIPs are highly selective polymer-based materials featuring
a fingerprint-like structure of a particular molecule embedded into a microstructure
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Figure 7.16: Schematic overview of the preparation of a molecularly imprinted polymer (MIP). (a) The
mixture of the monomers (red and green), crosslinkers (gray), and the template molecule are mixed
and allowed to self-assemble through secondary interactions. (b) Polymerization in the presence
of a template, which creates the fingerprint of the molecule. (c) Removing the template molecule
from the MIP creates a template-shaped cavity for the selective recognition of the target molecule.
Adapted from [38].

during polymerization. In principle, an imprinted polymer has a complementary cav-
ity in terms of topography and chemical functionality to the template molecule used
during its preparation. To learn more about MIPs, the reader is referred to the review
by Chen and co-workers [39] and the MIP database.[40] Follow the QR code on this
page to watch an animation on the preparation and application of MIPs.

The oleuropein-imprinted MIPs are filled into two stainless steel columns (Fig-
ure 7.17). The inlets of the columns are connected to two reservoirs through a four-
way valve. One of the reservoirs contains the olive leaf extract, while the other sup-
plies the ethyl acetate solvent for the column regeneration. Switching the four-way
valve to olive leaf extract or eluent determines whether the columns are in adsorption
or desorption mode, respectively. The two columns’ outlets are also connected to a
four-way valve, which diverts the waste and the desorbed product streams to separate
membrane units. One of the membrane units concentrates the waste stream, while
the other membrane unit concentrates the product. Both membrane units’ permeate
streams contain quasi-pure ethyl acetate solvent, which can be recycled in situ. Two
thermostats ensure that the columns are always at the correct temperature. The col-
umn is set at 25 °C in the adsorptionmode, while the other column is in the desorption
mode at 45 °C.

First, the four-way valve is set to Position 1, allowing the adsorptionmode on Col-
umn 1 and the desorption mode on Column 2. The purpose of the desorption is to re-
generate the column and simultaneously collect the valuable product. The olive leaf
extract is pumped through Column 1, filled with MIPs. The adsorption takes place at
low temperatures.When the column reaches an acceptable load (i. e., bed utilization),
the four-way valves are set to Position 2, which alternates the adsorption-desorption
cycle between the two columns. Ethyl acetate is used for the desorption. The 25 °C
thermostat is always connected to the column in the adsorptionmode, while the 43 °C
thermostat is connected to the column in the desorptionmode. Continuousmembrane
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Figure 7.17: Schematic representation of a continuous temperature swing adsorption process cou-
pled with a membrane-based in situ solvent recovery system. The used flow rate resulted in 1.75 g
product per kg adsorbent in 1 hour. The overall size of the system did not exceed 2m2. Adapted from
reference [38].

separations are explained in detail in this chapter. The pure oleuropein solution is re-
crystallized from EtOAc by cooling down the solution.

The adsorption units, featuring columns filled with MIPs that are highly selective
toward oleuropein, ensure that only the oleuropein is adsorbed. Processes based on
adsorption are solvent-intensive, and therefore green metric calculations often per-
form poorly in terms of sustainability. Comparisons of the E-factor and carbon foot-
print with and without in situ solvent recycling reveal the significant impact of sol-
vents on the overall process sustainability (Figure 7.18). Coupling the membrane fil-
tration system to the TSA process ensures reduced solvent consumption by recycling
the ethyl acetate into the system. Themembrane unit allowed the reduction in E-factor
and carbon footprint by 99% and 46%, respectively. The same principles can also be
applied for the simultaneous extraction and isolation of different antioxidants.[41] Re-
fer to Chapter 3 to learnmore about the importance of solvent selection and green sol-

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



Bibliography | 137

Figure 7.18: The effect of continuous solvent recovery on the E-factor and the carbon footprint of the
temperature swing adsorption process presented in Figure 7.17.

vents. For further details on adsorption and its role in process intensification, refer to
references [42] and [43].
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8 Solvent recovery and recycling
Diana Gulyas Oldal, Gyorgy Szekely

Solvents play an essential role in every stage of chemical production. Thus, there is an
increasing amount of organic solvent waste to handle each year. The vast majority of
the world’s solvent production eventually ends up being disposed of through inciner-
ation or dispersal into the biosphere.[1] There is a negligible accumulation of solvents
in long-term artifacts, and thus the annual discharge of solvents closely matches their
production rate. The conventional step-by-stepapproach for solvent recovery is shown
in Figure 8.1, which includes four stages: solid removal, recovery, purification, and
refinement. The role of solvents in sustainable chemical production is explained in
Chapter 3.

Figure 8.1: Conventional step-by-step approach for solvent recovery and the common techniques for
each stage. Adapted from [2].

Lonza Engineering introduced a saving-potential ranking for various solvent han-
dling approaches, ranging from off-site incineration to in situ recycling (Figure 8.2).[3]
The disposal of solvent waste via on-site or off-site incineration is expensive and
ultimately significantly impacts a company’s carbon footprint.[4] Consequently, the
solvents should be recycled on-site, specific to the process. When the solvent is puri-
fied and recirculated within the same process, it is often referred to as in situ solvent
recycling,which has the highest saving potential and the smallest environmental foot-
print. Figure 8.3 compares the different solvent recovery and recycling routes from a
process engineering point of view. Keep in mind that each solvent storage, including
spent and recovered solvents, needs logistics, risk assessment, safety precautions,
and quality control, all of which have a significant physical footprint in amanufactur-
ing plant. Thesemeasures are considerably less for in situ solvent recycling. Therefore,
it should be the first option to consider by process engineers. Themost prevalent tech-
nologies for solvent recovery and recycling are distillation (such as pressure swing,
azeotropic and extractive distillations), adsorption, and membrane processes (in-
cluding organic solvent nanofiltration and organophilic pervaporation).[4] These are
further explained in the following sections. Follow the QR code on this page to watch
a video on the industrial-scale environmentally benign treatment of contaminated

https://doi.org/10.1515/9783110717136-008
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Figure 8.2: Ranking of organic solvent waste handling approaches based on their money-saving
potential. Adapted from [3].

solvents by Veolia. For further reading on solvent recovery, refer to the following
literature [1, 5].

8.1 Distillation processes

Distillation is a separation process based on differences in the volatilities and boiling
points of chemicals in liquid mixtures. The relative volatility1 of the components in a
liquid mixture is measured by comparing their vapor pressure values. It indicates the
effectiveness of the separation between the more volatile (lower boiling point) and

1 Relative volatility for a mixture of two components (i, more volatile component; j, less volatile com-
ponent; y, vapor phase; x, liquid phase) can be calculated as follows: α = (yi/xi)(yj/xj) .
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Figure 8.3: Comparison of the different solvent recovery and recycling routes from a process engi-
neering perspective. (a) Continuous in situ solvent recycling is the best option from both an eco-
nomic and a sustainability perspective. (b) Continuous solvent recovery for on-site storage and
reuse. (c) Batch solvent recovery with on-site storage of both spent solvent waste and recovered
solvent for reuse. (d) Off-site solvent recycling, which has a high cost and a large carbon footprint.
(e) Incineration of waste solvent, which is the worst option for handling solvent waste.

the less volatile (higher boiling point) components. Experimental data show that if
the relative volatility is higher than 1.2, distillation should be suitable for separation.
If this value falls between 1.2 and 1.05, distillation is still a good option, although some
other separation units should be considered. If the relative volatility falls below 1.05,
then distillation processes should be avoided.[6] The primary distillation techniques
include simple distillation, fractional distillation, vacuum distillation, steam distilla-
tion, and extractive distillation.

Simple distillation is a process where the volatile compound is evaporated, and
the vapor is channeled into a condenser. Thus, the composition of the distillate is the
same as the composition of the vapors. This technique can be applied to separatemix-
tures containing non-volatile compounds (e. g., impurities, solids) and components
that have a difference in boiling points of more than 70 °C.

Fractional distillation is a technique used to separate components with similar
boiling points, i. e.,with a difference of less than 25 °C. This separation is performedby
repeated vaporizations and condensations in a fractionating column. These columns
consist of an array of plates, and themore volatile componentwill tend tomove toward
the top of the columnwhile the less volatile component stays at the bottom. Therefore,
better separation of liquids can be achieved with this method than with simple distil-
lation.

Vacuum distillation is used for the separation of components with a high boiling
point. These types of compounds can be boiled by lowering the pressure instead of
increasing the temperature. The vapor pressure of the chemical at a given temperature
must be considered. This technique is applied for distilling dimethyl sulfoxide (boiling
point [atm.] = 189 °C) and glycerol (boiling point [atm.] = 290 °C), for instance.

Steam distillation is applied for the separation of heat-sensitive compounds.
Steam provides good heat transfer rates without the need for high temperatures.
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Thus, the use of steam in the mixture enables vaporization at lower temperatures,
and subsequently, the heat-sensitive compounds do not decompose. Steam distil-
lation is commonly applied in the manufacturing of essential oils, perfumes, and
skincare products.

Extractive distillation is a separation process that uses a third component that is
miscible with the feed steam, has a high boiling point, and is relatively non-volatile.
These solvent additives form an azeotrope2 with the other components in themixture.
This solvent is often called entrainer, which facilitates the separation by altering the
relative volatility of the close-boiling or azeotrope-forming components. Therefore,
extractive distillation is a suitable method for the separation of mixtures with low rel-
ative volatility.

Every listed distillation technique can be performed either in batch or continu-
ous mode, except for extractive distillation, which can only be carried out contin-
uously.[7] Vacuum and steam distillation can also be used as an energy and cost-
reducing method since less input energy is required than for the simple distillation
technique. Regarding waste generation, extractive distillation and the selection of an
entrainer requires careful consideration because it can result in increased waste gen-
eration if the solvent additive is difficult to recycle. The substitution of conventional
solvents with bio-based solvents for entrainers is a sustainable solution. Cyrene and
sulfolane canbeusedas entrainers for extractivedistillation inaromatic/aliphatic and
olefin/paraffin separation.[8] The application of cyrene reduces the minimum reflux
ratio by 43% compared to sulfolane, demonstrating the improvement in the process’s
energy efficiency. The recovery of acetone and dimethyl ether organic solvents by ex-
tractive and pressure swing distillation has been demonstrated to be economically
feasible with considerable profit. The optimization of that process was assisted by a
genetic algorithm, which shows the practical potential of artificial intelligence in sus-
tainable process development.[9] There is a trend toward the exploitation of artificial
intelligence in both separation processes and reaction engineering.

Distillation processes are among the most evolved techniques among separation
unit operations, although they require a large amount of energy. Nonetheless, several
industrial sectors still widely use distillation for solvent recycling because high recov-
ery and purity can be achieved.[10] Moreover, 95% of all the chemical industry’s sepa-
ration processes involve distillation,[11] and therefore it is among the most commonly
used processes for solvent recovery in the pharmaceutical industry.[7] Pfizer uses dis-
tillation solvent recovery systems to reuse acetonitrile, isopropanol, and toluene from
small-volume waste streams.[12] These solvents were applied during the manufactur-
ing of three active pharmaceutical ingredients (APIs), and as a result of the solvent

2 An azeotrope is a mixture of two or more liquids which has a constant boiling point, the vapor
phase has the same composition as the liquid phase, and thus the components cannot be separated
by simple distillation.
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recovery, the company’s carbon emission was reduced by approx. 677,000 kg per year.
Pfizer reported case studies for three solvent waste recovery options using distillation:
a mixture of acetone andMeCN from the production of selamectin, IPA and THF origi-
nating from the manufacture of nelfinavir, and toluene and acetone from the produc-
tion of hydrocortisone.[13] Distillation proved to be an adequate separation choice be-
cause these binary systems do not form azeotropes. The evaluations were carried out
using a software toolbox of Aspen Plus and SimaPro with the proper databases, and
the recovered solvent puritywas set to at least 98wt% (Table 8.1). Both the cost savings
and the carbon footprint reduction made the distillation processes superior to waste
incineration. A high recovery rate above 98% was obtained by distillation, which sig-
nificantly reduced the amount of both fresh solvent to be purchased and used solvent
to be disposed of by incineration. According to the study, for example, the manufac-
ture of 1 kg of THF and IPAwas responsible for 5.65 and 2.20 kg total emissions, respec-
tively. Most emissions were released to the air. In the first case of THF, 5.52 kg of total
air emission was calculated, where 5.46 kg was associated with CO2 and the remain-
ing 0.06 kg with other GHGs and pollutants. In the case of IPA, 1.66 kg made up the
total air emission, where 1.63 kg was attributed to CO2. Owing to the mass production
of these APIs on the ton scale, the overall environmental implications of recovering or
disposing these solvents were tremendous.

Table 8.1: Pfizer’s case studies on solvent recovery by distillation.[13]

Case Study Selamectin Nelfinavir Hydrocorti-
sone

Waste composition (wt%) Acetonitrile (72) +
Acetone (28)

IPA (86) +
THF (14)

Toluene (91) +
Acetone (9)

Waste mass (kg year−1) 84,500 78,700 257,600

Desired recovery (wt%) Acetonitrile,
acetone (98, 98)

IPA (98) Toluene (99.8),
Acetone (98)

Carbon footprint reduction
(kg eq. CO2 year−1)

253,300 253,259 1,145,000

Cost savings (k$ year−1) 236.8 98.5 293.3

Some companies offer different solvent recovery distillation systems.[14, 15, 16] So-
lutex designed two types of systems with versatile capacities for non-flammable and
flammable solvents.[14] GEA’s multiple-effect distillation technology is designed to
recover solvents up to 98% in themedicalmembranemanufacturingprocess.[17] Their
technology functions by having multiple stages. Every stage reuses the energy from
the previous stage, i. e., the introduced heat is used several times at different temper-
atures and pressure levels. Such optimization of the process heat system results in
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lower overall energy consumption and eventually lower environmental burden. Pro-
gressive Recovery Inc. provides an example of integrating a solvent recycling unit into
a closed-loop solvent-recycling plant.[18] Figure 8.4 presents the process integration
where the waste solvent is collected into a spent solvent tank and then transferred to
the distillation unit. The solvent is then separated from the impurities, and this sol-
vent is directed to the clean solvent tank. In this process, only the contaminants are
disposed of and the newly obtained solvent is reused. Note that the system requires
several vessels to collect and store spent and recovered solvents, which has a signifi-
cant footprint on-site.

Figure 8.4: Closed-loop solvent recycling introduced by PRI. Adapted from [18].

8.2 Adsorption processes

Adsorption processes are often used for solvent recovery due to their efficiency and
significantly lower energy requirement than distillation. Adsorption refers to the en-
richment of gaseous or dissolved substances on the boundary surface of a solid,
known as the adsorbent.[5] These solids have so-called active sites on their surface
where the atoms’ binding forces are not fully saturated, thus allowing them to bind
to other atoms or molecules. Desorption represents the opposite process of releasing
the bound molecules.

Ahigh surface area andporosity areneeded to achievehighefficiency.Adsorption-
based solvent recovery is most often performed with non-selective adsorbents, i. e.,
the applied solid does not differentiate the impurities and scavenges almost every-
thing from the bulk liquid. However, in some instances, there are solutes of high value
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in the liquid that need to be recovered simultaneously. High-selectivity adsorbents,
such as molecularly imprinted polymers, are needed to capture and recover these
solutes in high purity. We can differentiate many adsorbents based on their chemical
nature, application area, selectivity, and surface area. Activated carbon is the most
commonnon-selective adsorbent for solvent recovery because it can efficiently adsorb
organic and other non-polar compounds to its hydrophobic surface.[5] The morphol-
ogy and the chemical nature of activated carbon vary from those of crude graphite;
activated carbon has a random amorphous structure and highly porous materials
with pore sizes from large visible cavities to those at the molecular level. Activated
carbon can be derived from renewable resources such as waste biomass, lignin, fruit,
and nutshells.[19] Silica gel and activated alumina adsorb polar substances such as
water.Molecular sieve zeolites function by releasing their water content to allow the
adsorption of other molecules. However, dry molecular sieves can be used to capture
watermolecules in organic solvents. Solvent recovery includes dehydration of organic
solvents, which can be done via molecular sieves.

Adsorbents can be used to treat bulk liquid streams or vapors in batch or contin-
uous processes. The latter process requires the adsorbents to be packed into columns.
The gas stream is passed through an adsorption unit containing activated carbon to
remove and recycle solvent vapors from the air. Following the adsorption of solvents,
solvent recovery is achieved by steam or hot gas desorption, whichmeans that the sol-
vents are stripped from the activated carbon. The released material is separated into
an aqueous and an organic phase.[5] Furthermore, water removal from solvent waste
represents one of the most important application fields of adsorption. Water content
can have some undesired consequences during the solvent’s reuse, which may mani-
fest in solubility issues.[4]

In the following example, an adsorption-based solvent recoverywas implemented
during the continuous purification process of roxithromycin API using a continuous
membrane cascade.[20] A packed bed adsorption column was utilized for the solvent
recovery, and an inexpensive adsorbent (charcoal) was used in the adsorption col-
umn. Charcoal can be obtained from renewable sources such as coconut shells. The
hybrid, continuous process generated significantly less waste than the diafiltration
process without solvent recovery. In particular, the E-factor with the solvent recov-
ery stage was approx. 20 kg kg−1, whereas the E-factor without the solvent recovery
unit was found to be approximately ten times higher. The solvent waste was approx.
99.9% of the E-factor of the continuous cascade without the solvent recovery unit.
This example demonstrates the importance of solvent recovery during separation pro-
cesses. Incorporating the adsorption column allowed the regeneration of the solvent
waste, and only 70% of the E-factor originated from the solvent waste. The charcoal
waste accounted for 30% of the E-factor. The process could have been further im-
proved by regenerating and reusing the activated charcoal. Overall, the amount of
solvent waste was reduced by 93% by applying an adsorption-based solvent recovery
unit.
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8.3 Membrane-based solvent recovery processes and their
comparison with distillation and adsorption

Membrane processes are among the most critical technologies to drive process inten-
sification in solvent recovery, among other applications.[21] They are simple, easy
to scale up, and energy-efficient. Various membrane technologies have been em-
ployed for solvent recovery: organic solvent nanofiltration (OSN),[22] organic solvent
pressure-assisted osmosis (OSPAO),[23] organic solvent forward osmosis (OSFO),[24]
and vapor permeation,[25] as depicted in Figure 8.5. Refer to Section 7.4 for the fun-
damentals of membrane processing, and follow the QR codes on this page to watch
animations on how membrane modules work. Most membrane-based separations
are driven by a pressure gradient, which is an advantage over conventional temper-
ature gradient-driven distillation. There is no need for phase change, and therefore
the formation of impurities from thermal degradation does not occur. Various process
configurations can be constructed frommultiplemembrane units. For instance, mem-
brane units arranged in a series form ofmembrane cascades achieve better separation
efficiency and mitigate solvent consumption.[21, 26]

Figure 8.5: Schematic process diagrams comparing membrane-based solvent recovery processes.
(a) OSN operates at pressures up to 40 bar. (b) Pervaporation (PV) is a separation process where
only part of the feed solution is vaporized and then condensed, resulting in the formation of the
permeate. (c) Organic solvent forward-osmosis (FO) utilizes the natural energy of osmotic pressure
for the solvent transport. (d) Organic solvent pressure-assisted osmosis (PAO) applies external hy-
draulic pressure to enhance the solvent flux. The diluted draw solution is regenerated by various
means such as distillation, direct filtration, or evaporation.
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Membrane processes can be easily coupled with reactors, distillation, adsorption,
or chromatography to perform hybrid processes.[21] Nanofiltration coupled with
continuous flow reactors can assist with in situ solvent, catalyst, and reagent recy-
cling,[35, 42] significantly reducing the overall process’s E-factor and carbon foot-
print. For more details on hybrid processes with membranes, see Section 7.4. Besides
reactors, nanofiltration can be coupled with continuous adsorption units. Adsorptive
agricultural waste utilization using olive leaves was performed with the assistance
of membranes.[27] In situ solvent recovery was realized with nanofiltration, which
recovered 97.5% of the ethyl acetate solvent used during the previous extraction and
adsorption processes. The carbon footprint was reduced by 44.5%.

Membrane technologies are sustainable process solutions for product concen-
tration, impurity removal, and solvent exchange, among others. However, constant-
volume diafiltration (CVD) has a high solvent intensity [21] because it requires a con-
tinuous inlet stream of solvent during the separation process. Figure 8.6 shows the
correlation between the solvent consumption of CVD and the rate of impurity removal
during a CVD for the case of impurity with a 50% rejection. The solvent consump-
tion exponentially increases with the impurity removal. Consequently, processes to
achieve high purity, which is a standard requirement for fine chemicals, require large
amounts of solvents, in particular APIs. Initially, the coupling of adsorptive solvent
recovery utilizing charcoal was proposed to overcome CVD’s high solvent consump-
tion.[21] Process optimization revealed that a 70% solvent recovery is the optimum,
considering the cost of charcoal, fresh solvent purchase, and waste disposal. This
example demonstrates that although 100% solvent recovery is possible to achieve, it
is economically and environmentally less sustainable. Besides the adsorption-based
solvent recovery, membrane cascades are also suitable for in situ solvent recovery
during CVD.[26]

Concerning other solvent recovery technologies, the effectiveness of OSN is
demonstrated through the comparison of carbon footprint (Figure 8.7). Distillation
processes have a larger carbon footprint than adsorption processes up to 70% solvent
recovery because of the required phase change, resulting in high energy consump-
tion.[21] After that point, the CO2 intensity of adsorptive solvent recovery sharply rises
because the recovery of the remaining 30% of solvent waste necessitates the use of
a large adsorbent amount due to the lower packed bed utilization. Lower bed uti-
lization results in higher purity and helps to achieve a higher solvent recovery rate.
Still, there is a trade-off as it requires more adsorbent per unit volume of recovered
solvent. As a solvent recovery technique, adsorption produces a substantial amount
of solid waste, and at over 70% solvent recovery, the solid waste generation outweighs
the solvent savings.[21] The dependence of the CO2 intensity of nanofiltration on the
solvent recovery rate is negligible. Note that the line is not flat but has a slope, which
results from both the waste generated by disposing the membranes at the end of their
lifetime and the energy consumption of the high-pressure and recirculation pumps.
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Figure 8.6: Correlation between solvent consumption and impurity removal in a diafiltration process
(impurity rejection = 50%, product and impurity concentration = 1 g L−1, system volume = 10m3).
Adapted from [21]. The cost of high product purity comes at the price of high solvent consumption
during diafiltration.

Figure 8.7: Comparison of carbon footprints of solvent recovery technologies calculated for
methanol. Adapted from [21].

The comparative analysis of the three solvent recovery processes demonstrates CO2
intensity’s usefulness as a green metric. Distillation, adsorption, and membrane
processes have different pros and cons and pose different environmental burdens,
from waste generation to energy consumption. These burdens cannot be directly
compared, and therefore the use of equivalent CO2 is a useful metric that allows the
relative comparison of apples and oranges.

The amount of top solvent waste generated in the United States is reported in Ta-
ble 8.2. The energy required and the associated carbon footprint to recover the sol-
vent waste using distillation and OSN are compared. In distillation, the energy de-
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Table 8.2: Comparison of energy requirements and equivalent carbon footprints for solvent recov-
ery of the top solvent waste generated in the United States. The comparison considers distillation
and OSN processes and does not take into account heat integration. [22] Qdist and QOSN are energy
requirements for solvent recovery by distillation and OSN.

Solvent Waste solvent
generated in 2006

[106 kg y−1]

Qdist
[kWh]

QOSN
[kWh]

Qdist/QOSN CO2
footprint

[106 kg y−1]

Methanol 44.8 150 0.023 6453 18
Dichloromethane 22.3 111 0.014 8010 3
Toluene 12.1 197 0.021 9278 12
Acetonitrile 7.9 141 0.023 6029 3
Chloroform 3.71 131 0.012 10543 0.4
n-Hexane 2.99 149 0.028 5300 3
n-Butyl alcohol 2.86 223 0.023 9788 2
N,N-Dimethylformamide 2.79 244 0.019 12569 2
N-Methyl-2-pyrrolidone 2.02 303 0.018 16930 1
Xylene 1.47 208 0.021 9748 1
1,1,2-Trichloroethane 1.23 194 0.013 15090 0.2
Methyl tert-butyl ether 1.2 126 0.025 5062 1
Ethylene glycol 0.82 337 0.017 20285 0.3

mand increases with increasing heat of the solvent’s vaporization because separating
less volatile compounds requires more energy investment. Note that this basic calcu-
lation and comparison do not consider heat integration, which can significantly re-
duce the energy consumption during distillation processes. Most OSN processes use
alcohols, followed by polar aprotic solvents (Figure 8.8).[28] Although most alcohols
fall into the preferred solvent category, only 5.6% of polar aprotic solvents, such as
2-methyltetrahydrofuran, propylene, and dimethyl carbonate, are preferred. The fig-
ure shows that OSNmembranes can process a wide variety of solvents covering differ-
ent chemical classes, polarities, and viscosities.

The experimentally validated nanofiltration-based solvent recovery systems are
presented in Table 8.3. The table demonstrates that thefield of nanofiltrationhas come
a long way, and substantial improvements are accomplished in versatile application
areas by removing small-size impurities, concentrating products, and exchanging sol-
vents between unit operations. Note that all solvent recovery applications by mem-
branes require quasi-complete rejection (equation (7.2)) of the solutes (>99%). Re-
jections lower than 100% compromise the purity and result in contamination of the
recovered solvent with solutes. The lower the rejection from the ideal 100%, the lower
the purity of the recovered solvent. Larger solutes with high molecular weights have
higher rejections, which makes the solvent recovery easier.

Even though organic solvent nanofiltration is a promising and widely used tech-
nique for organic solvent recovery, it requires high pressure (up to 40 bars). Thus,
its operation can result in additional costs. This issue can be solved by applying for-
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Figure 8.8: The frequency of use of the different classes of organic solvents in membrane processes.
The breakdown focuses on organic solvent nanofiltration and therefore excludes water. Green, gray,
and pink indicate preferred, tolerated, and undesired solvents based on industrial solvent selection
guides.[29] Data obtained from [28].

Table 8.3: Solvent recovery examples using organic solvent nanofiltration (MW, molecular weight;
n. d., not determined).

Year Application MW
[g mol−1]

Rejection
[%]

Membrane Solvent Solvent
saving [%]

2000 Lube oil
dewaxing [30]

500 95 Polyimide-
based

Methyl ethyl
ketone,
toluene

n. d.

2010 Pharmaceutical
[31]

>1000, 675 >99 DuraMem
300, 1000

Tetrahyrofu-
ran

n. d.

2013 Catalyst
recovery [32]

1044, 300 >99 DuraMem
300, 500

Tetrahydrofu-
ran

96

2012 Crystallization
[33]

600 >99 PuraMem 280 Isopropyl
alcohol

80

2014 Pharmaceutical
[21]

260 >99 DuraMem 150 Methanol

2015 Cyclic peptide
formation [34]

1069 >96 Inopor, TiO2
ceramic
membrane

Ethanol,
acetic acid,
water

74

2016 Fine chemical
[26]

110 >99 Polyimide-
poly(ether-
ether-ketone)

Acetone n. d.

2019 Catalyst
recovery [35]

1600 >99 DuraMem 900 2-Methyltetra-
hydrofuran

50

2019 Natural product
extraction [36]

286–540 97 Polybenzimi-
dazole

Ethyl acetate 99

ward osmosis (FO), which utilizes the potential chemical difference across a semi-
permeablemembrane to transport a solvent from a lower to a higher concentration. In
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this example, OSFO was used for the simultaneous concentration of the API and sol-
vent recovery.[24] The organic solvent was transported from the feed side to the draw
side,whereas theAPIwas rejectedby themembrane and concentrated at the feed side.
Thus, the solventmoleculeswere spontaneously transported against the osmotic pres-
sure gradient, and there was no need for external hydraulic pressure. Furthermore,
OSFO had a low fouling tendency and minimal irreversible fouling, and thus, it could
be used for treating high-concentration feed solutions.

Although OSFO was found to possess advantages over other membrane -based
separation processes, it suffered from some limitations, such as low flux. This issue
could be overcome by applying an external hydraulic pressure on the feed side to help
transport solvent molecules through the membrane, i. e., in a process called OSPAO.
This technique can be utilized for the simultaneous concentration of APIs and solvent
recovery. Compared to OSFO, OSPAO employs a low external pressure (1 bar) in ad-
dition to the osmotic pressure difference.[23] The results showed that the solvent flux
significantly increased with increasing external pressure and with increasing concen-
trations of the draw solution.

Pervaporation is amembrane-based separation techniquewith transport through
porous or dense membranes.[37] Pervaporation represents a combination of perme-
ation and vaporization. The feed stream is a liquidmixture, while the permeate stream
is recovered in a vapor form by applying a vacuum or sweeping gas, i. e., a phase
change from liquid to vapor occurs. Thus, in this process, only a part of the feed
mixture is vaporized. Processes with phase changes, such as in distillation, require
a large amount of energy. However, pervaporation overcomes this drawback by pro-
cessing only minor components (less than 10 wt%) of the liquid mixtures and using
high-selectivity membranes.[38] The former aspect is responsible for reducing energy
consumption because only the feed stream’s minor components permeate through
the membrane. In other words, only the minor components are subject to a phase
change and consume the latent heat, which results in lower energy consumption
than distillation. This technique enables the separation of mixtures, which is dif-
ficult to achieve using distillation, extraction, or adsorption. Hence, it is suitable
for the separation of azeotrope and close-boiling mixtures, thermally sensitive com-
pounds, molecules with a similar shapes or sizes, and removing low-concentration
species.[39] Pervaporation found its main application in the dehydration of organic
solvents (e. g., alcohols, ethers, acids, esters). However, it is also used to remove or-
ganic compounds from diluted aqueous streams (e. g., volatile organic compounds)
and separate organic-organic mixtures. Pervaporation is used as a sustainable drying
process for the recovery of tetrahydrofuran.[40] It is integrated with constant-volume
distillation resulting in a hybrid process, which allows annual process waste reduc-
tion by 122,300 kg, energy reduction by 684,500 kWh, and operating cost reduction
by 509,150 USD, which correspond to a decrease in 93%, 80%, and 99%, respectively
(Figure 8.9 and Figure 8.10). Moreover, hybrid silica membranes can be used to pu-
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Figure 8.9: Schematic process diagram for a pilot-scale constant-volume distillation coupled with
pervaporation used in the sustainable drying and recovery of tetrahydrofuran solvent. Adapted from
[40].

Figure 8.10: Comparison of cost (a) and process quantity (b) improvements at pilot-scale constant-
volume distillation due to coupling with pervaporation. The sustainability of the drying and recov-
ery of tetrahydrofuran solvent considerably improved. Adapted from [40]. See Figure 8.9 for the
schematic process diagram.

rify and dehydrate solvents like acetone and methyl ethyl ketone from binary and
multicomponent mixtures utilizing the pervaporation technique.[41]
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9 Process analytical technology
Martin Gede, Gyorgy Szekely

9.1 Introduction

Chemists and chemical engineers aim to minimize the variability and maximize the
efficiency of the industrial processes they design and operate. A thorough under-
standing of these manufacturing and chemical processes is essential to effectively
and safely control their related systems. Conventionally, chromatographic methods
are the primary tool for monitoring reactions, identifying impurities, and designing
optimal process parameters. The major drawback of these techniques lies in their
offline nature. Samples must be collected and prepared prior to analysis, which intro-
duces an inevitable time-lag between the sampling and the analysis, and the analysis
and the control actions. Real-time analytical tools provide an attractive alternative
to traditional offline methods by providing a continuous stream of real-time data.
Such tools are referred to as process analytical technology (PAT) analyzers. PAT in-
cludes simplemeasuring devices, such as temperature andpressure sensors, butmore
commonly involves inline analyzers such as mid-infrared (IR), near-IR (NIR), nuclear
magnetic resonance (NMR), and Raman spectrometers.[1] These analytical tools pro-
vide information on the levels of single ions and molecules. However, other methods
are suitable for characterizing structural features ranging from 0.1 to 100nm in scale
(Figure 9.1).[2] Scattering methods can track morphological changes and aggregation
in real-time, while imaging microscopy techniques provide information about the
structural changes in lengths in the nanoscopic to the microscopic range.

In 2004, the FoodandDrugAdministration (FDA) launched active pharmaceutical
ingredient (API) manufacturing guidelines that define PAT “as a system for designing,
analyzing, and controllingmanufacturing processes through timely measurements of
critical quality and performance attributes.”[3] This PAT system can be challenging to
grasp. Therefore, a simple example is provided and illustrated in Figure 9.2. In this ex-
ample, a chemical compoundwith a simple reduction of the startingmaterial needs to
be manufactured. First, the substrate is dissolved, and the catalyst is added, followed
by the application of gaseous hydrogen until the reaction is complete. Samples from
themixture are taken to determine the end-point of the reaction, and after appropriate
sample preparation, the conversion is monitored using a chromatography technique.
The sampling process in this example takes approx. 10 minutes. However, once the
product is formed, a less reactive functional group (–Cl) also starts to be slowly re-
duced, resulting in undesired by-product formation. Even if we were lucky enough
to catch the reaction end-point precisely, the reaction would have proceeded further
by the time the analytical results had become available, generating the unwanted by-
product. Predicting the end-point of the reaction is possible based on experience, but

https://doi.org/10.1515/9783110717136-009
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Figure 9.1: Schematic of commonly used analytical tools, including spectroscopy, scattering, and
imaging microscopy techniques. XAFS, X-ray absorption fine structure; SFG, sum frequency gen-
eration; GIXAS, glancing incident X-ray absorption spectroscopy; XPS, X-ray photoelectron spec-
troscopy; PDF, pair distribution function; SAXS/SANS, small-angle X-ray scattering/small-angle
neutron scattering; XR/RAXR, X-ray reflectivity/resonant anomalous X-ray reflectivity; DLS, dynamic
light scattering; SEM, scanning electron microscopy; TEM, transmission electron microscopy; AFM,
atomic-force microscopy.

with some uncertainty; however, heterogeneous reactions are known to be difficult
to predict. A PAT method can overcome this issue by monitoring the conversion in
real-time and enabling the operator to stop the reaction precisely when it is complete.
Since chemical reactions involve converting functional groups, spectroscopy-based
PAT methods provide an adequate solution in this example. PAT can help achieve a
higher yield and a product with no or minimum impurity formation and thus remove
the need for time-consuming purification processes. Avoiding both the tedious man-
ual sampling for offline analysis and the sometimes hazardous reactions is also ben-
eficial.

The sustainability aspects of PAT, as well as the practical case studies, are dis-
cussed in the following sections. For further information and in-depth understanding,
the reader is referred to the following literature: Assessment of recent process analyt-
ical technology (PAT) trends: A multiauthor review;[1] Industry Perspectives on Pro-
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Figure 9.2: A hydrogenation reaction and its concentration profile with (solid line) and without
(dashed line) the implementation of process analytical technology (PAT).

cess Analytical Technology: Tools and Applications in API Development;[4] and Use
of Process Analytical Technology (PAT) in Small Molecule Drug Substance Reaction
Development.[5] Follow the QR code on this page to learn the latest industrial trends
on PAT through the European Pharmaceutical Manufacturer magazine.

9.2 PAT for green chemistry and engineering

PAT can provide invaluable insight and deeper understanding of a product’s research
and development process, which is crucial for industrially feasible production.[1] In
the manufacturing phase, the primary purpose of PAT is to provide safe and effec-
tive process control. Between these two phases lies the scale-up campaign, where
the use of PAT may mitigate any arising complications, which ultimately allows for
a more seamless transition from lab to production.[5] Having a thorough process un-
derstanding and robust control strategy combinedwith real-time analytical method-
ologies creates opportunities to design sustainable processes. In this context, PAT ad-
heres to multiple green chemistry and green engineering principles (Figure 9.3). Pre-
venting waste formation, designing safer chemistry, and maximizing efficiency are
paramount. Inlinemonitoring is capable of detecting deviations in the process stream
and thus is able to prevent by-product formation, which in turn can minimize the
occurrence of chemical accidents and environmental pollution. PAT also provides a
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Figure 9.3: The application of process analytical technology (PAT) addresses multiple principles of
green chemistry (prevention, less hazardous chemical synthesis, real-time analysis for pollution
prevention, inherently safer chemistry for accident prevention) and green engineering (maximize
efficiency, prevention instead of treatment).

continuous stream of data, which is an invaluable source of information for optimiz-
ing process parameters and maximizing efficiency. Figure 9.4 gives an overview of the
sustainability benefits of PAT for chemical processes. More detailed examples can be
found in the case studies in Section 9.6.

Green analytical chemistry can be achieved by implementing most of the princi-
ples of green chemistry (Table 1.1). However, only the 11th principle addresses the ana-
lyticalmethodologies directly. This principle can be broken down into further benefits
of sustainability, such as reducing labor and energy consumption, eliminating haz-
ardous reagents and solvents, limiting the consumption of the organic solvents, and
reducing waste emissions from analytical laboratories (Figure 9.5).[6] PAT tools do not
require sampling and sample treatments, and thus there is no consumption of organic
solvents. The inline method also eliminates operator exposure. Moreover, there is no
need for analyte derivatization, which consumes additional time and solvent, and of-
ten needs highly reactive and toxic chemical reagents. Analytical sample storage often
requires refrigeration at 4 °C or −20 °C, which consumes significant energy. The con-
tinuous stream of digital data allows for facile automation; with the implementation
of a control system, artificial intelligence can be employed to optimize or intervene,
without an operator’s involvement.[7, 8]

9.3 Development of PAT systems

The first step in implementing a PAT system is identifying the critical quality at-
tributes (CQAs) and the critical process parameters (CPPs). The guideline pub-
lished by the International Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use, often abbreviated as ICH, defines CQA as a physi-
cal, chemical, biological, or microbiological property or characteristic that should be
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Figure 9.4: Overview of the sustainability benefits of PAT tools in chemical processes.

within an appropriate limit, range, or distribution to ensure the desired product qual-
ity.[9] These attributes cover a wide range of parameters, such as a product’s physical
attributes, appearance, impurity profile, and water content – everything essentially
– considered essential qualities of the final product (Figure 9.6a). The CPPs are the
parameters whose variability impacts CQAs, and therefore should be monitored and
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Figure 9.5: The 11th principle of green chemistry (Table 1.1) highlights the need for real-time, in-
process analytical methodologies that significantly impact various aspects of process sustainability.

Figure 9.6: (a) Examples of critical quality attributes (CQAs) and (b) examples of critical process pa-
rameters (CPPs). CQAs are the crucial quality attributes of a product and should be within an appro-
priate range; CPPs are the parameters whose variability impacts CQAs.

controlled to ensure the process produces the desired quality. These parameters in-
clude, but are not limited to, temperature, pressure, flow rate, reaction time, and
agitation (Figure 9.6b). If an unexpected deviation occurs during the process, such
as a sudden rise in temperature, the end-product quality will be affected. Follow the
QR code on this page to browse the ICH website, which brings together the regulatory
authorities and manufacturers discussing API production’s technical aspects.

The second step is to design a measurement system for the process parameters,
including the analytical instrument, software and hardware, and suitable operator
training. Because PAT provides a continuous stream of data, it enables an effective
in-process control (IPC), such as control of the rate of reaction temperature heat-up
and flow rate of the reagent feed stream. The development of mathematical relation-
ships between product quality and process parameters can be assessed by chemo-
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metric techniques,[10] including partial least squares (PLS),[11] artificial neural net-
works,[12] and principal component analysis (PCA).[13]

It is important to clarify and understand the differences between sampling meth-
ods, namely, offline, at-line, online, and inline techniques (Figure 9.7). The offline
sampling method has been the most commonly used and is characterized by manual
sampling, followedby sample preparation and transportation to the analytical depart-
ment. This sampling method introduces inconsistency within batch-to-batch produc-
tion due to the varying time-lag between sampling and results. The at-line technique
is more advanced because the analytical instruments are close, preferably next to the
reaction vessel; therefore, the waiting time can be significantly reduced. In online
measurements, a small portion of the reaction mixture is diverted (and sometimes re-
turned) from the process, and the results can be acquired in amatter of seconds. In the
inline method, a probe is inserted directly into the reactor or the process stream.[14]
For IPC, both online and inline methods are adequate. Most PAT tools belong to the
category of inline analyzers.

Method Location Duration

Offline Analysis performed in a laboratory Days
At-line Analysis performed on a factory floor Minutes
Online Automated sampling and analysis Seconds
Inline No sampling – the probe is in the process < 1 second
Figure 9.7: Schematic presentation of inline, online, at-line, and offline sampling methods in a
chemical process. For real-time analysis, only inline and online methods are adequate.

9.4 Industry outlook
Over recent centuries, we have witnessed several industrial revolutions, and pharma-
ceutical manufacturers have currently begun adopting the ethos of Industry 4.0. In-
dustry 4.0 focuses on utilizing new technologies, linking manufacturing components
into a cyber-physical system, acquiring data in real-time, big data computing, and au-
tomation. Follow the QR code on this page to watch a video explaining what Industry
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4.0 is. PAT tools are expected to play an essential role in the fourth industrial revolu-
tion because they can be integrated into production lines as smart sensors.[15] A smart
sensor consists of a physical and digital twin, where the physical twin gathers process
information, which can be a probe inserted into the process stream. Meanwhile, the
digital twin can process this information and generate knowledge from the data. This
opportunity allows the smart sensor to be self-calibrating and self-optimizing and to
maintain operations autonomously.

Industry 4.0 innovations are expected to create positive sustainability impacts
throughout thewholemanufacturing process.[16] The application of PAT also strongly
aligns with the concepts of quality by design (QbD), which promotes a scientific, sys-
tematic, and risk-oriented approach toproduction,moving away fromoutdated empir-
ical techniques.[17] Thismethodology advises amore in-depth process understanding
by identifying the sources of variations and holistically implementing quality control
strategies, including the application of PAT.[18] Moreover, there has been a paradigm
shift in the pharmaceutical industry from traditional batch reactions to continuous
flowmanufacturing.[19] The advantages of flow technology include fast heat andmass
transfer, instantaneous mixing, prevention of hot-spots and heat accumulation, and
improved safety and selectivity of reactions. Refer to Chapter 6 to learn more about
such continuous processes. The availability and implementation of PAT can also fa-
cilitate the transition frombatch to continuousmanufacturing.[20] Follow theQRcode
on this page to learn more about the implementation of PAT in pharmaceutical man-
ufacturing.

9.5 PAT methods
9.5.1 Infrared spectroscopy

IR spectroscopy is one of the most convenient methods for non-destructive real-time
inline reaction monitoring. IR spectroscopy is based on the absorption of light in the
400–4000 cm−1 region, which corresponds to molecular vibrations. The absorption
bands are unique to the functional groups’ vibrational modes, which results in a high
degree of structural specificity. The amount of absorption is proportional to the con-
centration. Therefore, the appearance or disappearance of various functional group
bands can provide valuable information about the reaction. Follow the QR code on
this page to watch a video explaining the basics of IR.

IR spectroscopy offers a powerful tool for deeper process understanding by deter-
mining the reaction kinetics and identifying the structures of intermediates. Further-
more, IR spectroscopy allows deducing whether a reaction has reached completion or
not (Figure 9.8). For real-time analysis, the sampling method is mainly based on at-
tenuated total reflectance (ATR) measurements, as depicted in Figure 9.9a.[21] In this
case, the light is transmitted through a solid material, which is in direct contact with
the sample. The light reflects off the surface and interacts with the sample, creating
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Figure 9.8: Real-time mid-infrared spectra of the progress of a reaction. Reprinted with permission
from [24] under the CC-BY 3.0 license.

Figure 9.9: (a) Schematic illustration of attenuated total reflectance (ATR) measurement. (b) Mettler
Toledo 45P mid-IR instrument. The illustrations were reused with permission from the manufacturer
[27].

an evanescent wave, which carries the information. Mid-IR spectroscopy is a suitable
choice for monitoring liquid phase reactions and is particularly useful for continuous
flow processes,[22] detecting unstable intermediates,[1] and even providing feedback
control of supersaturation.[23] An example of a mid-IR instrument is presented in Fig-
ure 9.9b.

Thepresence ofwater in samples presents themain challengewhenusing IR spec-
troscopy, which strongly absorbs in the IR region, making the analysis difficult. PLS
regression, PCA regression, multiple linear regression (MLR), and solvent subtrac-
tion techniques may be used to deconvolute the IR spectra of a reaction mixture.[25]
Further challenges include the overlapping of the signals of different intermediates,
whichmay also cause problems.[24] Moreover, low concentrations, typically less than
0.05 M, are difficult to detect accurately.[22] In heterogeneous reaction mixtures, air
bubbles also adversely affect the spectra.[26]
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NIR spectroscopy is a useful PAT tool with wide application in process devel-
opment, quality control, and raw material testing.[4] The NIR region of the IR spec-
trum covers the 4000–13000 cm−1 spectrum of wavelengths, where the absorption
bands represent overtones or combinations of fundamental vibrational bands cor-
responding to the 1700–3000 cm−1 range. Due to the overtone nature of vibrations,
NIR spectroscopy is not suitable for structural elucidation or identification of com-
pounds. Nonetheless, this technique is well suited to perform quantitative analysis
aided by chemometric techniques.[5] The application of NIR spectroscopy covers a
broad array of fields, including API content uniformity determination during solid
dosage formulation,[28] quantitative measurement of solvent composition,[4] water
content elucidation,[14] and the controlling and monitoring of milk renneting.[29]
Factors such as temperature, humidity, sample thickness, and solid-state properties
are significant sources of variability in the spectra, and measurements are usually
valid only for a defined calibration model.[10] Similar to mid-IR, the absorbance of
water in the NIR region is a disadvantage.

9.5.2 Raman spectroscopy

Raman spectroscopy measures the wavelength shifts associated with Raman scatter-
ing. When a sample is excited with monochromatic light (laser light), a small portion
of the scattered radiationundergoes changes in frequency, resulting in vibrational and
rotational transitions. The Raman effect accounts for the new frequencies in the spec-
trum and is reported as Raman shift. The scattered photons are returned to the spec-
trometer, and the Rayleigh scattered1 photons are filtered out. Raman scattering relies
on a change in a molecule’s dipole polarizability. Follow the QR code on this page to
watcha video explaining thebasics of Raman spectroscopy. The strengthof theRaman
effect dependson the excitationwavelengthand is dramatically increasedat highexci-
tation frequencies. Ideally, a lower-wavelength light source provides a stronger Raman
spectrum. However, in many cases, samples are fluorescence active, which can over-
whelm the Raman scattered photons, thus limiting the applied laser’s wavelength.
Raman instruments use a laser line of 532, 785, or 1000nm, with the most common
being 785 nm, which gives a good balance between Raman intensity and low fluores-
cence. Since glass is Raman inactive, samples can be analyzed through the glass wall
of a vial. Water is also Raman inactive, and therefore this is an excellent technique for
analyzing biotransformation streams such as fermentation.[5] Raman scattering also
yields information on the crystal structure and, as a result, can be used to identify
and quantify relative amounts of different polymorphs in solid products such as most
APIs.[30]

1 Scattered light without the change in wavelength, in this particular case it is the wavelength of the
applied laser light.
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9.5.3 Nuclear magnetic resonance spectroscopy

NMR spectroscopy is based on the absorption of radiofrequency radiation to produce
absorption on the nuclear spin level when nuclei are exposed to a strong magnetic
field. Follow the QR code on this page to watch a video explaining the basics of NMR
spectroscopy. NMR is among themost powerfulmethods for structural determination,
allowing qualitative and quantitative analysis. However, the sensitivity is lower com-
pared with other spectroscopic techniques.[31] Recently, benchtop low-field NMR in-
struments have been developed to offer an alternative to their expensive, large foot-
print, and offline, but high-resolution, counterparts. These benchtop instruments are
manufacturedbyMagritek,[32] Bruker,[33] ThermoFisher Scientific,[34]Nanalysis,[35]
and Oxford Instruments.[36] Their advantages include their lower cost compared to
high-resolution instruments and their better integration into continuous production
systems.[37] However, due to the lower magnetic field and probe sensitivity, their ap-
plication is limited to relatively simple structures or concentrationmeasurements. Ap-
plications of inline NMR spectroscopy include the optimization of reactions in contin-
uous flow [11] for monitoring product quality and maximizing plant profit in contin-
uous production of chemicals [37] and providing a complementary inline analytical
tool in multistep reactions.[24]

An example of online NMR is presented in Figure 9.10.[38] In this case, an NMR
flow tube was used, and 245 spectra were recorded in 47 hours, which allowed mon-
itoring the conversion of a diamine compound. The online NMR measurement gave
valuable insight into the mechanistic and kinetic aspects of the reaction. Consump-
tion of the starting material (1) can be seen by the disappearing peaks at 6.5 ppm,
followed by the immediate formation of the monoimine (3) at 6.6 ppm. The reaction
eventually resulted in an equilibrium between the monoamine and diamine (4, ap-
prox. 7.0 ppm).

9.5.4 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV/Vis) spectroscopy measures the absorption of a sample in the
UV/Vis spectrum covering the 200–700nm region. Chemical compounds containing
bonding, non-bonding, and conjugated electrons can absorb light, exciting electrons
into higher antibonding molecular orbitals. The absorbed wavelength is affected by
the electronic properties of the compounds. Colorful, highly conjugated molecules
absorb light at higher wavelengths (e. g., β-carotene absorbs light between 400–
500nm),[39] while less conjugated systems absorb light at lower wavelengths (e. g.,
toluene absorbs light between 230–270nm[40]). Although UV/Vis spectroscopy lacks
chemical specificity, it is commonly used to monitor liquid phase reactions due to its
simplicity, sensitivity, and high time resolution.[5] Despite some compounds’ spec-
tral overlap, absorbance changes can be assigned to specific components, making
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Figure 9.10: Reaction monitoring of an imine formation using inline NMR spectroscopy. The disap-
pearing and appearing peaks of the compounds are numbered according to the 1H NMR spectra’s
reaction scheme [38]. Reprinted with permission under the CC-BY 3.0 license.

UV/Vis spectroscopy suitable for online reaction monitoring [41] and fast detection
of conversion deviations in continuous hydrogenations.[42] Most chemical reactions
are performed in organic solvents, and some of these solvents absorb UV light. For
quantitative analysis, caremust be taken to focus thewavelength above the UV cut-off
limit2 or reduce the path length.

9.6 Case studies

The following case studies highlight the use of PAT tools in complex reaction systems.
They include PAT application examples to establish IPCs, covering the different pro-
cess stages from the description of the method development to method implementa-
tion in a manufacturing setting.

2 Above the UV cut-off wavelength, compounds no longer absorb light. For example, the UV cut-
off limits for common solvents are the following: water (191 nm), methanol (203 nm), ethyl acetate
(256 nm), acetone (330 nm).[5].
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9.6.1 Control of ammonia content and reaction monitoring with FTIR

Consider the reaction in Figure 9.11, which shows the synthesis of a pharmaceuti-
cal ingredient.[5] The reductive amination reaction is performed in two consecutive
steps. First, the ketimine intermediate is formed with the use of gaseous ammonia.
Second, the reduction of the imine group takes place with heterogeneous catalytic
hydrogenation.

Figure 9.11: Reductive amination process in two consecutive steps.

This reaction requires an effective and robust purging control due to the significant
amount of dissolved ammonia – concentrations higher than 1,000molm−3 – in the
reactor. Residual ammonia is undesirable in the downstream process to ensure ap-
propriate emission controls and safe handling. Moreover, a dehalogenated impurity is
formed during the filtration of the Pd/Al2O3 catalyst, which is accelerated by the resid-
ual ammonia. Interestingly, this impurity is not observed in laboratory-scale experi-
ments because of thedifference infiltration times. At the laboratory scale, thefiltration
is performed in a few minutes, whereas it takes hours at the manufacturing scale.

Duringmanufacturing, the ammonia is removedbya sequenceof nitrogenpurges,
i. e., by venting the headspace to atmospheric pressure with the agitation turned off,
flushing the headspacewith nitrogen, and then turning on the agitation until the pres-
sure stabilizes. Owing to ammonia’s high solubility in theMeTHFgreen solvent, a large
number of purge cycles are needed. Consequently, themanufacturermonitors the am-
monia levels in the postammonolysis stream and implements a control strategy to es-
tablish an acceptable ammonia threshold concentration. Inline testing of the reaction
mixture with spectroscopic methods allows the manufacturer to assess and identify
the key compounds quickly.

Inspection of the Fourier transform IR (FTIR) spectra in the 1500–1800 cm−1 re-
gion indicates that the carbonyl band at 1700 cm−1 is well separated from the other
peaks, which confirms FTIR in an adequate monitoring strategy for the conversion of
the ammonolysis (Figure 9.12a). Inline FTIR monitoring enables the rapid collection
of kinetic data from the reaction mixture, which provides invaluable information for
the reaction development. Ammonia pressures greater than 50 psig and more than
4.5 equivalents of Ti(iPrO)4 do not further reduce the reaction time (Figure 9.12c, d). In
contrast, offline sampling of the pressurized reaction would have posed a safety risk
due to the high dissolved ammonia levels. Moreover, the moisture sensitivity of the
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Figure 9.12: FTIR spectra of the reaction components during ammonolysis (a). The carbonyl band
of the starting material (marked with C=O) separates from the other peaks well, making it suitable
for conversion monitoring. NIR spectra of reaction components after the ammonolysis reaction (b).
Ammonolysis reaction progress versus ammonia pressure (c) and Ti(iPrO)4 equivalents (d).

manufacturing process and the frequency of sampling could have jeopardized the effi-
ciency. Nonetheless, the overlap in the FTIR spectra of the ammonia (1550–1650 cm−1)
and imine (1600–1650 cm−1) compounds during the reactionmonitoring hindered the
quantitative determination of the ammonia content.

Examination of the NIR spectra reveals that the specificity with respect to am-
monia content is excellent, which appears as a strong peak at approx. 5000 cm−1 (Fig-
ure 9.12b). The next step in themethoddevelopment is to construct a calibration curve.
Offline measurements are impractical due to the gas-liquid equilibrium nature of the
dissolution process and the dependence of ammonia concentrations on headspace
pressure.Moreover, solution handling can also introduce significant errors during cal-
ibration. However, the use of inline spectroscopic measurements eliminates these un-
certainties. Using a pressure vessel equipped with a supply line of gaseous ammonia,
a pressure gauge, and a NIR probe is an efficient method. A known amount of ammo-
nia is introduced into the system, followed by agitation until the equilibrium pressure
is reached. Application of the ideal gas law allows for determining the ammonia con-
centrations for each operation, which is used to produce the calibration curve.
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Having developed the PAT for inline ammonia detection, stability studies for
posthydrogenation streams with variable ammonia content are performed. This case
study concludes that ammonia concentrations lower than 0.1 M achieve good product
stability. Implementation of NIR spectroscopy-assisted IPC achieved 3.5 times less
impurity in the isolated product at the production scale. The inline FTIR spectroscopy
results in a shorter reaction development phase without the hazardous sampling
methods by assessing Ti(iPrO)4 amount and ammonia pressure. The PAT also pro-
vides the carbonyl compound’s conversion data, which enables the operators to act
promptly in response to any deviation during the ammonolysis reaction.

9.6.2 FTIR spectroscopy-enabled control strategy for brivanib alaninate
manufacturing

The final synthesis step of the anticancer drug brivanib alaninate involves converting
the parent drug into its alaninate prodrug3 form (Figure 9.13).[5, 43] The chemical de-
velopment teamat Bristol-Myers Squibb Company telescoped two reactions in a single
step without isolation of the intermediate species. First, they performed the esterifi-
cation with carboxybenzyl group (Cbz) protected alaninate, followed by removing the
protective group with hydrogenolysis. The insufficient hydrogen supply at the early
stages of the reaction resulted in catalyst poisoning by CO2, which significantly inhib-
ited the reaction rate. Prolonged aging of the hydrogenation reaction mixture, i. e., an
extended reaction time, could mitigate this problem. However, longer reaction times
could also result in higher levels of impurities.

To address this risk and ensure a robust manufacturing process, they imple-
mented inline FTIR spectroscopy into the system. The reaction progress and kinetics
were monitored to eliminate stalling caused by catalyst poisoning and estimate the
reaction end-point to prevent overaging. Additionally, FTIR spectroscopy proved to be
useful in determining residual levels of CO2 at the end of the hydrogenation reaction,
which accelerated the product’s undesirable hydrolysis, deeming the parent drug as
an impurity.

To develop a suitable PAT that employs FTIR spectroscopy for controlling both
the reaction kinetics and CO2 concentration, the reaction componentsweremonitored
through inline measurements. Figure 9.14 shows the spectra of the THF solvent, the
intermediate ester, and the end-of-reaction mixture. The product peak appears in the
1100–1900 cm−1 region. The three peaks (marked with asterisks), which correspond
to the intermediate, can be monitored during the reaction’s progress. Construction of
the calibration curve was carried out using the PLS regressionmodel, which included

3 A prodrug is a pharmacologically inert form of a drug (precursor) that must undergo a metabolic
process to release the active molecule.
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Figure 9.13: The final synthesis step of brivanib involves the conversion of the parent drug into its
prodrug form. The parent drug reacts with Cbz protected alanine, followed by the removal of the pro-
tective group with catalytic hydrogenation. The possible impurities are the result of overreduction
and dialanine formation.

Figure 9.14: FTIR spectra of the hydrogenolysis components during brivanib synthesis. The marked
peaks correspond to the intermediate and can be monitored during the conversion.

a range of different reaction parameters such as temperature (20–35 °C) and catalyst
loading (5–17wt%). Nonetheless, the FTIR detection limit for the startingmaterial was
approx. 2.5 wt%, which is unacceptably low for pharmaceutical production.

To overcome this limitation, the manufacturers developed a prediction-based
end-of-reaction IPC. Their goal was to evaluate the reaction rate and conversion levels
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close to the sensitivity limit and predict the reaction completion time. The CO2 peak
at 2350 cm−1 was well resolved from the rest of the IR bands, allowing for an accurate
calibration curve at low concentrations. Inline FTIR was highly sensitive to CO2 de-
tection, down to ppm levels, which made it possible to determine whether the CO2
concentration level was low enough (less than 250 ppm) for extended storage of the
posthydrogenation stream.

During the scale-up campaign, all the IPCs performed well and proved to be suit-
ably effective and robust elements to ensure product quality, with conversion rates
greater than 99%. Moreover, a remarkable variation in reaction time between 40–125
minutes was found. This inherent fluctuation between different hydrogenations can
be explained by catalyst degradation and the process’s heterogeneous nature. Real-
time reactionmonitoring addressed this risk andprevented by-product formation. PAT
implementation resulted in significant process improvements by establishing a robust
control strategy, preventing waste formation, minimizing downstream processing of
the product, and ensuring product quality.

9.6.3 Implementation of Raman spectroscopy in reaction monitoring

Specialty chemical manufacturers and pharmaceutical companies sometimes out-
source various synthetic steps to contract manufacturing organizations (CMOs). The
technology transfer between companies is not always as smooth and straightforward
as one might expect. Thorough process understanding and reaction monitoring are
of the utmost importance to accomplish a seamless transfer and ensure drug product
quality.

In this case study, the manufacturing of an API involved a complex synthetic re-
action. The starting material could easily have undergone degradation, which would
have resulted in the reaction stalling and the production of unreacted components
and by-products that are difficult to purge. If the reactant became overcharged, thus
driving the reaction to a quicker completion, removing the remaining reactant would
also become burdensome, resulting in discoloration of the product and high impurity
levels. If the reaction had proceeded too long, it could have produced by-products,
which could have interfered with subsequent stages of the synthesis.

For reaction monitoring, a Raman spectrometer was employed by the CMO. By
monitoring the starting material’s consumption rate with Raman, the reaction’s end-
point was detected, as seen in Figure 9.15a.[1] A problematic production batch is
shown in Figure 9.15b, revealing an unexpected deviation in the starting material’s
consumption rate after 5 minutes. This observation was communicated to the plant
operators, and they realized that the agitation speed was set too low. Once this pa-
rameter was corrected, the rate of consumption proceeded to match the expected
rate.
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Figure 9.15: Raman spectral trend monitoring the reaction progress (a) and a problematic production
batch (b).

The in-process correction eventually saved the reaction batch, which passed the qual-
ity specifications. Without the inline reaction monitoring, this operation mistake
would have gone unnoticed, resulting in the accumulation of unwanted impurities
and batch discharge. This seemingly small deviation, and the subsequent correc-
tion, ultimately compensated for the effort to implement the Raman PAT system. The
spectrometer’s application allowed for the successful control of the reaction while
eliminating hazardous sampling and facilitating technology transfer without the
need for time- and energy-consuming experiments.

9.6.4 Process control of continuous synthesis and solid drug formulation by IR and
Raman spectroscopy

There are only a few attempts in developing end-to-end production of solid drug for-
mulation,where the synthesis of anAPI and its solid formulation is coupled in a single
process (Figure 9.16). The continuous manufacturing of acetylsalicylic acid (aspirin)
starts with the acetylation of salicylic acid in a flow reactor, followed by the quenching
of the reaction and the introduction of a polymer excipient.[44] The solution, which
contains the polymer material and the acetylsalicylic acid, was electrospun into solid
nanofibers and deposited into a thin pullulan4 sheet. Follow the QR code on this page
to watch a video explaining the basics of electrospinning. These layered films were
continuously cut into orally dissolving, small pieces. The conversion and the impurity
profile were continuously monitored with IR spectroscopy to prevent the formulation
of low-quality fibers. The application of Raman spectroscopy enabled the monitoring

4 Pullulan itself is an edible polysaccharide, and its best known commercial application is the pro-
duction of thin film minty breath refreshers.
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Figure 9.16: The continuous production of orally dissolving double layered acetylsalicylic film starts
with the acetylation of the salicylic acid, with excess Ac2O. The reaction takes place in a heated cap-
illary tube, followed by quenching, which removes the excess Ac2O, and introduces the polymer
excipient (PVP) into the reaction stream. FTIR spectroscopy determines the quantity of the product,
and in problematic cases, stops the formulation of the nanofibers. The nanofibers were prepared
with electrospinning, and deposited on a pullulan sheet. Raman spectroscopy enabled the investi-
gation of the fiber distribution in the film, which was eventually cut into single pieces with 5–50mg
doses of acetylsalicylic acid.

of the fiber deposition, which allows the instant disposal of the layered films in the
case of uneven fiber distribution.

In greater detail, the acetylation step requires fine-tuned parameters in order to
maximize the conversion and minimize the process time and impurity content. The
acetylationwas achievedwith excess acetic anhydride (Ac2O) andH3PO4 as acid cata-
lyst. The solvent has to readily dissolve the reagents, andmust also be suitable for elec-
trospinning. Ethyl acetate fulfills these requirements. After the reactants were mixed,
the reaction itself takes place in a capillary tube reactor (depicted as Reaction in Fig-
ure 9.16), which enables higher pressures and awider temperature range. The quench-
ing step involves the removal of excess acetic anhydride and the conversion of possi-
ble impurities, and the addition of the polymeric material, namely, polyvinylpyrroli-
done (PVP). PVP is widely used in the pharmaceutical industry, it dissolves in water,
and it is suitable for electrospinning. The quenching agent was ethanol, which re-
acts with acetic anhydride by generating ethyl acetate and acetic acid. Themajority of
ethanol, ethyl acetate, and acetic acid was removed during the electrospinning, and
their quantities in the final product remained below the regulatory limits. In order to
continuously monitor the purity of the reaction, an FTIR flow cell was introduced into
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the reaction stream, as a PAT tool, which enabled quantitative determination of the
product. In the event of an unacceptable purity level, the voltage generator turned off
automatically, thus preventing the formation of low-quality nanofibers.

The formulation and collection of the nanofibers were achieved with electrospin-
ning, which enables effective, yet gentle drying of the material. The deposition of the
fibers takes place on a rotating wheel, covered with a pullulan thin film, as a car-
rier. The formulated double layered film was continuously cut into single pieces (30 ×
30mm) with 5–50mg of acetylsalicylic acid doses. The dose can be easily adjusted by
altering the size of the pieces or the convection of the film (the rotating speed of the
wheel), allowing theproductionof personalizedmedicine. Before the cutting, thefiber
(and API) distribution of the double layered film was continuously investigated with
a motorized Raman probe, which enabled transversal movement through the surface
of the fibrous film. If the content uniformity is unacceptable, the system automatically
detects it, and redirects the problematic sheets to the bin, instead of the product con-
tainer.

The synthesis, the electrospinning of the fibers, and all of the instruments (includ-
ing the PAT tools) can be placed on a 150 × 50 cm bench, greatly reducing the space
requirements of drugmanufacturing. The PAT tools not only enabled effective process
control, but also ensured the overall product quality.
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10 Sustainable nuclear fuels
Diana Gulyas Oldal, Abdulhadi M. Alhaji, Nawaf M. AlGhamdi, Gyorgy Szekely

The progress of humanity and the resulting activities have profoundly impacted the
Earth’s climate, as manifested in, for instance, changes to the planet’s radiative forc-
ing,1 among many other impacts. Figure 10.1 shows the different contributors to ra-
diative forcing. Carbon dioxide and other greenhouse gases directly or indirectly re-
leased byhumanactivitiesmake a significant positive contribution to radiative forcing
and consequently accelerate global warming. This phenomenon has triggered inno-
vations in sustainable technologies with fewer emissions and less environmental im-
pact.

Figure 10.1: Contribution of anthropogenic and natural factors to global warming. Adapted from [3].

Nuclear energy technology has developed rapidly since it was first implemented in
the 1950s. Nuclear energy was initially designed as a weapon in World War II. How-
ever, shortly after the war ended, its enormous potential as an electricity source was

1 Radiative forcing is the measure of the change in the energy balance of the atmosphere.
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acknowledged. Nowadays, it is considered a cleaner, low-carbon electricity source be-
cause it does not generate greenhouse gases or other atmospheric pollutants. The fis-
sion2 of heavy elements (such as uranium) typically releases around 200MeV of en-
ergy more than the energy released by chemical oxidation (such as hydrocarbon com-
bustion), which only releases 20 eV per reaction.[1] In other words, nuclear fission
energy releases 10million timesmore energy per event. Another advantage of nuclear
fission is the significant energy content of heavy metals. According to the Nuclear En-
ergy Institute, one uranium pellet (which is about the size of a fingertip) generates the
same amount of energy as one ton of coal, 481 cubicmeters of natural gas, or 564 liters
of oil.[2]

Before discussing nuclear energy technologies, we should first take a look at how
energy is generally harnessed from different sources (Figure 10.2). Emitted energy
comes from the transition between two states, where one energy state is higher than
the other; the maximum extractable energy is the difference between State 2 and
State 1. The extraction is contingent upon overcoming the activation energy neces-
sary for the transition. In the case of combustion (Figure 10.2b), the latent chemical
bonding energy between the elements in a combustible material (such as octane) is
released by a chemical reaction with oxygen to form more stable combustion prod-
ucts, such as CO2. The required activation energy can be provided by a spark, and the
energy difference between the reactants (such as octane and oxygen) and the prod-
uct (CO2) is released in the form of heat, which can be further utilized for different
purposes.

In the case of nuclear power, the extractable energy originates from the nuclear
binding energy between the nucleons (protons or neutrons) that constitute the nu-
cleus of the atom. Figure 10.3 illustrates the average binding energy per nucleon plot-
ted against the number of nucleons in each nucleus. Points on the graph are showing
elements and their isotopes. Many of these isotopes’ lifetime is considerably longer
than the age of the solar system.[4] There is an initial rise in binding energy with the
peak in the area at 56Fe and 62Ni, i. e., the binding energy significantly increases from
the lighter to the heavier elements.3 Following that region, there is a slight decrease in
binding energy. Consequently, the formation of elements lighter than 56Fe and 62Ni re-
leases energy, while their destruction will consume energy. For elements heavier than
62Ni, the energy release originates from the splitting of their nucleus. Accordingly, nu-
clear energy can be classified as fission and fusion energy. Fission produces energy by
dividing heavy elements into more tightly bound elements, whereas fusion releases
energy by joining lighter elements. Generally speaking, the primary goal is to produce

2 Nuclear fission is a reactionwhere the nucleus of an atombreaks into two ormore smaller fragments
accompanied by the release of a large amount of energy.
3 62Ni is themost tightly boundnucleus owing to its highest value of binding energy, and it is followed
by 58Fe and 56Fe.[47]
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Figure 10.2: Free energy diagrams illustrating how energy is obtained. (a) General concept. (b) Com-
bustion. (c) Nuclear fusion between deuterium and tritium resulting in the generation of helium and
a neutron accompanied by the release of energy. (d) Nuclear fission of 235U induced with a neutron.

more elements that aremore tightly bound than the initial elements in order to achieve
themaximum binding energy because the higher the binding energy of a nucleus, the
more energy is required to divide it into nucleons.

One of the most common examples of fusion is the fusion of the hydrogen iso-
topes: deuterium and tritium (equation (10.1), Figure 10.2c). When deuterium and tri-
tium undergo fusion, a helium atom and a neutron are formed along with the release
of 17.59MeV of energy, by the following reaction:[5]

(10.1) 2
1D +

3
1T→

4
2He +

1
0n.

The major obstacle of this process is overcoming the energy barrier originating
from Coulombic forces. Nuclei are positively charged because of their protons, and
thus they repel each other, forming an energy barrier. To overcome the Coulomb en-
ergy barrier, atoms should have enough incident kinetic energy for the fusion reaction
to occur, which can be provided by a particle accelerator or high temperatures.[5]

Nuclear fission refers to the process when the nucleus of a heavy element splits
into two or more smaller and lighter nuclei (Figure 10.2d). The most common exam-
ple for nuclear fission is the splitting of 235U into lighter elements that are statistically
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Figure 10.3: The average binding energy per nucleon as a function of the mass number. 56Fe and 62Ni
possess the highest binding energy values per nucleon. Based on [4].

distributed with neutrons, accompanied by the release of large amounts of energy.
Unlike fusion, the activation barrier is considerably smaller because the nucleus is
bombarded with a neutron. Fission energy is released through a spontaneous or in-
duced fission reaction.

Figure 10.2d illustrates the free energy diagram of a fission reaction that is fol-
lowed by the release of energy originating from the difference between the initial and
final states. Comparing with Figure 10.2c, we can see that the fusion reaction requires
a higher activation energy than that required for fission. Thus, the higher activation
energy required for nuclear fusion compared to nuclear fission is the main reason
why nuclear fusion technology is not applied in practice, and why all current nuclear
power generation relies entirely on nuclear fission. Follow the QR code on this page
to watch a video by National Geographic explaining how nuclear energy works.

10.1 Benefits of nuclear energy

There are several advantages to the utilization of nuclear energy for power genera-
tion. First, nuclear energy is produced through nuclear fission (the splitting of ura-
nium atoms) rather than chemical burning, and thus it can be considered as a clean
energy source that does not release greenhouse gases. The energy released from split-
ting can be used to provide reliable baseload electricity with relatively few emissions
of pollutants (such as sulfur, NOx, heavy metals, etc.), thus minimizing the impact on
air quality. According to the Nuclear Energy Institute, the United States has avoided
476.2 million metric tons of CO2 emission, 0.218 million metric tons of NOx, and 0.199
million metric tons of SO2 by using nuclear energy.[6]
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Second, a nuclear power plant is considered a secure energy source. The capacity
factor (equation (10.2)) is used to compare the reliability of different energy-producing
technologies and is defined as the ratio between the actual electricity production and
the maximum possible electricity output over a given period. This factor provides in-
formation on the actual energy production without any interruption (a plant operat-
ing at maximumpower). In equation (10.2), capacity denotes themaximum electricity
amount that the given power plant can produce.

(10.2) Capacity Factor = Actual electricity production [MWh]
Capacity [MW] ⋅ Period [h]

⋅ 100%.

Figure 10.4 shows the capacity factors of common power generation technologies
for an average annual period in 2019. Nuclear energy has by far the highest capacity
factor value at 93.5%, which means that nuclear energy is the most reliable energy
source, producing maximum energy during 93.5% of a given year. Nuclear energy is
almost three times as reliable as wind and solar energy sources, and twice as reliable
as biomass, natural gas, and coal plants. One of the main reasons behind this high
capacity factor is that nuclear energy requires lessmaintenance and refueling. In con-
trast, fossil fuel-based plants require substantially more offline periods and down-
time. Likewise, intermittent and renewable energy sources are generally less reliable
because they depend on various factors beyond control. For example, the “fuel” itself
(water, wind, sun) depends on the weather conditions, e. g., the sun does not shine
continuously, and thus power cannot be generated at night. Similarly, if a day is over-
cast or dusty, the efficiency of solar power can decrease. Follow the QR code on this
page for a video that compares nuclear energy with solar energy. Refer to Chapter 13
to learn more about the sustainability prospects of solar powered engineering and its
limitations.Nuclear power is dispatchable,whichmeans that thepower generated can
be controlled. In contrast, the power generated from wind energy depends on wind
conditions and cannot be controlled.

Furthermore, power generation by nuclear energy has a small land footprint.
Wind farms require up to 360 times asmuch land area to generate the same amount of
power as nuclear reactors, whereas solar photovoltaic plants require an area 75 times
larger.[9] Another comparison study concluded that 3.125 million solar photovoltaic
panels or 431 wind turbines are required to be capable of generating the equivalent
amount of power as a single nuclear reactor.[10] Also, nuclear energy generates min-
imal waste due to the enormous density of nuclear fuels. Because one uranium pellet
has the same energy amount as one ton of coal, the generated waste amount is pro-
portionallymuch smaller. The entire amount of used nuclear fuel that has been gener-
ated since the late 1950s could fit within a football field to a depth of approx. 9meters,
which is much less than in the case of a coal plant generating the same amount of
waste on an hourly basis.[11] Refer to Section 10.4 for more details on nuclear waste
management.
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Figure 10.4: Annual capacity factors in 2019 by energy sources where nuclear energy takes first place
(CC denotes combined cycle). The original data were published in references [7, 8].

10.2 Disadvantages of nuclear energy

Besides the numerous benefits of nuclear energy, there are several drawbacks, which
mainlymanifest in their operation. First, there are safety and security concerns asso-
ciated with this technology. There have been fewmajor accidents since the emergence
of nuclear energy, including the Three Mile Island incident in the United States, the
Chernobyl disaster in the former Soviet Union, and Fukushima in Japan. These inci-
dences have cast doubt in the minds of the public on the safety of nuclear reactors
and have tarnished their public image. Moreover, there are international security con-
cerns related to the proliferation of nuclear weapons. Another drawback of nuclear
power plants is the economic costs related to their construction. These plants gen-
erally require high initial capital investment (approx. 2 billion USD) and have long
commissioning and decommissioning times (which can reach up to a 20-year gap).

Even though, nuclear power plants have relatively few emissions, the limited
emissions that they do emit are comparable to those of renewable technologies.
A comprehensive assessment of greenhouse gas-equivalent emissions for nuclear
power plants has shown that nuclear power plants have mean emissions of 66 g
CO2 eq. kWh−1, ranging from 1.4 to 288 g CO2 eq. kWh−1.[12] This value is three times
higher than carbon equivalent emissions from wind turbines and four times higher
than hydroelectric resources.[13] In addition to these emissions, radioactive fuel
waste materials produced as a result of nuclear power plant operations must be safe-
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guarded for an extended period, and their release into the surrounding environment
must be prevented.

Emissions from nuclear power plants are mostly associated with construction
at the frontend and decommissioning at the backend of the plant life cycle (Fig-
ure 10.5a). These include processes such as fuel mining and processing, sourcing
materials for their construction, the building process, waste disposal, and so forth.
Figure 10.5b illustrates the life cycle estimations for various types of electricity genera-
tion. Nuclear power is a better electricity generator than conventional fossil fuel-based
energy resources such as coal and natural gas. However, it still ranks lower than re-
newable electricity generators such as wind or solar power.

A typical nuclear power plant ismaterial-intensive in terms of building materi-
als, requiring 170,000 tons of concrete, 32,000 tons of steel, 1,363 tons of copper, and
a total of 205,464 tons of other materials, such as aluminum, lithium, and silver.[14]

Figure 10.5: (a) The sources of mean emissions reported from different studies of nuclear fuel cycles.
(b) Life cycle estimates for electricity generators. Nuclear energy is ranked between renewable and
fossil-based electricity generators. Data obtained from [12].

10.3 Uranium as a nuclear fuel

Uranium is a graymetal in the actinide series of the periodic table and is a common ra-
dioactivematerial that can be found in the Earth’s crust. Natural uraniummainly con-
sists of the following isotopes: 0.72%of 235U, 99.2745%of 238U, and approx. 0.0055%of
234U. Themajority of nuclear fuels used in nuclear reactorsmainly comprise the fissile
isotopes 235U and 239Pu (the transmutation outcome of 238U). Since only a small con-
centration of fissile uranium can be found in nature, it needs to be concentrated prior
to use in a nuclear reactor. This process of concentrating is called enrichment. Most
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commonly, the concentration of 235U is increased from0.7% to 3–5%,which can be uti-
lized bymost reactors. Only particular types of reactors can utilize naturally extracted
uranium. The sourcing of uranium and the enrichment process have a considerable
impact on the sustainability of nuclear power plants. The following sections discuss
the various approaches for sourcing uranium.

10.3.1 Availability of uranium

Uranium is mainly extracted from geological deposits by mining. This type of ura-
nium is the primary fuel source in nuclear reactors. Figure 10.6 illustrates the distribu-
tion of the identified uranium resources below 130USDkg−1 U cost category. Australia
ranks top for uranium geological resources, with approx. 30% of the total identified
resources globally. Approx. 74% of Australia’s uranium can be found in the Fe-oxide
breccia complex in the Olympic Dam deposit.[15] Australia is followed by Kazakhstan
in the global ranking with approx. 14%, followed by Canada with 11% of the uranium
share.

Figure 10.6:Map of the global distribution of identified uranium resources illustrating the main
uranium-producing countries or countries with significant plans to develop and increase nuclear
capacity as of January 2017. Adapted from [15].

10.3.2 Current methods for uranium sourcing

Before the extracted uranium can be used as fuel, it undergoes numerous process-
ing steps, such as recovery, milling, conversion, and enrichment. Several methods
are known to extract uranium from geological deposits, such as underground min-
ing, open-pit mining, in situ leaching, heap leaching, or obtaining it as a co- or by-
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product through the extraction process of other metals (e. g., silver or copper). In the
case of conventional mining, the uranium ore is crushed in a mill and then ground
and leached, usually with sulfuric acid to dissolve the uranium oxides.[16] After, at
the mine/leaching plant, uranium is separated by ion exchange, followed by drying
and packing, typically as U3O8. In the case of co- or by-product extraction of other
materials, the process is more complicated.

Mining is an important source for uranium extraction. Over two-thirds of the
world’s uranium production comes from mines located in only three countries: 43%
from Kazakhstan (with approx. 23 kt), 13% from Canada (with approx. 7 kt), and 12%
from Australia (with approx. 6 kt).[16] Nowadays, in situ leaching is becoming more
and more popular; over 50% of uranium is produced via this method.[16] In con-
trast, 42% of uranium originates from mines and 7% through the extraction of other
minerals.[17]

In situ leaching is used when the uranium ores are present in groundwater or in
porous unconsolidated material such as gravel or sand. These ores can be accessed
through the dissolution of the uranium contained within.[18] The general process for
in situ leaching consists of the dissolution of the underground ore with an oxidant
(e. g., H2O2) and fixation of the uranium minerals with a complexing agent, which
can be acidic or alkaline depending on the nature of the ore. The solution containing
uranium is transferred to the surface after delivering the leachate to the underground
location. Follow the QR code on this page for a video about in situ leaching of ura-
nium.

Besides conventional uranium deposits, other unconventional uranium sources
exist that have been less depleted, such as phosphate deposits, which are tradition-
ally used to produce phosphoric acid for fertilizers. Phosphate deposits alone are esti-
mated to contain 22 million tonnes of uranium.[19] Another source of uranium is coal
ash, which, in fact, has a higher maximum potential energy present than the energy
released by burning coal. Moreover, uranium can be extracted from seawater. Ex-
traction from seawater is a promising technique that has the potential to expand the
current supply of uranium by more than 250 times. It is also considered a sustainable
source. We will discuss this further in the following section.

10.3.3 Sustainable extraction of uranium from seawater

Supplies of conventional fuel are expected to be depleted in the near future (e. g.,
fossil-based energy sources), and thus their use will diminish over time. Nuclear en-
ergy represents a low-emission type of reliable energy source; however, it requires fur-
ther improvements to be a truly sustainable energy source. Uranium extraction from
seawater is considered a sustainable source because it does not jeopardize the energy
source or drinking water production. Seawater contains a wide variety of minerals,
as summarized in Table 10.1, including an overall large amount of uranium at over 4
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Table 10.1: Average concentration of the elements present in seawater. Data from [20].

Element Concentration [ppb] Element Concentration [ppb]

Cl 1.91 ⋅ 107 Fe 1–2
Na 1.08 ⋅ 107 Ni 0.5–1.7
Mg 1.33 ⋅ 106 V 1.5
Ca 4.22 ⋅ 105 Ti 1
K 3.80 ⋅ 105 Cu 0.6
Li 170 Mn 0.25
Zn 4 Co 0.05
U 3–3.3 Pb 0.03
Al 2

billion tonnes. However, it is severely diluted and thus exists only in low concentra-
tions (3–4 ppb), which poses a challenge for its effective extraction.[15] The extrac-
tion of uranium from seawater requires an advanced adsorbent with high selectivity
and capacity, which requires costly research and development, as well as implemen-
tation. Follow the QR code on this page for a video about uranium extraction from the
oceans.

The uranium content of seawater is continuously renewed by deposits from rivers
that collect sediment through the erosion of the Earth’s mantle, i. e., some of the ura-
nium in the Earth’s crust is dissolved by the water in rivers, which eventually feed
the uranium into the ocean. The recovery of uranium from seawater is sustainable be-
cause the process of leaching, i. e., the process of complexation and transferring the
uranium from underground ores to the surface of the Earth, is performed by nature
itself, thus avoiding the need for toxic chemicals or human intervention.

To get a better perspective on the uranium recovery technologies, we can perform
someback-of-the-envelope calculations. Assume the followingdata for a recovery pro-
cess:
– the uranium concentration in seawater is 3.3 ppb;
– the uptake capacity is 5 kgU t−1;
– the adsorbent can recover 100% of the uranium in a given volume of seawater;
– all of that uranium can be recovered from the adsorbent;
– the adsorbent can be reused ten times before it loses its performance.

Table 10.2 summarizes the calculation results for the estimation of the adsorbent and
seawater needs for the robust extraction of uranium. A typical nuclear reactor with
an electric generating capacity of 1000 MWe consumes approx. 250 tonnes of natural
uranium per year, and about 5,000 tonnes of adsorbent is needed to process 76 bil-
lion cubic meters of water.[21] For reference, the largest reverse osmosis plant in the
world in Ashkelon, Israel, produces 108 million cubic meters of water, and the water
price is 0.527USDm−3.[22] Scaling the production to a global supply of 53,000 tonnes,
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Table 10.2: Estimation of the need for uranium adsorbents along with the seawater demand.

Mass U year−1
(tonnes)

Mass adsorbent year−1
(tonnes)

Volume of seawater
(m3)

Light-water nuclear reactor 250 5,000 76 ⋅ 109

Annual worldwide production 53,000 1,060,000 16 ⋅ 1012

1.06million tonnes of adsorbentwould be needed to process 16 trillion cubicmeters of
seawater. These simple calculations show that actively pumping seawater over an ad-
sorbent to extract uranium is neither practical nor sustainable. Thus, passive deploy-
ment is amore promising technique. Passive deployment, in this case,means that the
adsorbent is placed in the sea instead of forcibly pumping the seawater through the
absorbent.

Large-scale marine experiments deploying an adsorption platform in seawater
have been conducted in Japan.[23] Figure 10.7a illustrates the floating frame and ad-
sorbent beds, along with the used adsorbent stacks. An amidoxime-functionalized
polyethylene/polypropylene fabric was used as the adsorbent. The platform con-
tained a total of 350 kg of adsorbent distributed in three beds, which were lowered 20
m below the surface of the sea. The beds were left to adsorb uranium for 20–40 days,
after which the uraniumwas extracted by recovering the adsorbent from the sea. Dur-
ing the testing period, a total of 1 kg of uraniumwith an average capacity of 0.5 kgU t−1

adsorbent was recovered. The platform without a floating frame and adsorbent beds
enabled the reduction of the total cost by 40%.[24] Consequently, the adsorbent was
redesigned in the form of kelp-like braids, which were anchored to the seabed with
a chain, which could be easily disconnected remotely for recovery of the uranium
(Figure 10.7b). This redesign reduced the collection cost and increased the adsorbent
capacity to 1.5 kgU t−1 thanks to the increased contact between the adsorbent and the
seawater.

There are many different types of adsorbents that can be used for uranium ex-
traction. Synthetic polymers are commonly used for the extraction of uranium from
seawater due to their following characteristics:
– selective functional groups can be added to polymer chains to enhance uranium

adsorption capacity and affinity;
– both robust and ductile polymers can be used as adsorbents;
– diverse shapes of polymer adsorbents can be fabricated in large amounts;
– the density of the polymer adsorbents is similar to the density of seawater, thereby

facilitating deployment.

There are several types of polymerization for uraniumadsorbents; however, radiation-
induced graft polymerization (RIGP) and atom transfer radical polymerization are the
most common ones. RIGP is a highly favored method due to its versatility; it can be
used to functionalize the grafted chains on various shapes of polymers with different
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Figure 10.7: (a) Adsorbent bed technology for uranium recovery from seawater representing an ad-
sorbent stack (on the left), and showing the floating adsorbent frame with three adsorbent beds (on
the right). Reprinted with permission from [25]. (b) The rearranged deployment system for braided
polymer adsorber. Reprinted with permission from [26].

functional groups, such as amidoxime, sulfonic acid, phosphoric acid, or iminodiac-
etate.[20]

Amidoxime-containing adsorbents arewidely used for uranium recovery owing to
their high affinity for chelating uranyl ions in seawater (amidoximated synthetic poly-
mers proved to have adsorption capacity of 28.1 kgU t−1).[27] Various inorganic mate-
rials are used as adsorbents due to their beneficial properties such as tunable pore
structure, high surface area, and low cost. Hydrous titanium oxides have traditionally
attracted the most interest, whereas nowadays, silicates are emerging as more popu-
lar candidates. Biopolymers are also used as adsorbents because they are renewable
and environmentally friendly (biocompatible and biodegradable). Refer to Chapter 12
for in-depth discussions on sustainable polymers and their manufacture.

Chitin can be used as a surface-modified fiber for the extraction of uranium from
seawater.[28]Chitosan and agarose cryomatrix can be synthesized by cryotropic poly-
merization, and its surface can be functionalized with melanin, which results in 97%
uranium adsorption at pH 5.5.[29] Without melanin, only 40% uranium adsorption
can be achieved. The strong sorption achieved by the melanin-modified biopolymer
matrix can be attributed to the electrostatic interaction between the uranium cation
and the anionic surface ligands, such as hydroxyl, and phenolic and carboxylic acid
groups in the melanin molecule. In addition, the interaction of uranyl ions with the
nitrogen and the oxygen of the chitosan and agarose biopolymers also enhances the
adsorption of uranium. However, in real seawater, the uranium uptake is reduced
to 86% due to the presence of salts. Both chitin and chitosan are natural polymers
and are considered sustainable. Phenylarsonic acid-type chitosan resin has also been
found to have a high affinity toward uranium (virtually 100% over a broad pH range
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from4 to 8) because phenylarsonic acid and its derivatives form stable complexeswith
U(VI).[30]

Hydrogels, a hydrophilic network of crosslinked polymer chains, are capable of
absorbing large amounts ofwater. A bio-based antibacterial cellulose paper-poly(ami-
doxime) composite hydrogel has been demonstrated to have good uranium adsorp-
tion of 12.9 kgU t−1 poly(amidoxime). This high adsorption may be due to the fact that
the hydrogel network candisperse the amidoxime-functionalizedmolecules, and thus
facilitate the uranyl ions to reach the inner part.[31] According to the study, the an-
tibacterial property has a significant effect on the uranium uptake, whereby the an-
tibacterial adsorbent is more than 31.5%more effective than the non-antibacterial ad-
sorbent. This adsorption value approaches the conventional amidoxime-based adsor-
bents’ value and therefore provides a renewable and green alternative solution for
uranium extraction. However, further research is required in the field of renewable
uranium adsorbents to ensure their sustainable development by addressing the high
uptake value, low-cost, reusability, selectivity, and large-scale production along with
inertness to the surrounding environment.

Nanostructured materials are often used for uranium recovery. Metal-organic
frameworks (MOFs) are porous materials consisting of metal ion/clusters, which are
coordinated with organic ligands to form infinite 1D, 2D, or 3D structures. They are
characterized by their high surface area and their high and tunable porosity. Selective
uranium adsorption is another critical property for sustainable nuclear energy devel-
opment. Thanks to amidoxime’s great chelating affinity for uranium, it has also been
used in MOFs. An amidoxime-appended MOF, called UiO-66-AO, has been shown
to exhibit an adsorption capacity of 2.68 kgU t−1 in real seawater and a reusability
that maintains more than 80% uranium desorption after at least three cycles.[32]
Amidoxime-based MOFs are a promising tool for uranium extraction owing to their
high affinity for uranyl cations and their high surface areas. Another amidoxime-
functionalized MOF (MIL-101-OA) has been synthesized by grafting acrylonitrile into
the mesopores of MOF, which exhibited uptake of 4.6 kgU t−1 adsorbent in real sea-
water.[33] Other nanomaterials for the adsorption of uranium include bio-inspired
nano-trap amidoxime-based MOFs with an adsorption capacity of 4.36 kgU t−1 in real
seawater.[34]

Several challenges have been encountered in the development of adsorbents. The
chemistry of seawater changes over time and space due tomarine flora and fauna, wa-
ter transport, weather patterns, currents, etc. The pH value, temperature, and salinity
all have an impact on adsorption performance. Selective ion collection is a challenge
because ion competition (with vanadium, in particular) can reduce the uranium ad-
sorbent capacity and affect regeneration. Vanadium has complex solution chemistry,
which poses additional difficulties regarding selective ion recovery.[35] The relative
abundance of the metals adsorbed by amidoxime-based polymer adsorbents (in mo-
lar percent) is as follows: vanadium (14.9%) ≫ iron (1.6%) > uranium (1.0%). More-
over, vanadium is 15 times more abundant in seawater than uranium.[35] Biofouling
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is also a potential issue, which results from microorganisms in seawater collecting
on the adsorbent. Furthermore, the regeneration of the adsorbent can be problematic
if its configuration or structure is not explicitly designed for regeneration. Ensuring
large-scale production while also ensuring sustainability and high performance, all
at a low cost, is a challenge yet to be overcome.

10.4 Waste management

Nuclear radioactive waste can be described by its specific radioactivity, the unit of
measure of which is becquerel per cubic meter (Bqm−3), and is classified into three
groups:
– high-level radioactive waste higher than 1014 Bqm−3;
– medium-level radioactive waste between 1010 and 1014 Bqm−3;
– low-level radioactive waste below 1011 Bqm−3.

Themost abundant waste produced by volume (90%) comprises low-level waste such
as tools and work clothing, which represents only 1% of the total radioactivity of
all the waste generated.[36] On the contrary, high-level waste comprises only 3% of
the total waste volume produced and primarily includes spent nuclear fuels. Nuclear
waste is solid and can potentially be recycled, and its amount is relatively small due to
its high energy density. Nuclearwaste can be safely disposed of by final geological dis-
posal.[37] Geological disposal sites provide multibarrier isolation of nuclear waste,
deep underneath the Earth’s surface in a tectonically stable location. The Interna-
tional Atomic Agency estimates that currently, there is a total of 22,000m3 high-level
solid nuclear waste held in storage.[38] Approx. 28,464,000m3 of medium- and low-
level radioactive waste is disposed of due to its considerably lower radioactivity,
whereas 6,295,000m3 is kept in storage.

Nuclear waste is disposed of in designated disposal sites. Low-level radioactive
nuclear waste can be disposed of in near-surface repositories, taking care to avoid
water and soil contamination. However, highly radioactive spent nuclear fuel after re-
moval froma reactorwill continue to generate heat for decades and, accordingly,must
be cooled by storing it in water pools. This process prevents radiation exposure but re-
quires a significant amount of time. Therefore, the disposal of depleted nuclear fuel
in geological repositories could serve as a solution for handling high-level radioactive
waste. Finland is close to finishing the first deep geological repository for the disposal
of spent nuclear fuel. The used fuel will be encapsulated in corrosion-resistant con-
tainers, and it will be stored 500m below ground level.[39] Anywater used for cooling
the spent nuclear fuel can also be isolated, and thus the waste disposal becomes a
more sustainable process.

Nuclear energy is one of the most promising and reliable energy forms currently
available. However, significant challenges remain, including the proliferation of ra-
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dioactive material, energy resource security, environmental contamination issues,
and especially the issue of nuclear waste and risks at nuclear plants (such as ac-
cidents). The redox state of used nuclear fuel affects the fuel’s mobility in the en-
vironment, making it water-soluble and, subsequently, a potential environmental
contaminant.[40]

There are some promising methods to mitigate the adverse effects of nuclear
waste. The use of microbes in nuclear waste management is emerging due to their
low cost and low environmental impact.[41] There are two main mechanisms for
the use of microbes to mitigate nuclear waste: demobilization and mobilization. In
demobilization, the goal is to stop nuclear waste from reaching streams that could
harmhumans and nature. Demobilization includes bio-reduction (Figure 10.8c) of the
toxic metals used in the plant, and bio-mineralization (Figure 10.8d) and bio-sorption
(Figure 10.8e), where the waste is adsorbed in the cell walls of microbes and demo-
bilized. In contrast,mobilization requires moving the waste from point A to point B,
which is done by the bio-oxidation (Figure 10.8a) of metals or bio-demineralization
(Figure 10.8b).

Bio-reduction is a reduction process of the soluble, oxidized U(VI) to insoluble
U(IV), which typically involves sulfide, molecular hydrogen, or organic molecules as
the reducing agents.[43] Electroactive microbes can bio-reduce aqueous U(VI) to in-
soluble U(IV) using electron transport from contaminated groundwaters.[44]

Bio-mineralization is another key process for waste management where the ura-
nium is precipitated with phosphates produced by microorganisms. Thus, uranium
can be precipitated via microbially generated ligands like sulfide or phosphate, or
carbonates or hydroxides, in response to local alkaline conditions at the cell surface
(Figure 10.8d).[42] Diverse bacteria can precipitate uranium as uranyl phosphate or as
autunite.

Bio-sorption involves the removal of metals from solution using microorganisms
that adsorb uranium onto the surface of the living cell. Bio-sorption can follow either
physicochemical interactions or electrostatic/binding interactions. Physicochemical
interactions involve physical adsorption, ion exchange, or complexation between the
metal and functional groups of the cell surface.[45] Physical adsorption consists of
creating bonds between the metal and active sites of the bio-sorbent (in this case, a
microorganism). Ion exchange is the primary mechanism in bio-sorption, driven by
the competition between the cation and the metal ions for the binding sites.[46] The
sorption based on electrostatic interaction is the result of the microorganisms’ nega-
tive charge on their cell surface (because of the anionic structure), which allows them
to bind the metal cations (Figure 10.8e). Chemical groups on the cell surface that pos-
sess a negative charge include carboxyl, amine, hydroxyl, phosphate, and sulfhydryl
groups, and these can adsorb the metal cations.

Bio-oxidation is a process whereby the aqueous metals are turned insoluble
through oxidation reactions (Figure 10.8a). Another mobilization process is bio-
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Figure 10.8:Metal mobilization and demobilization via microbes. (a) Metal-oxidizing organisms
can dissolve metals (e. g., uranium) through indirect oxidation or direct oxidation. (b) Mineral-
solubilizing microbes can precipitate metals from ores. (c) Bio-reduction from U(VI) to U(IV) by mi-
croorganisms, which immediately precipitates forming insoluble uranium-crystals. (d) Phosphates
produced by microbes can precipitate uranyl phosphate. (e) Carboxyl and phosphate groups on the
surface of organisms can bind middle rare and heavy earth elements. Adapted from [42]. REE, rare
earth elements; EET, extracellular electron transfer; bioleaching is the conversion of insoluble metal
into a soluble form.

demineralization, which occurs when an organic acid produced by the microor-
ganism dissolves the minerals in the ore, thus precipitating the metal (Figure 10.8b).

Although sustainable solutions, these bio-oriented approaches face many chal-
lenges for their wider application in the nuclear energy field. Bio-reduction converts
the water-soluble uranium into monomeric U(IV) or uraninite (UO2), which only pos-
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sesses medium stability, i. e., they can reoxidize (in the case of uraninite, reoxidiza-
tion is less likely due to its crystalline structure).[40] Additionally, to achieve more
extended stability in bio-reduction, electron donors are introduced, and thus, there
can be electron donor replenishment issues if the electron donors are depleted too
rapidly.[42] Nuclear waste has two main issues: radiation and metal toxicity. With
the microbes tested to date, there tends to be a trade-off between the microbes’ tol-
erance to radiation or metal toxicity. Somemicrobes can be tolerant to both, but there
are complications with genetically deciphering them. Therefore, genetic engineering
efforts have instead focused on understanding this trade-off. Thus, the handling of
nuclear waste remains a challenge, and perhaps presents an innovation opportunity
where emerging discoveries can make use of the spent fuel, as opposed to relying
solely on waste disposal.
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11 Toward sustainable biofuel production processes
Martin Gede, Diana Gulyas Oldal, Gyorgy Szekely

There is increasing awareness that our energy systems need to be improved or even
revolutionized. The grand sustainability challenge of the twenty-first century em-
braces novel approaches to improve energy security and mitigate any detrimental
impacts on the environment. The primary goal of these novel approaches is to miti-
gate global warming and climate change. Fossil fuels can easily meet current energy
demands, but they have harmful effects on the environment (e. g., greenhouse gas
emissions). Consequently, there is a need to discover sustainable energy resources.
Renewable-based products and energy forms have great potential to reduce society’s
environmental burden.

Biofuels are energy sources derived from living matter through biological pro-
cesses. They can be solid (wood, dried plant material), liquid (bioethanol and bio-
diesel), or gaseous (biogas), and are all sustainable. Biofuels are classified into two
groups: primary and secondary biofuels. Primary biofuels are not processed and are
directly utilized without any modification for heating, electricity production, or cook-
ing. Unprocessed biomass such as firewood, wood chips and pellets, animal waste,
landfill gas, and forest and crop residues represent the primary biofuel feedstocks.
Secondary biofuels are the modified forms of the primary biofuels, and they can be
processed and produced as solids (e. g., charcoal), liquids (e. g., bioethanol and bio-
diesel), or gases (e. g., biogas, synthesis gas, and hydrogen). These fuels are used in
numerous industrial processes and transportation. Secondary biofuels can be further
classified into first-, second-, third-, and fourth-generation based on the used feed-
stock sources and production technologies.[1]

First-generation biofuels derive energy from food sources (e. g., corn, wheat,
palm, corn, soybean, sugarcane, rapeseed, oil crops). Bioethanol is a commonly
known first-generation biofuel obtained from starch fermentation (e. g., wheat or
corn) or by fermentation of sugars (e. g., sugarcane).[2] Biodiesel produced from the
transesterification of oil crops (e. g., rapeseed, soybeans) represents another well-
known first-generation biofuel.[3]

Fuels derived from non-food feedstocks and waste from leftover food resources
are called second-generation biofuels. These sources include agricultural residues,
forest harvesting residues,woodprocessingwaste (such as leaves, straw,wood chips),
and the non-edible parts of corn or sugarcane.[4] Second-generation biofuels aremore
favorable than first-generation biofuels because they are produced from lignocellu-
losic biomass or the woody part of plants, which do not directly jeopardize or com-
pete with food production. From a sustainability perspective, one of the advantages
of utilizing these by-products to produce biofuels is that no additional water, soil, or
fertilizers are required to grow the feedstock. On the other hand, the expensive pro-
cess to produce second-generation biofuels, such as converting andpretreatingwoody
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biomass into fermentable sugars, restricts their widespread use on a large, commer-
cial scale. This generation of biofuels includes bioethanol, biodiesel, dimethyl ether,
biosyngas Fischer–Tropsch (FT) biodiesel, and biomass to liquid (BtL) biodiesel.[5]

Third-generation biofuels are primarily derived from microalgae. Microalgae
are photosynthetic microorganisms that require simple primary growing conditions
(light, sugars, CO2, N, P, and K). They can produce lipids, proteins, and carbohydrates
in large amounts over short periods.[6] Third-generation fuels can also be produced
from some other aquatic microorganisms such as cyanobacteria, bacteria, fungi, and
yeast.[7] Microalgae is a promising sustainable energy source because it can produce
15–300 times more oil (by area) for biodiesel production than traditional plants.[8]
Moreover, microalgae have a short harvesting time (1–10 days), which means that
they can be harvested continuously and multiple times with higher yields than tra-
ditional crops (their harvesting cycle is once or twice annually). Follow the QR code
on this page to learn more about the production of biofuel from algae from the Ameri-
can Scientist. Third-generation biofuels include biomethane, bioethanol, biobutanol,
vegetable oil gasoline, biodiesel, biomethanol, and jet fuels. The main benefits of
third-generation biofuel feedstocks are that they do not compete for agricultural land
use or risk food production. Moreover, algae can contribute to wastewater treatment
by removing nutrients from water, such as N and P. Furthermore, they are highly
biodegradable and can be grown with minimal land and water demand. Follow the
QR code on this page to watch a TED talk about energy from floating algae pods by
Jonathan Trent.

Fourth-generation biofuels represent a broad category of biofuels that can also
capture and store carbon dioxide. These biofuel feedstock crops are genetically de-
signed to consume more CO2 from the atmosphere than they generate during their
combustion as fuels.[9] Consequently, they contribute to the reduction of emissions
by decreasing the CO2 in the environment. The most prominent examples of fourth-
generation biofuels are green biodiesel, biogasoline, and green aviation fuels pro-
duced from vegetable oils and biodiesel. This class of biofuels is still relatively new
and under development. In the following sections, the conventional and more effi-
cient biofuel production techniques are discussed. For further reading, Singh’s review
[10] and Gude’s book [11] are recommended. To learn about biofuel economics from
David Ruzic at the University of Illinois Urbana-Champaign, follow the QR code on
this page.

11.1 Production of alcohols as fuels

One of the most common alcohol biofuels is bioethanol. Bioethanol has an oxygen
atom and therefore has a lower oxygen demand. Thus, bioethanol facilitates the
combustion process better than hydrocarbons. First-generation bioethanol is derived
from different sugar and starch grains, such as corn, wheat, or sugarcane. The starch

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



202 | 11 Toward sustainable biofuel production processes

from the grains provides the raw material for grain-based bioethanol production,
but in sugar-based plants, the sugar content is extracted from sugarcane. Second-
generation bioethanol is extracted from lignocellulosic biomass, i. e., it is produced
from the woody parts of plants, wood waste, or agricultural residues. Figure 11.1 il-
lustrates the process of bioethanol production from diverse rawmaterials. Bioethanol
production mainly depends on raw materials and consists of three main steps:
1. preparation of the solution containing sugars for fermentation;
2. fermentation of sugars to ethanol;
3. separation and purification of the obtained ethanol.

Figure 11.1: The production of bioethanol from different raw materials such as sugarcane, corn, and
cellulosic biomass. The fermentation and ethanol recovery processes are similar in each case. CGM,
corn gluten meal; CGF, corn gluten feed; DDGS, dried distillers grains with solubles (animal feed).

Sugar-based crops are commonly used for bioethanol production due to the high yield
of sugar per acre and cheap conversion processes.[12] However, their use is limited due
to their seasonal availability. In a broader sense, the following steps are the general
constituents of bioethanol production:
1. Grinding: The raw material is ground into a fine powder.
2. Pretreatment/liquefaction: This fine powder is mixed with water and cooked at

elevated temperature to produce a gravy, followed by partial hydrolysis by alpha-
amylase enzymes that break down the long starch chains.

3. Hydrolysis/saccharification: The obtained liquid mixture is cooled, and then
glucoamylase is introduced to the system to transform starch molecules to fer-
mentable sugars.
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4. Fermentation: Yeast or bacteria is added to the fermentable mixture to convert
sugars to ethanol and CO2 via alcoholic fermentation.

5. Distillation: The fermented solution contains 10 vol%alcohol,which is separated
from other substances (e. g., non-fermentable compounds, yeast molecules) by
distillation, resulting in 95 vol% ethanol.

6. Dehydration: Industrially applicable anhydrous bioethanol contains 99.5 vol%
ethanol, with water content below 0.5 vol%; however, water forms an azeotropic
mixture with ethanol (95 vol% ethanol, 5 vol% water), and therefore simple dis-
tillation is not sufficient to achieve a higher alcohol content. Hence, dehydration
with molecular sieves or azeotropic distillation with an entrainer compound is
used to remove water and produce anhydrous alcohol because the water content
could damage metal parts of internal combustion engines.

7. Denaturation: Ethanol used as fuel is denatured with a small amount of gasoline
(for instance, 2–5 vol%) tomake it unsuitable for human consumption,which con-
sequently incurs lower taxes.[13]

11.1.1 Biochemical conversion of lignocellulosic biomass

There are two major production processes for lignocellulosic biomass sources: bio-
chemical conversion (sugar platform) and thermochemical conversion (syngas plat-
form).[14] Thebiochemical process utilizes enzymes to convert the pretreated lignocel-
lulosic biomass to fermentable sugars through cellulose,which ends up as bioethanol.
In contrast, the thermochemical conversion gasifies the resources to produce syngas
– a mixture of CO, H2, and CO2 – that can be converted to ethanol through chemical
catalysis or biological reactionbymicroorganisms. Theprocess of biochemical conver-
sion is illustrated in Figure 11.2. Bioethanol production from lignocellulosic biomass
does not compete with food production and is considered more sustainable than pro-
duction from starch- and sugar-based plants. Follow theQR code on this page towatch
a video illustrating the biofuel production process.

11.1.2 Grinding

The biochemical conversion process starts with the grinding of the lignocellulosic
material. Grinding is an essential step to reduce the biomass recalcitrance, i. e., plant
cell walls’ natural resistance to microbial and enzymatic breakdown.[15] The pro-
cess decreases the particle size and increases the porosity and cellulose accessibility
to achieve effective hydrolysis in the following step. Common techniques to reduce
particle size from 1–3 cm to 0.2–2mm are the combination of chipping, grinding, and
milling.[16] Energy consumption depends heavily on the starting material’s nature;
for instance, the treatment of hardwoodmaterial and corn stover for the same particle
size consumes 130 kWh ton−1 and 14 kWh ton−1, respectively.[17]
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Figure 11.2: Bioethanol production from lignocellulosic material starts with the grinding of bio-
derived sources such as lignin, hemicellulose, and cellulose. The next step is the pretreatment to
remove lignin, followed by hydrolysis of cellulose into sugars. In the fermentation process, the sug-
ars are converted into ethanol, which has to be concentrated and dehydrated to make it suitable for
fuel applications.

11.1.3 Pretreatment

The presence of lignin in the biomass limits cellulose accessibility. Lignin also binds
to the cellulose enzymes, resulting in lower saccharification rates.[18] Therefore, pre-
treatment of the lignocellulosic biomass is needed to reduce the physical and chemi-
cal barriers during enzymatic conversion. Alkaline pretreatment with NaOH, Ca(OH)2,
KOH, and aqueous ammonia and acid pretreatment with HCl, H2SO4, and H3PO4 have
been used to digest the lignin matrix.[19] Drawbacks of this approach include the in-
sufficient separation of cellulose and lignin, high energy consumption andwaste gen-
eration, and the formation of toxic inhibitors (furfural, organic acids, phenolics) that
eventually decrease the enzymatic conversion. Although biological conversion with
white rot and brown rot fungi is considered environmentally benign, the long pretreat-
ment time and the large amount of space required to implement the process make it
impractical for industrial purposes.[19]

The development of advanced pretreatment technologies is essential to overcome
these drawbacks. The application of ionic liquids and other green solvents has the
potential to benefit this process. Ionic liquids are considered green due to their low
vapor pressures, high thermal stability, and relatively low toxicity. Refer to Chapter 3
to learn about green solvents and their role in sustainable manufacturing. Ionic liq-
uids can selectively remove lignin and hemicellulose from lignocellulosic biomass,
although they are currently too expensive for large-scale processing.[20] However, a
life cycle assessment revealed that triethyl ammoniumhydrogen sulfate has the lowest
total cost compared to acetone and glycerol.[21] Moreover, bio-based ionic liquids can
be produced from lignin by applying controlled depolymerization and synthetic steps.
Depolymerizationmainly yields vanillin and p-anisaldehyde, which can be converted
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into tertiary amines via reductive amination. Treating the amineswithphosphoric acid
produces the ionic liquid, which can be used for biomass pretreatment. This method
is ideal for creating closed-loop biorefineries.[20]

Cyrene (dihydrolevoglucosenone), a bio-renewable solvent that is considered an
alternative to dipolar organic solvents, is derived mainly from cellulose and dissolves
lignin readily. Cyrene’s utilization in biomass pretreatment requires milder temper-
atures (120 °C compared to conventional sulfuric acid treatment at 140–200 °C),[15]
improves lignin removal, and significantly increases the accessibility of cellulose, re-
sulting in virtually 100% conversion.[22]

The obtained dissolved lignin is a valuable starting material in the valorization of
biomass waste, which increases the cost-competitiveness and sustainable aspects of
biorefineries.[23] Valorization techniques include the thermochemical conversion of
lignin biomass via pyrolysis, which produces syngas, bio-oil, and biochar.Microwave
pyrolysis of agricultural waste is a promising technology since it can favorably alter
pyrolysis products’ yields and properties.[24] The separation of high-purity phenol
(97wt%) and catechol is also feasible from the aqueous waste stream generated by
fast catalytic pyrolysis.[25] Phenol is primarily used in polycarbonate resins,while cat-
echol is primarily used in insecticides and pharmaceuticals and as polymerization in-
hibitors.[26] Refer to Chapter 12 to learnmore about green polymer and building block
manufacturing. The high-value product vanillin can be obtained directly from lignin
by applying electrolysis without toxic and expensive oxidizers.[27]

11.1.4 Hydrolysis/saccharification

Chemical hydrolysis or enzymatic hydrolysis can be applied to convert cellulose into
simple fermentable sugars. Conventionally diluted acid hydrolysis is preferred, al-
though this process struggles to achieve glucose yields of more than 70%while avoid-
ing glucose decomposition. Concentrated acid treatment positively affects the glu-
cose yields; however, it leads to significant acid consumption, waste generation, and
equipment corrosion.[28] Enzymatic hydrolysis is potentially more environmentally
benign since it is conducted under milder reaction conditions (40–50 °C, pH 4–5),
whichmeans less energy consumption and better corrosion properties. The drawback
of enzymatic reactions is the slow reaction rate and product inhibition problem. Prod-
uct inhibition occurs during enzyme catalysis when the product binds to the enzyme’s
active site, thus preventing it from further reaction and leading to lower yields of
sugar.[29, 30] Membrane integrated bioreactors can effectively contribute to tack-
ling this problem.[30] The continuous removal of newly generated sugars during the
process canmaintain or even increase the conversion rate.[31] The basic configuration
of such a reactor system is illustrated in Figure 11.3.

Suitable ultrafiltrationmembranes facilitate the permeation of newly formed sug-
ars with approx. 180 gmol−1 molecular weight while retaining cellulose enzymes with
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Figure 11.3: A typical membrane bioreactor system for the enzymatic hydrolysis of lignocellulosic
biomass.

approx. 35,000–65,000 gmol−1 molecular weight. A polysulfone ultrafiltration mem-
brane with a molecular weight cut-off of 10 kDa was successfully implemented in a
similar reactor design. A 53% conversion rate was achieved,much better than the 35%
achieved in a traditional batch operation.[31]

11.1.5 Fermentation

In the fermentation step, simple sugars are converted into ethanol by bacteria or yeast
through biological processes. The microorganism type plays a prominent role in pro-
ducing ethanol: ideally, the microorganism should have a broad substrate capacity,
high ethanol productivity, and the capability to withstand the reaction temperature
(28–52 °C) and the high concentration of ethanol.[30] Product inhibition, which is a
major limiting factor in producing ethanol, is observed when the ethanol concentra-
tion reaches 12 vol%, eventually bringing the conversion to a halt and leaving a signif-
icant amount of unconverted sugars in the fermentation batch.[32] Amultistagemem-
brane integrated bioreactor can be implemented to overcome these problems, which
simplifies and replaces several high-energy-consuming downstream processes, such
as centrifugation, distillation, neutralization, and dehydration. The target molecules
can be fractionated at different stages by combining microfiltration, ultrafiltration,
and nanofiltration membranes, as illustrated in Figure 11.4. The yeast cells and the
residual sugars are recycled, and the water–ethanol mixture is separated by direct
contact membrane distillation (DCMD). The continuous removal of ethanol reduces
the problemof product inhibition and increases sugar conversion, and the overall pro-
cess consumes less energy than conventional batch reactions.[33]
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Figure 11.4: Schematic representation of a three-stage membrane bioreactor. The first stage is mi-
crofiltration, where the retention of yeast cells takes place. The second stage is nanofiltration, where
residual sugars are recycled, and finally, the separation of water and ethanol through direct contact
membrane distillation (DCMD) occurs.

11.1.6 Distillation/dehydration

The energy required to increase the ethanol concentration from 12 vol% to 96 vol%
by conventional distillation contributes to approx. 40% of the total energy consump-
tion inbioethanol production.[34] Thewater content of industrially applicable ethanol
should not exceed 0.5 vol%. Advanced extractive distillation techniques can be used
with the addition of ethylene glycol and n-pentane to overcome the azeotropism of a
water–ethanol mixture. However, this technique also generates waste and has a high
energy demand.

Membrane-based advanced processes have been extensively studied for the di-
rect recovery and concentration of bioethanol. Based on the partial pressure differ-
ence between ethanol andwater, ethanol vapor can be separated throughmembrane
distillation. In contrast, the concentration difference between the feed and permeate
allows separation through pervaporation.[35] Membrane distillation can be carried
out at amuch lower temperature than conventional distillation and is also considered
a sustainable green alternative approach in separation processes.[36] Ethanol produc-
tivity can be improved during the fermentation process by coupling with direct mem-
brane distillation, allowing selective removal of ethanol and thus lowering the prod-
uct inhibition effect. Owing to their low surface tension values, polymericmembranes
for these applications are made of polytetrafuoroethylene, polypropylene (PP), and
polyvinylidenefluoride (PVDF).[30]

Membrane pervaporation performance depends on the membrane’s characteris-
tics, such as membrane thickness, selectivity, feed temperature, and ethanol concen-
tration. Pervaporationmembranes are either hydrophobic (cellulose acetate butyrate,
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polyimide, polydimethylsiloxane) or hydrophilic (cellulose ester).[37] Applying both
hydrophilic and hydrophobic membranes in pervaporation separation, as illustrated
in Figure 11.5, can provide fuel-grade quality ethanol with lower energy demand.[38]

Figure 11.5:Multistage separation by pervaporation applying both hydrophobic and hydrophilic
membranes, with separation factors (ξ ) 50 (A route) and 100 (B route); Θ = flux of water to the flux of
ethanol ratio.

11.1.7 Case study of a membrane integrated bioreactor system for the continuous
production of bioethanol

The industrial batch production of bioethanol suffers from several problems such
as product inhibition, slow reaction rate, and difficulties in separation and purifica-
tion. The integration of a modular bioreactor with a multistage membrane system is a
promising technology offering simplicity, flexibility, efficiency, and eco-friendliness.

In this case study, the production of bioethanol was designed in a continuous
operation from sugarcane juice, as illustrated in Figure 11.6.[33] The production can
be separated into two main parts: the upstream process, where the preparation of the
mediumand the fermentation takeplace, and thedownstreamprocess,which consists
of the isolation of ethanol from the fermentation batch.

The upstream process starts with the clarification, sterilization, and concen-
tration of sugarcane juice. The conventional process involves multiple heat treat-
ments (often 130 °C), chemical addition, and centrifugation. However, in this mem-
brane-based system, the raw juice was clarified and cold-sterilized using a microfil-
tration membrane (PVDF, pore size: 0.45 µm, MWCO = 5 × 105 gmol−1) in a cross-flow
mode to remove dirt, bagasse particles, and microbes. The filtrated juice sugar con-
centration was increased from 12.5wt% to 36wt% using nanofiltration (polyamide
membrane, pore size: 0.53 nm, MWCO = 150–300 gmol−1, cross-flow).
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Figure 11.6: Schematic representation of bioethanol production starting from sugarcane. The sug-
arcane juice is clarified via microfiltration, where the permeate is further concentrated by nanofil-
tration. The fermentation is a continuous multistage membrane process, which directly yields pure
ethanol. During fermentation, the yeast cells are recycled back into the fermentation, while the per-
meate stream is directed into the nanofiltration stage. Residual sugars are also recycled back into
the fermentation, and the permeate, which contains ethanol, water, and small ions, is separated via
direct contact membrane distillation.

In the next step, the fermentation and the separation of ethanol were cou-
pled through a multistage membrane process in three distinct stages: microfiltration,
nanofiltration, and DCMD. Duringmicrofiltration (PVDF, pore size: 0.45 µm), the yeast
cells were separated and recycled back to the fermenter. In the second stage, nanofil-
tration was applied (polyamide, pore size: 0.57 nm, MWCO = 150–300 gmol−1) to
separate and recycle back the residual sugar and permeate water and ethanol. The
fouled membranes were cleaned by soaking in 0.1 N NaOH, 0.01 N NaOCl, and 0.01 M
HNO3 aqueous solution for 1 h at 45 °C. The microfiltration membranes were cleaned
every 10–12 h and nanofiltration membranes every 45–50 hours to control the mem-
brane fouling.

The fermentation begins with the addition of yeast cells. Once it reaches the de-
sired amount of biomass (24–26 h), fermentation can be switched to the continuous
mode by adding fresh sugar feed. The dilution rate must be equal to the microfil-
trate permeate volume. The separation of ethanol from water is challenging because
ethanol and water form an azeotropic mixture in a ratio of 95:5 vol% during conven-
tional distillation. Membrane-based distillation is an alternative to energy-intensive
conventional distillation.Membrane distillation should not be used immediately after
fermentation due to a deterioration in permeability, selectivity, efficiency, and mem-

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



210 | 11 Toward sustainable biofuel production processes

brane fouling. Nonetheless, if the feed is filtered and purified in advance through mi-
crofiltration and nanofiltration, the fouling and wettability problems can be signifi-
cantly reduced. The permeate after the nanofiltration contains 97 g L−1 ethanol, 2 g L−1
sugar, and some ions (Ca2+, Na+, Mg2+). A hydrophobic membrane (PTFE/PET) was
used during DCMD in counter-current flow mode. A solar panel provided the energy
for the heating (temperature of the hot stream is 60 °C). This novel design enabled a
high evaporation rate (flux was 29.5 kg EtOHm−2 day−1), with the ethanol concentra-
tion reaching 98 vol% without any residual sugar and ions. The separated water and
the solutes were recycled back to the preparation of the fresh fermentation feed. Refer
to Chapter 13 for more examples of solar powered engineering.

The overall production process consumes 76% less energy than a conventional
system because there is no need for unit operations with high energy demand. The
atom economy of the membrane system is close to 1 (compared to 0.23 in the pre-
vious process) due to minimal waste and by-product generation. The lower number
of operation units simplifies the process and greatly reduces the overall plant size to
0.2m2m−3 of ethanol compared to 1.8m2m−3 for the conventional system, also con-
tributing to cost-effectiveness.

11.2 Biodiesel and its conventional production

Biodiesel has many advantages and is an adequate alternative to conventional diesel
derived from fossil fuels. According to the EPA, biodiesel is less toxic than table salt
and is more biodegradable than sugar.[39] Additionally, biodiesel is made from plant
sources and does not contain sulfur, aromatic hydrocarbon, metal, or crude oil.[40]
Biodiesel contributes to energy security and environmental preservation by decreas-
ing net CO2 emissions by 78% compared to petroleum diesel.[41]

Biodiesel production complies with some of the green chemistry and engineering
principles shown in Figure 11.7. Biodiesel’s renewable nature and energy efficiency are
the major sustainability benefits of biodiesel production. Biodiesel’s biodegradability
also contributes to its environmentally benign characteristic as it does not leave be-
hind hazardous waste compounds.

The direct exploitation of vegetable oils as fuels without the need for further pro-
cessing would be ideal from a sustainability perspective. However, raw vegetable oils
in diesel engines cause decreased engine performance and increased carbon monox-
ide and hydrocarbon emissions, albeit with lower NOx emissions.[42] Not all the fuel
is combusted during the combustion process, irrespective of the engine type (petrol
or diesel). This uncombusted fuel leaves behind carbon, which over time builds up
and causes several issues. The chemistry of biodiesel is explained in Figure 11.8. Veg-
etable oils consist of esters of glycerol and fatty acids, which produce glycerol upon
hydrolysis. This glycerol results in carbon build-up in the pistons and fuel injectors
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Figure 11.7: Green chemistry and engineering principles in biodiesel production.

Figure 11.8: Biodiesel chemistry showing the diesel molecule, which is a hydrocarbon without an
ester group; a fatty acid that is similar to a diesel molecule but has a carboxyl group; vegetable oil
consisting of triacylglycerides, which are glycerol esters incorporating three fatty acid chains; and
the transesterification reaction, which converts the vegetable oils to biodiesel.
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of diesel engines due to its low thermal stability and low combustion efficiency. Car-
bon build-up causes drivability issues, i. e., the engine does not run smoothly, engine
vibrations or shaking, louder engine operation, and smoky exhaust, translating to in-
creased emissions and a drop in fuel economy.

Vegetable oils are compounds consisting of different mixtures of triglycerides.
Vegetable oil molecules are much larger than biodiesel molecules, giving rise to
gelation in cold weather. The almost tenfold higher viscosity of vegetable oils has
detrimental effects on an engine, such as poor fuel atomization, incomplete combus-
tion, carbon deposition on the injector and valve seats, and engine fouling. Vegetable
oil conversion to biodiesel produces smaller molecules, closer to conventional diesel
sizes, which mitigates most of the drawbacks of vegetable oil as fuel.

Biodiesel can be efficiently combusted in diesel engines without modification be-
cause it has a similar structure to conventional diesel (Figure 11.8). Both molecules
possess a long chain of carbon atoms, and only the functional group at the end of
the chain differs. Their chemical and structural similarity is the reason why biodiesel
can be used in diesel engines. The chemical conversion of vegetable oil to biodiesel is
called transesterification, which is essentially the reaction of the oil with alcohol in
the presence of a catalyst. Three monoesters and glycerol are obtained; these esters
have similar viscosities as regular diesel and thus can be utilized as fuels.

Before transesterification, vegetable oils, triglycerides fromalgae, andwaste cook-
ing oil need to undergo pretreatment to minimize water content (less than 0.1wt%)
and remove any non-lipid substances.[43] Production of biodiesel from microalgae
begins with their harvest, followed by the disruption of plant cells to release the oils
and extraction with an appropriate solvent.[44] Petroleum solvents such as hexane
and diethyl ether are currently used in the industry;[45] however, the exploitation
of ionic liquids,[46] supercritical CO2,[47] and supercritical ethanol[47] also show
promising potential in this application. After the reaction, the products are sepa-
rated, the glycerol is excreted, and the fatty acid alkyl esters are purified by water
washing, resulting in the final biodiesel product. The purification step consumes
a large amount of clean water, resulting in undesired wastewater. For each liter of
biodiesel, approx. 10 L of wastewater is produced.[48]

There are two conventional methods for conventional transesterification reac-
tions. The first is the acid-catalyzed method using sulfuric acid, ferric sulfate,
methanolic boron trifluoride, or methanolic sulfuric acid.[49] The disadvantages
of acid-catalyzed transesterification include the need for a high molar ratio of alco-
hol to oil, a prolonged reaction time, and high reaction temperatures. The second
method is the base-catalyzed method, which uses sodium and potassium hydrox-
ide, alkoxides, potassium, or sodium carbonates. This method’s advantages include
lower operating temperatures, a smaller amounts of catalyst, and shorter reaction
times (4000 times faster reaction). However, possible soap formation is the main
drawback of this method.[43] Soap formation occurs when the free fatty acid content
is more than 3wt%. In this case, the transesterification is a two-step process: acid

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



11.2 Biodiesel and its conventional production | 213

esterification followed by the base-catalyzed method. These catalysts have to be re-
moved from the final productwith repeatedwashing using distilledwater, resulting in
a significant amount of wastewater. Alternatively, heterogenous catalysis can be used
in the transesterification reaction. Activated calcium oxide andmagnesium oxide can
be filtered out after the reaction, simplifying the purification step and reducing the
water consumption.

11.2.1 Alternative routes for biodiesel production

Conventional biodiesel production requires high temperatures and pressures, exces-
sive alcohol to increase the yield, a substantial amount of washing water, and alcohol
and catalyst removal. Alternative process routes for biodiesel production have been
sought to overcome these drawbacks. The use of sustainable approaches, such as su-
percritical fluids, microwave energy, and energy-efficient membrane separations, is
discussed in the following sections.

11.2.1.1 Supercritical alcohol transesterification
Conventional technologies for biodiesel production that apply alkali catalysts cannot
process raw materials with high water and free fatty acid content.[43] To overcome
this bottleneck, supercritical methanol and ethanol can be utilized without the use
of any catalyst. The absence of pretreatment, soap, and a catalyst significantly re-
duces the environmental burden. However, the high pressure (80 bar) and temper-
ature (250 °C) result in high operating costs.[50] Nonetheless, high conversion can be
achieved quickly (10–40minutes),[50] whichmakes the overall process economically
feasible and a viable alternative to base-catalyzed commercial processes.[51]

Under these extreme conditions, liquid alcohol will reach a critical point where
both the gas and liquid phases become indistinguishable and exhibit both liquid and
gas properties. Supercritical alcohol can dissolve materials like a fluid and can pene-
trate solids like a gas.[52, 53] To learnmore about supercritical fluids and their sustain-
able use in the extraction process, refer to Section 7.3. During transesterification, the
hydrogen bonding between alcohol molecules decreases in the supercritical environ-
ment, and thus it can act as an acid catalyst. Optimization of the process conditions
(e. g., temperature, alcohol:oil ratio, reaction time) is crucial to maximize the conver-
sion and yield. Statistical methods[54] and artificial neural networks provide signifi-
cant advantages for finding the optimal parameters. For instance, a 98%experimental
yield has been achieved at 285 °C using methanol:oil ratio of 23.4 and a reaction time
as low as 26.5 minutes.[55]

11.2.1.2 Microwave energy for biodiesel production
The conventional transesterificationmethod to obtain biodiesel uses jacketed reactors
and indirect steam heating methods. Microwave irradiation, combined with an acid,
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base, and heterogeneous catalysis, is an alternative green method.[56] The conven-
tional heating used in transesterification processes requires more energy input and
a long preheat and reaction time of around 1 hour to achieve a 96% yield to obtain
biodiesel.[57] On the contrary, the microwave method is faster (a few minutes) and
more energy-efficient.[58] Microwave irradiation can decrease both the reaction and
separation time by 97% and 94%, respectively. Moreover, it is possible to increase
the yield reaching 100% compared to conventional heating methods. The microwave
method does not influence the quality of the obtained biodiesel. Read more about the
green principles and sustainable use of microwave energy in Section 5.3.3.

Microwave irradiation can be used in the following two steps of biodiesel pro-
duction: oil extraction and chemical transesterification. The integration of these two
steps into a single-step extractive transesterification reactionwould be beneficial. The
process of biodiesel production can be carried out using microwave irradiation as the
heating method.[56] After preparing the rawmaterial, the oilseeds are mixed with the
extraction solvent (usually hexane) and exposed to microwave radiation. Disruption
of the oilseed cells occurs when the water molecules inside the cell start to boil, lead-
ing to the rupture of the cell walls. The selected compounds then migrate from the
sample matrix to the extraction solvent.[56] Hexane is evaporated from the mixture,
and the extracted oil extracted mixture is then placed in a microwave reactor for the
transesterification process. The process ends with the separation and purification of
the resulting products (biodiesel and glycerol).

Microwave technology canbe applied for the thermal pretreatment or process pro-
motion technique to extract oils and lipids from biodiesel feedstock with low energy
and solvent demand.[56] The extraction of oils and lipids from plant feedstocks is car-
ried out by disrupting the oilseed or algal cells. When the temperature reaches the
boiling point of water, the cell wall ruptures, resulting in the extraction of the organic
compounds from the sample matrix to the solvent. The production of biodiesel via
microwave technology is a feasible technology becausemicrowave thermal effects are
adequate for the rapid disruption of cells, resulting in efficient lipid and oil extraction.

Microwave technology can also beused for the chemical process of transesterifica-
tion. Microwaves can enhance the transesterification reaction by the thermal effect or
evaporation of the solvent (methanol) owing to the strongmicrowave interaction with
the material. Microwave irradiation results in a substantial decrease in the activation
energy due to the higher dipolar polarization during the interaction with the reaction
compounds. In other words, microwave irradiation reduces the energy demand of the
process. The solvent selection can significantly influence the extent of the reduction of
the activation energy. For instance,methanol absorbsmicrowaves better than ethanol
and therefore is preferred to ethanol for transesterification reactions.

Table 11.1 summarizes the main properties, benefits, and drawbacks of the dif-
ferent heating methods.[56] Conventional heating is a time- and energy-consuming
process with low efficiency and demands additional steam generation operations, cir-
culating, and raising the heat transfer fluid temperature. In contrast, supercritical
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Table 11.1: Comparison of the three heating types used in biodiesel production.

Parameter Conventional heating Supercritical heating Microwave heating

Reaction time 1–2 h (long) Less than 1 h (short) 0.05–0.1 h (very short)
Reaction temperature 40–100 °C 250–400 °C 40–100 °C
Reaction pressure Atmospheric 35–60MPa (high) Atmospheric
Catalyst required Yes No Yes/No
Heat loss High Moderate Low
Energy form Electrical energy to

thermal energy
Electrical energy to
thermal energy

Electrical energy
applied through
microwave

Process efficiency Low Moderate High
Catalyst removal Yes No Yes
Soap removal Yes No Yes
Advantages Simple operation; low

energy usage
Short reaction time;
easy product
separation

Short reaction time;
cleaner products;
energy efficiency

Limitations High energy
requirement;
saponified products

High capital costs;
Pressure vessel safety

May not be efficient
with feedstock
containing solids

heating shows a slight improvement in terms of reaction time and process efficiency.
Moreover, biodiesel production processes that use supercritical heating do not require
catalysts because, under supercritical conditions, the strength of hydrogen bonding
between the alcohol molecules decreases, thus acting as an acid catalyst by itself.
However, the main drawbacks, such as higher energy demand (temperature and pres-
sure) and high-pressure safety risks, need to be considered. The microwave heating
method is superior to the other two methods due to its time- and energy-efficient op-
eration, which results in a highly efficient process.

11.2.1.3 Membrane-based biodiesel production
Process intensification in biodiesel production can be achieved by integrating mem-
brane systems at different stages for different purposes, from pretreatment to final
product purification.[59] The unconverted residual oil can be recycled in situ for fur-
ther transesterification, improving the overall process economy and sustainability.
Green solvents acting as green catalysts, such as ionic liquids and deep eutectic
solvents, can be used for transesterification reactions. It is possible to reuse green
solvents through the implementation of membrane units. Refer to Section 8.3 to learn
more about membrane-assisted continuous solvent recovery processes. Cross-flow
membrane rigs mitigate fouling and can efficiently remove impurities, such as glyc-
erol, catalysts, and soaps, from the biodiesel. The direct contact membrane distil-
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lation technique is suitable for the recovery of unreacted alcohol from the biodiesel
mixture. The membrane-based system allows obtaining the desired alkyl esters with
a lower environmental footprint and at a lower price.

The conventional purification step in biodiesel production can be classified into
wet and dry washing categories: washing with distilled water (wet) or using a solid
adsorbent (dry). Distilled warm water is the best for purification, as both glycerol and
alcohol are highly soluble inwater, and thewarmwater prevents saturated fatty esters
from precipitating. Thewater consumption is large since seven consecutive washing
steps are required to achieve the threshold limit of 0.02wt% free glycerol.[60] The con-
ventional biodiesel separation technology for free glycerol removal utilizes 10 liters of
water to treat 1 liter of biodiesel. In contrast, the membrane -produced biodiesel only
requires 0.002 liters of water per liter of biodiesel.[61] Poly(ether-sulfone) ultrafiltra-
tionmembraneswith a 10 kDa cut-off can effectively reduce the glycerol content below
0.007wt%upon the addition of 0.2wt% of water to the crude biodiesel feed. However,
severemembrane fouling can occurwith a decrease in the flux from70 to 30 kgm−2 h−1
after only 1 h of operation.[62]

Membrane reactors (Figure 11.9) can increase conversion by shifting the equilib-
rium reaction. Transesterification is an equilibrium reaction, which can be shifted
towards biodiesel formation by continuously removing the product from the reac-
tion mixture. The separation process depends on the type of membrane. Microporous
membranes such as mixed cellulose ester membranes can separate fatty acid methyl
esters and glycerol. In contrast, dense polymer pervaporation membranes such as
polyethylene terephthalate membranes that are supported with PP separate glycerol
and alcohol. Membrane-based biodiesel production is performed under mild condi-
tions at approx. 70 °C and 173 kPa, consuming less energy than supercritical or het-
erogeneous (180–200 °C) transesterification.[63] Catalyticmembrane reactors canalso
improvebiodiesel production sustainability bydecreasing the amount of catalyst used
in the transesterification. For instance, a level of 0.05wt% of base catalyst is sufficient
for a continuous membrane reactor, which is significantly lower than the 0.5–1wt%
NaOH catalyst applied in conventional biodiesel transesterification processes.[63]

Alcohols (usuallymethanol or ethanol) are used in the transesterificationprocess,
and their amount greatly depends on the applied technology. Methanol is preferred
over ethanol because of its lower cost and lower viscosity than ethyl esters. The trans-
esterification process is performed near the lower boiling point of methanol.[43] How-
ever, the toxic nature and the non-renewable production of methanol present some
obstacles to its sustainable and safe production. As a green substituent to methanol,
ethanol has higher miscibility with mixtures containing biodiesel, residual alcohol,
and glycerol. However, the resulting emulsified soap and water can cause problems,
which can be overcome by separating and recovering the unreacted ethanol by mem-
brane distillation or pervaporation. The molar ratio of the used alcohol and oil is
an important parameter in the transesterification process. The optimum molar ratio
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Figure 11.9: Schematic illustration of a transesterification reaction with a membrane module. The
oil and a mixture of methanol/catalyst are charged into the mixing vessel and heated to the desired
reaction temperature before being transferred into the membrane reactor. The permeate stream con-
sists of biodiesel, glycerol, methanol, and the catalyst. The retentate stream contains the unreacted
oil droplets, which are transferred back to the mixing vessel. Subsequently, the permeate stream
is separated into polar and non-polar phases. The methanol from the polar phase is separated and
recycled back to the feed tank.

for the supercritical method is 40:1 of methanol to oil.[64] Membrane reactors utilize
much less alcohol (as low as 6:1) than the supercritical methanol method.[63]
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12 Green polymers and green building blocks
Sushil Kumar, Gyorgy Szekely

12.1 Introduction

Polymers have set their roots deep into almost every aspect of modern life. Polymers
can be broadly classified into two groups based on their origin: natural polymers and
synthetic polymers. Dwindling fossil resources and global warming have motivated
the search for alternative green and sustainable sources for polymers and their build-
ing blocks. Biomass, for instance, represents an excellent source of biodegradable and
compostable green polymers. This chapter reviews the utilization of biomass-derived
building blocks as a sustainable feedstock for designing high-performance poly-
mers.

Both natural and synthetic polymers are produced by the polymerization reaction
of simple units called monomers. Natural polymers occur in our environment, while
synthetic polymers are manufactured artificially. Polymers derived from biomass
feedstock are called bio-based polymers, while polymers derived from petrochemi-
cals and crude oil are known as fossil-based polymers. Figure 12.1 shows the relative
demand for the different polymers in Europe.[1]

Figure 12.1: The relative demand for different polymers in Europe in 2018, based on data from refer-
ence [1].

The global production of fossil-based polymers in 2018 was estimated to be approx.
359 million metric tons, half of which consisted of single-use plastics for applications
such as medical syringes and packaging.[2] The remainder was used for long-term in-
frastructure purposes such as water pipes, furniture, and vehicles. In 2015, approx.
6300 million metric tons of plastic waste was produced, only 9% of which was recy-
cled, 12% was burned for energy recovery, and the remaining 79% ended up in land-
fill.[3] The relentless rise of single-use fossil-based polymers has promoted the prof-
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ligate consumption and uncontrolled accumulation of polymer waste and microplas-
tics, which persist in the environment for centuries. The amount of polymerwaste that
has entered the oceans from the land is approximated to be in the range of 4.8–12.7
million tons.[4] This plastic waste threatens not only the environment but also hu-
man health and the survival of other organisms. Table 12.1 shows the data for plastics
produced, recycled, incinerated, and landfilled in different years in the USA.[5]

Table 12.1: The total tons of plastics generated, recycled, composted, combusted for energy recov-
ery, and landfilled in the USA from 1960 to 2017.[5] The values are reported in municipal solid waste
(MSW) expressed in thousands of US tons.

Management
pathway

1960 1970 1980 1990 2000 2005 2010 2015 2016 2017

Generation 390 2,900 6,830 17,130 25,550 29,380 31,400 34,480 34,870 35,370

Recycled – – 20 370 1,480 1,780 2,500 3,120 3,240 2,960

Composted – – – – – – – – – –

Combustion
with energy
recovery

– – 140 2,980 4,120 4,330 4,530 5,330 5,340 5,590

Landfilled 390 2,900 6,670 13,780 19,950 23,270 24,370 26,030 26,290 26,820

The consumption of petrochemical feedstock and energy for plastics manufacturing
contributes to the overall industrial CO2 emissions. The non-biodegradable nature or
the slow degradation rate of fossil-based polymers are themain contributors to plastic
waste accumulation. The generation of polymer waste can be controlled through the
following measures:
– improved waste management systems;
– reuse of polymers for as long as they are still functional;
– recycling polymers into new products;
– reducing the production and use of single-use plastics;
– better final product design, and
– inherent polymer design based on polymerization–depolymerization cycles.

Advances have been made in the development, production, and consumption of bio-
based and biodegradable polymers. The ingredients used to synthesize such polymers
are greener, i. e., bio-based and biodegradable. Some of the bio-based polymers have
properties, such as toughness, structural integrity, and flexibility, similar to fossil-
based polymers. Many (but not all) bio-based polymers are biodegradable and thus
represent amore practical choice to replace traditional fossil-based polymers inmany
applications. Bio-based resources can successfully replace fossil-based resources to
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reduce the environmental impact of polymers if their manufacturing technology is
based on green and sustainable chemistry and engineering concepts.[6, 7]

Developing efficient technologies for polymer manufacturing may be revolution-
ized by addressing three key areas: improved reactor design for better reactant de-
livery and control over reaction times and other reaction conditions; improved online
analysis to extract real-time information ofmaterial synthesis, i. e., better control over
reaction conditions; and increased automation through the engagement of machine
learning-type algorithms with feedback loops, i. e., using artificial intelligence to de-
liver the desired material with less human interaction.[8]

12.2 Polymers and the environment

The inefficient disposal of plastic products after usenegatively affects the environment
and society. Once released to the environment and exposed to the elements, plastic
products often decompose into smaller plastic particles, which exacerbates the prob-
lem and complexity of plastic pollution. Plastic particles are classified according to
their size as macro-, micro-, and nanoplastics. The presence of microplastic pollu-
tion particles in the environment was first recorded in 1972.[9] Studies have shown
several domestic products, such as shampoo, cosmetics, toothpaste, and packaged
drinking water, are contaminated with small plastic fragments or fibers known as mi-
croplastics. These microplastic have a slow degradation rate [10] and, once reaching
the ocean, canpersist for decades in themarine environment. Additives such as fillers,
colorants, stabilizers, pigments, lubricants, compatibilizers, and plasticizers are often
introduced into commercial polymer products to enhance polymer functionality and
performance. Without such additives, many polymeric products would be of limited
use. However, some additive chemicals, often added to improve polymers’ physical
properties, are known to be harmful to human health,[11, 12] such as bisphenol A, ph-
thalates, bisphenone, organotins, and triclosan. Some of these unreacted precursors
trapped inside the structure can leach from the polymer into the environment. Amer-
icans are believed to unwittingly consume at least 74,000microplastic particles every
year through eating, drinking, and breathing.[13]

Plastic pollution is now present in sources of clean water and groundwater
sources. Farmers have been using plastic coverings in agricultural practice for many
years to balance the amount of water in the soil, maintain temperature, and prevent
weed growth. This process is called mulching. However, these plastic coverings often
leave some fibers or particles scattered across the agricultural land. These plastic
coverings are typically made of polythene, which degrades slowly, and the plastic
residue continues to accumulate in the fields.

In 2019, the European Union Scientific Advice Mechanism published a review in
which they acknowledged that although we do not yet fully understand the adverse
effects of plastic pollution, we should consider that microplastic contamination may
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become a global health issue if toxicological data reveal that microplastics are harm-
ful.

One of the major causes of polymer waste accumulation is the linear economy
approach (Figure 12.2). Polymer products are prepared from either renewable or non-
renewable sources. The prepared polymer products are then transported, distributed,
and consumed, eventually ending up either in landfill or incinerated.[14] A more sus-
tainable route, known as the circular economy approach, requires polymers to be
reusable without modification, reparable to prolong the polymer’s lifetime, and recy-
clable intonewproducts (Figure 12.2). Suchmaterials circulate persistently in a closed-
loop system of reuse, repair, and recycle, instead of being discarded after use. Follow
the QR code on this page to learn about the initiatives of the Ellen MacArthur Founda-
tion towards circular economy.

Figure 12.2: Linear and circular economy approaches. Reprinted with permission from Pro Carton.
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The transformation of forest and agriculture biomass into building blocks and poly-
mers derived from sustainable chemistry and engineering has gained increasing
attention. Several innovations in bio-based materials have generated many new op-
portunities to reduce polymer waste and greenhouse gases. In 2019, approx. 0.79
million hectares of land – less than 0.02% of the global agricultural land – was re-
quired to grow the necessary renewable feedstock to produce bio-based polymers
(Figure 12.3).[15] Over the next five years, the land-use share for bio-based polymer
production is predicted to remain at 0.02%, which indicates that the production of
bio-based polymers will not compete with feedstock for food supply.

Figure 12.3: Land use estimation to grow biomass for bio-based polymers: 2019 to 2024 with data
from reference [15].

The cellular biomass of prokaryotic microalgae may provide an alternative source for
bio-based polymers derived frombiomass, such as, for example, cyanobacteria for the
production of polyhydroxyalkanoate (PHA) polymers.[16] Such microalgae use sun-
light and atmospheric CO2 as a source of energy to produce biomass. For example, the
cyanobacterium Spirulina sp. LEB-18 can be cultured in a tank for up to 30 days under
natural light. The biomass produced in the tank is separated by centrifugation. The
obtained biomass is then washed with a hypochlorite solution, and the supernatant
is decanted. The residual solid is treated with water and centrifuged. The supernatant
is again discarded. The solid mass is treated with acetone at 45 °C for a few hours to
precipitate the biopolymer. Another method involves the application of sonication on
the biomass (suspended inwater) followed by centrifugation. The obtained solidmass
is then treated with hot chloroform, and the biopolymer is finally extracted by remov-
ing the solvent.
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The Netherlands is a global leader in bio-based polymer technology as part of its
aim to become one of the world’s first CO2 negative countries by 2050.[17] They have
been developing a system called Chemport Europe, which focuses on a more com-
plete and cohesive production ecosystem based on green chemistry and engineering
(Figure 12.4).[18] In this system, different chemical companies collaborate to develop
green processes through the exchange of feedstock. In the near future, they aim to
close the loop of the circular economy. Their system has excluded any involvement
from the petrochemical-based industry, making it the greenest chemical cluster in the
world. Recently, in a similar direction, Saudi Arabia has proposed an international
project called NEOM (from the word new future) to be built on the Red Sea. Follow the
QR code on this page to browse the website of NEOM, and watch videos on building a
new model for sustainable living, working, and prospering.

Figure 12.4: A coherent and innovative research, development, and production ecosystem in the
Netherlands.

12.3 Plastic waste management: methods and limitations

The rate of recycling plastic waste in the European Union was 24% in 2005, and had
increased to 42% by 2017.[19] The plastic waste recycling process depends on the type
of plastic to be recycled. Thermosetting polymers are thermally stable and cannot be
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recycled by standard melting procedures. On the other hand, thermoplastics are easy
to recycle because they can undergo physical or chemical changes when heated. Plas-
tic waste recycling is done in four ways, as shown in Figure 12.5.[20]

Figure 12.5: Types of processes used to recycle plastic waste.

The primary recycling process involves the recovery and reuse of polymeric materials
without changing theproduct. This process is also called closed-loop recyclinganden-
sures that recycling is simple and economical. However, only clean, uncontaminated,
and single-use-type waste is eligible, which is the major limitation of this method.

Themechanical recycling process involves the physical breakdownof plastics into
small pieces or pellets to be reprocessed into new plastic products. The plastic waste
collected under this process is first separated from labels, stickers, or other contam-
inants. The polymer waste is further subdivided into small beads by melting and ex-
trusion. The polymers’ degradation results in the generation of volatile organic com-
pounds such as phthalates, polycyclic aromatic hydrocarbons, furans, and dioxins.
Their release into the environment is another source of pollution. This process is called
downcycling because the product obtained after recycling is of a lower value and is in-
ferior to its parental feedstock.

The chemical recycling process involves the breakdown of plastic waste into
its smaller chemical units, namely, monomers, through chemical processes such as
chemolysis, pyrolysis, fluid catalytic cracking, hydrothermal cracking, and gasifica-
tion. This method suffers from several limitations, such as the requirement for high
volumes to be cost-effective, and onlyworks for condensation polymers. Furthermore,
there is a loss of catalytic activity during the process, and the process is non-selective,
therefore often producing a mixture of many products.

Incineration is a waste-to-energy recovery process that involves burning plastic
waste in a controlled manner. The solid polymer waste can be reduced by up to one-
third of its original volume, depending on the elements in the plastic waste.[21] Gener-
ally, the incineration of plastic waste is done to produce heat and power. For example,
Sweden converts approximately 52% of its plastic waste into energy and recycles the
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rest. Incineration of plastic waste helps to curb unpleasant smells; methane gas is
often generated in landfills when the waste decays. However, incineration produces
toxic pollutants such as dioxins, smoke, heavy metals, and ash, leading to possible
further environmental pollution.[22]

Currently, the rate atwhich polymer products are produced, used, anddisposed of
is much higher than the recycling rate. It is important to harness bio-based materials
at a rate at which they can be replaced naturally. Moreover, the rate of waste genera-
tion should always be lower than the rate of recycling. Manufacturers of sustainable
bio-based materials must ensure that the supply of biomass remains reliable to avoid
adversely affecting agriculture, water sources, and the environment in general.

12.4 Bioplastics

Polymer industries mainly produce two kinds of polymers to manufacture plastic
products. Addition polymers are made up of saturated molecules, which generally
make them unreactive and chemically inert. For example, polyethylene, polypropy-
lene, and polystyrene are highly resistant to degradation andhydrolytic cleavage. This
inertness alsomakes themhighly durable and, unfortunately, non-biodegradable and
difficult to recycle.When they are incinerated for energy recovery, toxic products such
as dioxins are produced. On the other hand, condensation polymers are prepared
through the condensation reaction of alcohol with amine or carboxyl functionalized
molecules, such as polyamide or polyester. Condensation polymers are susceptible to
degradation and hydrolytic cleavage, although it is a slow process.

Biodegradability describes how organic matter and materials degrade when sub-
jected to natural conditions such as light, air, temperature, radiation, moisture, soil,
and microorganisms in the presence of natural substances such as water or carbon
dioxide. The term bioplastic refers either to a polymer’s bio-based origin or to its
biodegradable properties. These two properties are not synonymous. It is impor-
tant to acknowledge that not all bio-based polymers are biodegradable, and not all
biodegradable polymers are bio-based. Figure 12.6 shows some examples of polymers
of fossil- and bio-based origin that are either biodegradable or non-biodegradable.
Generally, the biodegradation of materials occurs in three stages:
1. Materials can undergo surface-level degradation when exposed to light, the envi-

ronment, chemicals, and temperature, including changes in the materials’ phys-
ical, mechanical, and chemical properties. This process of degradation is known
as bio-deterioration.

2. The long polymer chains can be broken down into shorter oligomers and mono-
mers through the action of microorganisms, known as bio-fragmentation.

3. The microorganisms absorb the monomers and oligomers to produce energy cur-
rency (adenosine triphosphate) or other cell structure elements. The integration
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of these bio-fragmentation products into microbial cells is known as the assimi-
lation process.

Fossil-based polymer products have heldmore than a 99% share of the global polymer
production market. The current global production capacity of bio-based polymers is
approx. 941,000 metric tons, which is estimated to grow by approx. 20% over the
next five years.[23] However, in 2019, 44.5% of all green polymers were bio-based
but non-biodegradable, 37.8% were both bio-based and bio-degradable, while 17.7%
were petrochemical-based and biodegradable (Figure 12.7). Many bio-based polymers
derived from renewable biomass feedstock exhibit mechanical properties similar to
their fossil-counterparts, such as polyethylene (bio-PE), polystyrene (bio-PS), and
polypropylene (bio-PP).

Figure 12.6: Classification of polymers on the basis of their origin and biodegradability. PA,
polyamide; PET, polyethyleneterephthalate; PTT, polytrimethylene terephthalate; PLA, polylactic
acid; PHA, polyhydroxyalkanoates; PBS, polybutylene succinate; PE, polyethylene; PP, polypropy-
lene; PBAT, polyethylene adipate terephthalate; PCI, polycaprolactone.
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Figure 12.7: Global production of biodegradable and bio-based polymers.

12.5 Green polymers

Biomass production has witnessed surprisingly rapid growth in recent years, and it is
expected that it will continue to grow considerably in the coming decades. Substan-
tial biomass feedstock will have to be invested in material production every year to
meet the global demand for new green polymers. Follow the QR code on this page to
watch Hasso von Pogrell from European Bioplastics explain the future of bioplastics.
The Dutch chemical sector has a vision of making the Netherlands the global leader
in producing synthetic materials and chemicals from biomass and bio-based renew-
able rawmaterials. The chemical sector has targeted clean and sustainable production
technologies to transform biomass into products suitable for a wide range of applica-
tions.

Biomass can be transformed into new chemicals and materials that are often im-
possible or difficult to produce from fossil-based raw materials, even after multistep
reactions. For example, lactic acid is naturally produced by organisms as a chemical
by-product of anaerobic respiration. Lactic acid is produced industrially via the bac-
terial fermentation of different biomass sources such as corn starch and sugarcane.
As demonstrated in Figure 12.8, carbohydrates (cellulose, sugars, starch), chitin, ter-
penes, plant oil, and fats are some examples of naturally occurring macromolecules
that are chemically amended inmultipleways tomeet the demand for green polymers.
Follow the QR code on this page to learn more about the biomass-derived sustainable
polymers through the ACS Webinars.

Lignocellulose is generally considered the most abundant organic renewable re-
source for producing polymers, chemicals, and biofuels (such as ethanol, butanol,
and biodiesel). Follow the QR code on this page to learn about getting more value
from lignocellulose. Lignocellulosic feedstock comprises three major structural com-
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Figure 12.8: Natural polymer sources to different renewable bio-based green polymers.[24]

ponents: cellulose, hemicellulose, and lignin.Cellulose is a polysaccharide consisting
of a linear chainofD-glucoseunits linked together by aglycosidic bond.Hemicellulose
is a branched heteropolysaccharide comprised of diverse sugars (hexose and pentose)
such as xylose, arabinose,mannose, galactose, and rhamnose. Cellulose andhemicel-
lulose are often present together in plant cell walls, but both differ in their composi-
tion and structure. Cellulose is crystalline, strong, and resistant to hydrolysis. On the
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other hand, hemicellulose comprises a β-1,4-linked backbone and shorter side chains
responsible for its amorphous structure. Lignin is a water-insoluble, long-chain natu-
ral polymer comprising three different phenylpropanoid monomer units: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol, which are often linked by ether bonds.
Lignin is quite resistant to acid hydrolysis, is soluble in hot alkaline solutions, and is
readily oxidized. Collectively, lignocellulose is naturally recalcitrant to hydrolysis. For
the effective utilization of lignocellulose, it is pretreated in an acidic thermochemical
process to make its components (cellulose, hemicellulose, and lignin) accessible by
changing its physical or chemical structure.

Cellulose is the most abundant source of renewable polymers, and it serves as
a sustainable carbon source for the green economy. Depolymerization of cellulose
is usually done by acid or enzymatic hydrolysis, which breaks the glycosidic bond
with glucose. Glucose further serves as a potential building block for preparing vari-
eties of potential monomers such as ethanol, lactic acid, succinic acid, itaconic acid,
glutamic acid, glucaric acid, 5-hydroxymethylfurfural, sorbitol, xylitol, erythritol,
glycerol, propylene glycol, and ethylene glycol. These monomers can be further used
to produce successive monomers, which could lead to different bio-based renewable
green polymers through polymerization.

After acid or enzymatic hydrolysis of lignocellulose polysaccharides, the lignin is
isolated as a solid side-product. The composition of lignin varies from plant to plant.
Paper products turn yellowish with age due to the presence of lignin in the wood
pulp. Lignin is amorphous and insoluble in inert solvents. Lignin is isolated as lig-
nosulfonates during the sulfite pulping process. The presence of the sulfonate group
makes lignin water-soluble. Lignosulfonates are used as dispersants, binders, emul-
sifying agents, and adhesives and in the manufacturing of vanillin and dyes. Lignin
isolated from wood pulp serves as a feedstock for biofuel ethanol manufacturing and
is burned for its fuel value. Refer to Chapter 10 to learn more about the sustainable
manufacturing of biofuels.

Starch is a biodegradable, water-soluble natural polymer comprising amixture of
linear amylose and branched amylopectin fibers. Starch is commercially isolated from
crops such as wheat, maize, potato, and other plants. Follow the QR code on this page
to learn more about the extraction of starch. Some companies prepare starch-based
bio-hybrids as a blend component with water-resistant non-biodegradable polyesters
and polyolefins.[25] The solubility of starch in water has found application as an ad-
hesive in the papermaking industry. Starch is fermented to produce bioethanol as a
biofuel and feedstock for some useful monomers such as ethylene, acetaldehyde, and
1,3-butadiene. Starch is used as a thickener and stabilizer additive in different foods
such as custard, salad, sauce, noodles, and pasta.

Chitin is the second most abundant natural polysaccharide. It is found in fungi,
plankton, and the exoskeleton of arthropods such as crabs, lobsters, and shrimps. Fol-
low the QR code on this page to learn about an economical method for the extraction
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of chitin developedby students of Imperial College London. Chitin is comprised of glu-
cosamine linkages and is a rich source of chitosan polymer. Owing to their biodegrad-
ability, non-toxicity, biocompatibility, etc., chitin andchitosanarewidelyused indrug
release,membrane separation, desalination,water purification,wound-dressing, and
encapsulation. Chitin and chitosan are used to fabricate polymer scaffolds of nerves
and blood vessels in tissue engineering. Chitin is also considered a starting mate-
rial for preparing nitrogen-containing compounds, such as ethanolamine, pyrazine,
pyridines, and other value-added chemicals such as furan and derivatives. The pro-
duced shell waste is often dumped into the sea or landfill in developing countries,
which could insteadbeutilized and turned into value-addedpolymers andmonomers.

Terpenes aremajor constituents of the essential oils and fats obtained fromplants
and flowers. Natural rubber consists of 97% polyterpene with a repeating unit of iso-
prene. They are valuable building blocks for manufacturing ionic and non-ionic sur-
factants in the chemical, perfumery andcosmetic, pharmaceutical, andbiotechnology
industries.

Biodiesel is derived from vegetable oil extracted from oilseed plantations such
as rapeseed, sunflower, palm, or crops feedstock. Transesterification of vegetable oil
with methanol in the presence of a basic catalyst yields methyl ester, which can be
further used as biodiesel (Figure 11.8). Glycerol formed as a by-product is often used
as feedstock to produce monomers such as 1,3-propanediol and epichlorohydrin to
synthesize epoxy resins.

Proteins are classified asnatural polymers,where amino acids are linked together
through an amide linkage. Protein fibers such as wool and silk obtained from the pu-
pae of the silk moth (Bombyx mori), or spider silk, have been used for weaving into
textiles.[26] Protein-based fibers have found application in the fields of drug delivery,
nanomedicine, and tissue engineering. Collagen protein fiber meshes are utilized for
bone, cartilage, ligament, skin, muscle, and nerve regeneration. Casein protein iso-
lated from cow milk is used as adhesives in labels, food additives (stabilizer) in pro-
cessed food, and fiber for some modern fabrics.

12.6 Green monomers and building blocks

Figure 12.9 illustrates the transformation of cellulose into building blocks as a poten-
tial source of bulk chemicals and feedstocks. Simple combustion of glucose or cel-
lulose is performed to prepare synthesis gas, which further can be transformed into
biofuels.Depolymerization of cellulose by the hydrolysis of the β-1,4-glycosidic bond
using mineral acids such as hydrochloric or sulfuric acid results in the formation of
glucose and other polysaccharides. Follow the QR code on this page to watch a video
explaining the chemistry of cellulose hydrolysis.

The petrochemical industry produces ethylene monomer via steam-cracking of
naphtha or ethane (pathway A, Figure 12.10). The catalytic dehydration of bioethanol
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Figure 12.9: Transformation scheme of cellulose into green building blocks.

to produce ethylene is a sustainable alternative route. In fact, in the early twentieth
century, the mass production of ethylene was done by the dehydration of bio-based
ethanol (pathway B). However, due to the high price of bioethanol, manufacturers
continued to produce ethylene from fossil-based resources. In some countries such as
Brazil and India, the cost of production of bioethylene is lower than in the United
States and the European Union due to cheaper biomass feedstock. The companies
Dow, Braskem, and Solvay are already engaged in themass production of bioethylene
from bioethanol. On the other hand, some plants and microorganisms are known to
produce ethylene monomers. Ethylene is involved in controlling certain mechanisms
during the life cycle of plants (pathway C). The production of ethylene from cyanobac-
teria is a promising method that is more sustainable and efficient.

Ethylene is one of the most important monomers for the synthesis of bulk poly-
mers such as polyethylene (PE), polyethylene oxide (PEO), polyvinylchloride (PVC),
andpolystyrene (PS) (Figure 12.11). Themanufacturing of PE is doneby employing sev-
eral conventional technologies such as high-pressure autoclave, high-pressure tubu-
lar, slurry, gas phase, and solution phase. Conventional PE manufacturing widely
uses an initiator and high temperature and pressure (Table 12.2). However, these tech-
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Figure 12.10: Different routes for synthesis of ethylene.[27] ACC, 1-aminocyclopropane-1-carboxylic
acid; ACO, ACC oxidase; ACS, ACC synthase; SAM, S-adenosyl-L-methionine.

niques and operating conditions have drawbacks and limitations in terms of sustain-
able development.

The companies Braskem, Dow Chemicals, and Solvay are the major mass produc-
ers of bio-based polyethylene (bio-PE). Bio-PE has similar chemical, physical, andme-
chanical properties to its fossil-based counterparts. Due to its low price and high per-
formance, bio-PE is widely used in agriculture, packaging, and other daily life appli-
cations. However, despite being bio-based, bio-PE is neither biodegradable nor com-
postable. Nonetheless, it can be recycled and processed into new polymer products.
Bio-PE canbemadedegradable by introducing somebreakpoints in thepolymer struc-
ture. For example, adding CO during polyethylene formation leads to the introduction
of a carbonyl group into the polymer structure. These carbonyl groups act as a conve-
nient breakpoint so that light- or enzyme-mediated chemical reactions help the poly-
mer to degrade.

The chlorination reaction of bioethanol-derived ethylene produces 1,2-dichloreth-
ane, which, after dehydrochlorination, results in the formation of vinylchloride. The
vinylchloride is polymerized into PVCwith conventional processes. Anothermonomer
that can be produced from bioethanol is 1,3-butadiene, which after polymerization
forms polybutadiene, also known as synthetic rubber. As an additive, 1,3-butadiene
improves the impact resistance of polymers such as polystyrene and acrylonitrile-
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Figure 12.11: Bioethanol-derived bioethylene as a platform chemical for the synthesis of commodity
monomers and their corresponding polymers.[29]

butadiene-styrene. Styrene, a monomer of the widely used polystyrene, can be pre-
pared from the dimerization of 1,3-butadiene.

Lactic acid has gained massive attention as a monomer for the production of
green polymers.[30] Lactic acid is produced commercially via bacterial fermenta-
tion or chemo-catalytic conversion of polysaccharide (glucose) obtained from corn
or wheat starch and sucrose in molasses. Lactic acid is naturally found inside organ-
isms as a chemical by-product of anaerobic respiration. Polylactic acid (PLA) is a
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Table 12.2: Typical operating features of ethylene polymerization processes.[28]

High-pressure
autoclave

High-pressure
tubular

Slurry
(suspension)

Gas phase Solution

Temperature
(°C)

180–300 150–300 80–110 80–110 160–220

Pressure (bar) 1035–2070 2070–3100 14–35 14–35 35–345

Catalyst Organic
peroxides

Organic
peroxides

Cr/silica or
Ziegler–Natta

Ziegler–Natta Ziegler–Natta

Polymerization
phase

Solution Solution Suspension Fluidized beds Solution

biodegradable polymer synthesized from the ring-opening polymerization reaction of
lactides, a cyclic diester of lactic acid.

PLA is often employed in pharmaceutical and cosmetics for its disinfectant and
keratolytic properties. It is also used in packaging materials, such as food and bev-
erage packing, cups, bottles, and textiles. Recently, a PLA-based foam has been in-
troduced as an alternative insulation material to the less sustainable polystyrene-
based foam.[31] PLA is a bio-based polymer derived from renewable sources that is
biodegradable as well as compostable. Owing to the compostability, low toxicity, en-
vironmentally benign characteristics, and low carbon footprint, PLA is an attractive
green bio-based polymer. PLA does not have any toxic or carcinogenic effects, making
it biocompatible and suitable for biomedical applications.

PLA also serves as a potential renewable feedstock to manufacture acrylic acid
monomer for polyacrylic acid and propylene glycol with application in polyesters,
polycarbonates, and polyurethanes. Acrylic acid and its amide derivatives serve as a
commodity chemical in the production of acrylate polymers. Acrylic acid is prepared
via the dehydration reaction of lactic acid. Propylene glycol (PG) is a green monomer
utilized as a solvent medium to prepare unsaturated polyester resins, polycarbonate,
and polyurethanes.[32] PG is synthesized via hydrogenation of lactic acid or lactates.
The Food and Drug Administration (FDA) has classified PG as generally recognized as
safe for indirect food additive use.

Fermentation is a well-established process used for the production of succinic
acid from cellulose-derived sugars. Glycerol was found to be another source for the
production of succinic acid in high yield compare to glucose-based sources.[33] The
purification step of succinic acid involves separating by-products such as acetic acid,
formic acid, lactic acid, andpyruvic acid formedduring the fermentationprocess. Suc-
cinic acid is produced commercially from butane via malic anhydride intermediates,
but more sustainable fermentation processes are being developed. Succinic acid is an
essential building block needed to form many important monomers.
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1,4-Butanediol (BDO) is a crucial precursor for producing polymers such as
polyurethanes, polyethers, polyamides, and the polyesters polybutylene tereph-
thalate (which is an engineered polymer) and polybutylene succinate (which is a
biodegradable polymer).[34] At present, BDO is entirely derived from fossil-based
feedstock. Although BDO is not naturally produced by organisms or plants, it is an
important precursor to many other chemicals.

γ-Butyrolactone (GBL) is a simple C4 lactone generally synthesized by either de-
hydrocyclization of BDO or hydrogenation of fossil-derived maleic anhydride. It can
also be prepared by the oxidation of furfural or derived from biomass feedstock; how-
ever, the low yield and harsh conditions limit this latter process’s application. Li et al.
[35] demonstrated the high-yield production of GBL from biomass-derived furfural in
the presence of metal catalysts. Because it is prepared from biomass feedstock, GBL
is considered a green solvent. As an important intermediate, GBL has found applica-
tion as a solvent in the production of agrochemicals and pharmaceuticals.[36] Refer
to Chapter 2 to learn about green solvents and their role in sustainable chemical man-
ufacturing.

Treating GBL with ammonia or alkyl amine in the presence of some catalyst
produces 2-pyrrolidone, often used as a solvent due to its passive, non-toxic na-
ture and high boiling point. It is used as a decolorizing agent for some hydrocar-
bons and film-forming agents. It also acts as a starting material for the production
of N-vinylpyrrolidone (NVP), a monomer for polyvinylpyrrolidone (PVP). PVP is a
water-soluble polymer widely used in medical products and cosmetics.

Itaconic acid (IA) or methylenesuccinic acid is a C5 unsaturated organic dicar-
boxylic acid produced by several organisms such as Candida sp., Pseudozyma antar-
tica, and several other fungal species such as Aspergillus. The microorganisms As-
pergillus terreus and Ustilago maydis are used in industrial processes to produce IA in
fermentation processes using biomass-derived sugars. Owing to their chemical struc-
ture with one unsaturated double bond and two carboxylic groups, IA acts as a pre-
cursor in the synthesis of various high-value bio-based chemicals and materials. The
presence of a double bond helps in the addition polymerization of IA. Thus, IA could
replace fossil-based acrylic or methacrylic acid in polymer synthesis due to its trifunc-
tional structure.[37] IA is employed as a building block to produce resins and synthetic
fibers and as a plasticizer in certain polymer products, acrylic plastics, and antiscaling
agents. Poly-IA has found potential applications in detergents and materials for wa-
ter treatments and super-absorbent polymers owing to its superior calcium-binding
tendency and biodegradability.

Glutamic acid (GA) is a non-essential amino acid found in living organisms, par-
ticularly in the proteins of plants and animals. GA is produced by the aerobic fermen-
tation of polysaccharides such as glucose, fructose, sucrose, and molasses. Polyglu-
tamic acid (PGA) is a polymer of glutamic acid naturally found in some bacteria. PGA
comprises an enantiomeric mixture of D-GA and L-GA units linked via amide linkage
between amino and carboxylic groups. PGA is an optically active polymer that has
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an active chiral center in every glutamate unit. Bacillus species are often used to pro-
duce PGA. Owing to its water solubility, biodegradability, and edible and non-toxic
nature, PGA has found applications in medicine, foods, and pharmaceuticals. It is
also well suited for producing thermoplastic fibers or membranes with transparent,
high strength, and elastic properties.

The oxidation of glucose produces the high-value-added chemicals gluconic and
glucaric acid. Gluconic acid and its derivatives are important materials in the chemi-
cal, food, and pharmaceutical industries. However, the slow reaction rate and compli-
cated isolation procedure have raised concerns about developing efficientmethods for
its synthesis through glucose oxidation.Glucaric acid, also known as saccharic acid,
is often prepared by the oxidation of glucose in the presence of nitric acid. Glucaric
acid is a valuable C6 monomer for a range of hyper-branched polyesters and polyhy-
droxylpolyamides. Glucaric acid has been identified as a top value-added chemical
from biomass by the US Department of Energy for cholesterol reduction studies and
cancer treatments.[38]

The acid-catalyzed dehydration of hexose, such as fructose, is generally used to
produce 5-hydroxymethylfurfural (HMF). HMF can be synthesized not only from glu-
cose but also directly from cellulose. The elimination of intermediate products ad-
dresses the 8th principle of green chemistry (Table 1.1). HMF serves as a building block
in themanufacturing of polyesters, polyamides, andpolyurethanes.HMF is utilized as
an intermediate in the production of dimethylfuran liquid biofuel. Refer to Chapter 10
to learn more about the sustainable production of biofuels.

HMF is a building block for levunilic acid (LA), an additive used in polycarbon-
ate synthesis. Because of the instability of HMF, LA is considered its degradation
product. LA is prepared through acid hydrolysis of HMF. New methods for direct con-
version of cellulose biomass into LA are currently intensively researched.[39] LA is
a precursor of certain important chemicals and materials such as ketals, angelica
lactone, plasticizers, pharmaceuticals, and cosmetics. Diphenolic acid derived from
LA is a replacement for toxic bisphenol A that is often used as an additive in polycar-
bonate products. LA also serves as a potential building block for the green solvents
γ-valerolactone and 2-methyl tetrahydrofuran. The company MaineBioproducts has
developed a two-stage process called Biofine for LA’s commercial production from
lignocellulosic biomass feedstock in the presence of an acid such as sulfuric acid or
hydrochloric acid.[40]

Sorbitol is naturally found in some fruits such as apples, cherries, and apricots.
Sorbitol is commercially prepared by the catalytic hydrogenation of polysaccharides.
Fukuoka et al. [41] have reported the reduction of glucose to sorbitol using a Pt or
Ru catalyst in aqueous media. Sorbitol is also prepared by fermenting polysaccha-
rides, such as sucrose or a mixture of glucose and fructose, in the presence of the
bacterium Zymomonas mobilis.[42] The chemical industry currently uses sorbitol as
a dispensing agent and humectants in textiles, beauty care products, medicines, and
surfactants. It is also added as a nutritive sweetener in diet drinks, cough syrups, and

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



12.7 Extraction methods | 241

toothpaste. Upon dehydration, sorbitol is transformed into sorbitan, an intermediate
in the conversion of sorbitol into isosorbide. The ester derivative of sorbitan is used as
an emulsifying agent to prepare emulsions, medicinal creams, ointments, and beauty
products. Sorbitan serves as a building block for several important polymers, such as
polyesters. Sorbitan is also used as a plasticizer for PVC, PET, and PBT and is a chiral
building block for non-linear optical polymers in the communication and photonic
industries.[43]

Moulijn et al. [44] demonstrated the isosorbide preparation by dissolving cellu-
lose in molten salt hydrate Zn(II) chloride medium. Adding a co-catalyst, such as cop-
per(II) chloride or nickel(II) chloride, or performing the hydrogenation at elevated
temperatures results in the formation of isosorbide in high yield. Isosorbide is a pre-
cursor for the synthesis of polyethylene isosorbide terephthalate (PEIT) and dimethyl
isosorbide green solvent. It is also used as an alternative plasticizer to toxic bisphe-
nol A. The reactions of isosorbide with numerous aliphatic dicarboxylic acid dichlo-
rides produce aliphatic polyesters. Fenouillot et al. [45] published a detailed review of
polymers derived from renewable isosorbide.

Glycerol, ethylene glycol, propylene (including various mono- and polyols such
as xylitol, erythritol, propylene glycol, and ethylene glycol), and even alkanes can
be obtained via hydrogenolysis glucose. Ji et al. [46] used carbon-supported tungsten
carbide as a catalyst for the hydrogenolysis of cellulose to produce high-yield ethy-
lene glycol.Propylene glycol and ethylene glycol are high-value-added chemicals that
could be potential alternative precursors to fossil-based polyolefin polymers. Ethylene
glycol and propylene glycol are used as antifreeze depressants in water-cooling sys-
tems. Propylene glycol and ethylene glycol are transformed upon dehydration into
propylene and ethylene, respectively. These alkenes could serve as a potential source
of biomass-derived polymers polypropylene and polyethylene. Glycerol is a simple
polyol widely used as a sweetener in the food industry. Due to its antiviral and an-
timicrobial activity, the FDA has approved glycerol for the treatment of burns and
wounds.

12.7 Extraction methods

12.7.1 Mechano-catalytic depolymerization

Mechanical pretreatment of lignocellulose feedstock through ball milling is often de-
scribed asmechanical-chemical treatment.[47]Ballmilling involves efficiently break-
ing the chemical bond between lignin and hemicellulose to provide a high carbohy-
drate output, small particle size, high enzyme action, high specific surface area, and
low crystallinity index. The process is energy-efficient and easy to scale up. The com-
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plete saccharification of the cellulosic component of biomass without forming any
toxic side-products makes the process green. The mechano-catalytic depolymeriza-
tion of lignocellulose on a kilogram scale has been successfully demonstrated (Fig-
ure 12.12).[48] The α-cellulose, beechwood, and poplar chips are suspended in diethyl
ether, followed by the addition of sulfuric acid. The cellulose microfibrils are embed-
ded in the hemicellulose matrix, which is further protected by an additional layer of
lignin. The lignin layer makes the lignocellulose recalcitrant to hydrolysis. The lig-
nocellulose, hemicellulose, and lignin components are separated and converted into
water-soluble products with the help of ball milling. The substrates are loaded into
Simoloyer® ball mills, and depolymerization is performed at different rotor speeds,
rotor torques, power consumption levels, and temperatures. After heating the sus-
pension in water to 145 °C for approx. 1 h, the solid residue (lignin) is isolated from
the sugar solution.

Figure 12.12:Mechano-catalytic depolymerization of lignocellulose using a Simoloyer® ball mill.
(a) Poplar. (b) Beech. (c) α-Cellulose. (d and e) Ball mill cross-sections. (f) Photograph. Copyright,
courtesy of Zoz GmbH and Deutsche Bundesstiftung Umwelt.
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12.7.2 Integrated conversion

Hemicellulose and cellulose fractionation of lignocellulose biomass can be simulta-
neously converted into reactive furfural and levunilic acid in a single reactor (Fig-
ure 12.13).[49] The low-boiling point product furfural is removed from the reactor by
continuous distillation, whichmitigates the reactive liquid’s furfural degradation. An
increase in the reactor’s residence time allows the less reactive cellulose fraction to
be converted into levunilic acid with a high yield. Catalytic conversion of the mix-
ture (furfural and levunilic acid) intoGVL is feasible without separating furfural from
the reactive liquid. GVL acts as a solvent in the reaction and is one of the process’s
products, making the separation process more straightforward. The lignin and other
degradation products present in the GVL solvent are precipitated inwater and isolated
by filtration.

12.7.3 Ultrasound-assisted radical depolymerization

A high-frequency ultrasound technique for the selective and complete depolymeriza-
tion of cellulose into glucose without any catalyst, external heating source, or ex-
cess pressure was developed (Figure 12.14).[50] Micro-crystalline cellulose is first sus-
pended in water, followed by exposure to ultrasonic irradiation at high frequency
(525 kHz). Application of high-frequency ultrasonic irradiation (HFUS) induces the
nucleation, growth, and collapse of gas- and vapor-filled bubbles and the in situ for-
mation of H∙ and ∙OH radicals generated from the dissociation of water molecules.
Due to the bubbles’ implosions, the radicals are released to either recombine or react
with the solutes, resulting in the selective and quasi-complete cleavage of glycosidic
bonds in cellulose. On the other hand, the low-frequency ultrasound irradiation (less
than 80 kHz) often induces physical effects such as shock waves, irregular water cur-
rent, and micro-jets. This energy induced from the low-frequency ultrasound is not
sufficient to break the glycosidic bond and necessitates the use of HFUS.

Cellulose depolymerization performed under HFUS is more efficient in an H2 en-
vironment than in air, O2, argon, or a mixture of these gases, which suggests that the
generatedH∙ radical transfers onto the surface of the cellulose particles and facilitates
the cleavage of the glycosidic bond. Despite the increasing cellulose loading from 0.5
to 5 wt%, when the glucose concentration reaches approx. 17mmol L−1, the depoly-
merization of cellulose terminates. The glucose releasedduring the reaction’s progress
inhibits the reaction by preventing cellulose reduction induced by HFUS. This bottle-
neck can be overcome by recovering the unreacted cellulose by centrifugation and
filtration, followed by resuspension in water and repeated HFUS. The recycling ap-
proach increased the yield of glucose from 30% (first run) to 90% (third run) (Fig-
ure 12.14).
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Figure 12.13: Schematic representation of the integrated conversion of hemicellulose and cellulose
portions of lignocellulosic biomass (e. g., corn stover) to furfural and GVL, using a portion of the GVL
as a solvent and the remainder for conversion to butene oligomers (C4) as a hydrocarbon.

12.7.4 Fermentation

Fermentation occurs when microorganisms, such as yeast or bacteria, convert carbo-
hydrates into alcohol or organic acids under anaerobic conditions. Enzymes are bi-
ological molecules, typically proteins, that enhance the rate of reactions occurring
inside cells. A specific temperature and pH range are usually required for efficient en-
zymatic action. Two separate unit operations, i. e., purification and fermentation, are

 EBSCOhost - printed on 2/14/2023 6:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



12.7 Extraction methods | 245

Figure 12.14: Depolymerization of cellulose to glucose induced by high-frequency ultrasound (HFUS)
irradiation coupled with filtration-based recycling of the unreacted cellulose.

commonly used to produce bioethanol from lignocellulosic biomass. However, these
two unit operations can be performed simultaneously in a single process, often re-
ferred to as simultaneous saccharification and fermentation (SSF).[51] In bio-based
ethanol production, three main factors determine ethanol production costs:
1. the effective conversion of all polysaccharides to ethanol;
2. the concentration of ethanol in the fermentation broth; and
3. the number of unit operations involved.

Converting starch feedstock into ethanol is more straightforward than converting lig-
nocellulose tomonosaccharides. Lignocellulose feedstock is often cheaper than starch
feedstock, and thus, lignocellulose feedstock is the better alternative for bioethanol
production. Raw material costs contribute significantly to the final cost of ethanol.
SSF of lignocellulose can significantly reduce the cost of bioethanol production. The
SSF of glucose and xylose derived from corn-stover biomass is used to obtain high
bioethanol concentrations from highly water-insoluble solids.[51]

Some efficient methods for the production of value-added chemicals from ligno-
cellulose biomass are compared in Table 12.3. However, these methods suffer from
some limitations. The ball milling method has high carbohydrate production, a high
enzyme action, scalability to hecto- and kilogram scales, and a high yield of polysac-
charides and other high-value-added chemicals. It also produces sulfur-free lignin in
a limited time. Substituting ether with a green solvent could make this method more
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Table 12.3: Summary of the advantages and disadvantages of different methods producing valu-
able bio-based building blocks. SSF, simultaneous saccharification and fermentation; HFUS, high-
frequency ultrasonic irradiation; SCFF, segmented continuous flow fractionation.

Mechano-catalytic
[48]

Integrated
conversion [49]

Radical-based
[50]

SSF [51] SCFF
[54]

Substrate Cellulose, beech
wood, poplar wood

Cellulose and
hemicellulose

Cellulose Corn
stover

Lignin

Scalability Hecto- to kilogram Gram Gram Gram Gram

Catalyst Sulfuric acid (1%) Sulfuric acid,
Pt/Sn, and Ru/Sn

HFUS Enzymes –

Solvents Diethyl ether γ-valerolactone Water Water Organic
solvents

Yield High High High High High

Products Mixture of lignin
oligomers, phenolic
dimers, trimers

Furfural,
γ-valerolactone

Glucose Ethanol

sustainable. In the integrated conversionmethod, a γ-valerolactone and water mix-
ture is used as a deep eutectic solvent to dissolve lignocellulosic biomass, which is a
more sustainable choice that replaces harsh organic solvents. However, the removal
of furfural through distillation is an energy-consuming process. Moreover, the use of
expensive Pt-Sn and Ru-Sn catalysts is another limitation of this process. The SSF pro-
cess is promising because it combines two different unit operations into a single pro-
cess, ultimately reducing the costs involved in producing bioethanol. However, the
high cost of enzymes and the long process times are some of this method’s limita-
tions, spurring a quest to develop a new strain of microbes that can convert biomass
into ethanol more efficiently. Refer to Chapter 10 for in-depth discussions about the
sustainable production of biofuels.

12.7.5 Segmented continuous flow fractionation

Lignin is a vital source of different value-added chemicals. Thus tremendous effort
has been invested in developing effective methods to extract lignins suitable for bulk-
scale, high-value applications. Different methods developed to isolate carbohydrate
streams alter the lignins’ skeleton during processing and contribute to structural
variations. High-value-added lignins can be prepared by fractionation methods. Tra-
ditional paper industries produce softwood kraft lignin (KL) via a lignoboost pro-
cess. Wheat straw organosolv lignin (WL) is a by-product of the refinery process.[52]
The KL process separates the acetone soluble low-molecular weight fraction from
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bulk,[53] whereas theWLmethod sequentially combines solvents such as acetone and
methanol for fractionation. However, the implementation and upscaling of these pro-
cesses in the continuous mode are cumbersome. For example, in a membrane-based
and chromatography-based continuous separation processes, clogging of the mem-
brane pores or the column with fractionated solids is a common problem. This issue
can be avoided by adopting a segmented flow approach, which is both continuous
and scalable. This process is also known as segmented continuous flow fractionation
(SCFF) of lignins.

An SCFF setup consists of a glass column, also called a lignin-sample holder,
charged with dry solid lignin with a disk of porous PTFE frit at both ends to avoid
any escape of solid lignin particles (Figure 12.15).[54] The column is placed inside the
column oven and is connected to the solvent flow system at one end. A photodiode ar-
ray and refractive index (RI) detectors for the simple detection of the lignin fraction in
the solvent are at the other end. At a suitable temperature, the desired solvent gradient
is programmed and introduced in the setup. The detectors monitor the soluble lignin
fraction. Owing to lignin’s partial solubility in the solvent, the total volume of solid
lignin inside the column continuously decreases during the process. This decrease in
solidmass inside the column is compensatedbymoving the adjustable piece such that
the solid lignin remains densely packed. Once the whole soluble part is fractionated,
the fractions are concentrated, and the solvent is recycled.

Figure 12.15: Schematic flow scheme of segmented continuous flow fractionation (SCFF) of lignin.

12.8 New design technology concepts for advanced polymer
materials

Existing polymer material preparation technologies suffer from several limitations.
These limitations include imprecise control over the polymer structure for precise ap-
plication, inadequate green nature, unsustainable chemistry, high energy and time
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consumption, inefficiency on a large scale, etc., all of which present formidable chal-
lenges. Improving existing polymer synthesis techniques from a sustainable technol-
ogy perspective can be achieved by further improving the reactor design, examining
online, and automating the process. These improvements will also achieve increased
accuracy and stability and make it easier to discover new polymer materials.

12.8.1 Reactor design configuration

Pressurized reactors: Laboratory-scale-based polymer synthetic routes often use
glass vessels charged with reactants, such as monomers, exposed to external stimuli,
usually heat, to initiate the reaction. Nowadays, reactors are typically commercial
jacketed vessels attached to overhead stirrers for scale-up synthesis. For large-scale
production, industries now prefer pressurized reactors. Pressurized reactors are also
used to prepare ultrahigh-molecular weight polymers under high pressure via con-
trolled radical polymerization methods.

Microwave reactors: Initiating the reaction using microwave radiation often re-
sults in an increased polymerization reaction rate without compromising the final
polymeric material’s quality.

Continuous flow reactors: In these reactors, a tube is subjected to a flow of re-
action from inside and then exposed to heat or light to initiate the reaction. The in-
tegration of such reactors in polymerization routes provides reproducible synthetic
conditions and simultaneously reduces human interference. In contrast to the batch
process, continuous flow reactors offer several advantages, such as control over the
molecular weight and conversion, scalability, and less operation time. Furthermore,
integration with onlinemonitoring/automation offers precise information on the con-
version/molecular weight.

12.8.2 Online monitoring

Two factors are often involved in a polymerization reaction: (a) converting amonomer
into a polymer and (b) the molecular weight and dispersity index of the final poly-
mer. The latter factor is crucial for preparing a polymer with particular properties
such as solubility, mechanical strength, and self-assembly. Current polymerization
techniques often involve sample testing at intervals, which ultimately provides little
information required to discover new polymers. With the help of online monitoring,
detailed knowledge of a reaction’s progress can be gathered,which could help smartly
navigate the reaction with high efficiency. For example, the decomposition of a poly-
merwith longer reaction times canbe easily avoided. Real-timemonitoring of the poly-
merization reaction can provide more precise information, such as introducing reac-
tants at specific time intervals when preparing desired molecular weight polymers or
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conditions. Online monitoring in gathering real-time information involves different
spectroscopic techniques such as UV-Vis, infrared, and Raman. The viscometry tech-
nique can also be used to extract real-time information during a polymerization reac-
tion.[55] When finer details are required, the above-listed techniques are insufficient
because they need to be calibratedwith the system before use. Other techniques, such
as nuclearmagnetic resonance (NMR) and gel permeation chromatography (GPC), are
often used for molecular weight distribution in polymers to provide a versatile plat-
form. Unfortunately, neither technique provides real-time information because the
sample preparation for analysis is a time-consuming process. An online GPC coupled
with an automated sampler[56] or a high-throughput platform[57] or flow reactor[58]
has been applied successfully for quickly extracting molecular weight information.
A block copolymer’s self-assembly during polymerization can be monitored using a
small-angle X-ray scattering (SAXS) technique.[59] Automatic continuous onlinemon-
itoring of polymerizations (ACOMP) technology is another powerful online analysis
tool developed for comprehensivemonitoring of polymerizationby integrating a range
of techniques.[60]

12.8.3 Automation

The integration of computer-controlled and algorithm-basedmechanical pumps, tem-
perature controllers, samplers, etc., in a synthetic polymerization reactor setup can
improve reproducibility and reduce human interactions in the process.[61] For exam-
ple, a temperature controller can provide the necessary stable temperature to pre-
pare reproducible products. With the help of a flow rate controller, a definite amount
of monomer or other precursors can ultimately control the final polymer structure.
Artificial intelligence (AI)-based automation can help predict the suitable conditions
needed to prepare polymers with specific properties.[62]

12.8.4 Membranes

Generally, lignin is derived from catalytic depolymerization of lignocellulosic feed-
stock comprised of phenolic dimers and lignin oligomers. Lignin products from the
lignin phenolic stream are usually refined or extracted using distillation methods.
However, distillation methods are often economically unfeasible for refinement or ex-
traction of the lignin phenolic stream due to the high energy consumption, leading
to high operating expenses. The difference in the molecular weight of the monophe-
nols and oligomeric species in the lignin stream can be exploited in membrane-based
separations. Non-thermal, two-stagemembrane fractionation of catalytic upstream
biorefining (CUB) liquorwas realized for the separation of high-molecularweight com-
ponents from low-molecular weight components (Figure 12.16).[63]
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Figure 12.16: Schematic representation of a catalytic upstream biorefining (CUB) process coupled
with a two-stage membrane fractionation of the CUB liquor.

First, lignin biorefining is done in the presence of a heterogeneous hydrogenation cat-
alyst, which leads to the formation of a lignin stream and a highly delignified pulp.
A selective hydrodeoxygenation (HDO) process of lignin produces the lignin stream
of a more uniform chemical nature than the other organsolv processes under similar
conditions. Despite these advantages, the lignin streams are contaminated with high-
molecular weight lignin phenolic compounds (above 1 kDa), which generates pulp
with a high degree of polymerization and high xylan content. Therefore, it is neces-
sary to separate the high-molecular weight lignin-derived phenolic compounds from
the lignin stream. For the separation process to be economically feasible, high-energy-
consuming thermal processes such as distillation should be avoided.

The present method involves the fractionation of the CUB liquor into high- and
low-molecular weight lignin phenolic compounds and solvent recovery using mem-
branes. The green solvents 2-propanol and water are used in the process. The process
starts with the hydrogenation of poplar wood with a Raney nickel catalyst in a sol-
vent mixture of 2-propanol (acting as a solvent and organic H donor for the selective
HDO process) and water (7:3 v/v). The suspension is heated to 160–220 °C for 3 h. The
catalyst is recovered from the pulp suspension using a magnet, and the CUB liquor
is separated from the pulp suspension using a microfilter with a 4–7 µm pore diame-
ter.

The obtained CUB liquor is then introduced to Tank 1 for stage 1 separation using
GMT NC-1 from GMT Membrantechnik GmbH, Germany. In the first membrane stage,
the high-molecular weight phenolic compounds cannot permeate through the mem-
brane assembly. Thus, they are separated and collected in Tank 1. The low-molecular
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weight phenolic compounds canpass through the series of cross-flowmembrane cells.
The employed cross-flow membrane cells work in a recycle mode. The retentate and
permeate streamsare circulatedback into feedTank 1 to ensure that all themembranes
cells are running with the same feed composition.

The permeate from stage 1 is introduced as a feed for stage 2. In the second stage,
the Fimltec™ NF90 membrane enriches the low-molecular weight lignin phenolic
products in the retentate stream, which eventually accumulates in Tank 2. The liquor
solvent is recovered in the permeate and stored in Tank 3. Due to the small pore size,
the membrane permeance is lower than that observed in stage 1. However, in stage 2,
a purity of 97% of low-molecular weight lignin phenolic compounds is achieved. The
applied pressures in stages 1 and 2 are in the ranges of 15–30 and 25–40bar, respec-
tively.

12.8.5 Membranes from chitosan and PLA

Membrane processes arewidely recognized for their energy efficiency and sustainable
nature. Membrane processes have emerged as one of the most promising sustainable
processes in desalination, wastewater treatment, liquid, and gas purification. How-
ever, despite their usefulness, these methods are often used to prepare membrane
materials such as polymers and solvents that are not sustainable. Themembrane tech-
nology sector is currently evaluating bio-based polymers and green solvents with the
aim of achieving a circular economy.

A thin-film composite membrane for forward osmosis was developed from chi-
tosan (Figure 12.17).[64] Utilizing glutaraldehyde as a crosslinker, crosslinked chi-
tosan is prepared on an electrospun mat, followed by the synthesis of an amide-
based polymer layer through interfacial polymerization. The resulting partially green
membrane is then subjected to forward osmosis studies. The results indicate that
the chitosan layer enhances salt rejection. Since m-phenylenediamine (MPD) and
1,3,5-trimesoyl chloride (TMC) are used to prepare the active layer, the overall mem-
brane material is still far from green. MPD and TMC are highly reactive, toxic, fossil-
based chemicals. Hexane is also used during this polymerization, which is an unde-
sired solvent, and sodium dodecyl benzenesulfonate (SDBS) is employed as a surfac-
tant. Additives are undesired from a sustainability point of view, and thus, there is
a need to develop an active layer from more sustainable building blocks using green
solvents.

To address the sustainability challengesmentioned above, the active layer of thin-
film compositemembranes can be prepared from chitosan using TMC as a crosslinker.
Although chitosan is a biobased polymer, the TMC reagent should be avoided. The
membrane is fabricated on a sulfonated polyethersulfone-polyethersulfone (SPES-
PES) support layer using the interfacial polymerization method (Figure 12.17b).[65]
These examples demonstrate that it is challenging to use only sustainable resources
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Figure 12.17: Schematic presentation of the use of biopolymers for membrane preparation. (a) A
three-layered thin film composite membrane on a chitosan-based interlayer using SDBS surfactant.
(b) A thin-film composite membrane with an active layer that incorporates chitosan. (c) A pervapora-
tion membrane comprising of polylactic acid, made using ethyl lactate green solvent.

for materials fabrication. Nonetheless, in the forward osmosis studies, the membrane
with higher chitosan concentrations exhibits higher salt rejection than themembrane
composed of low chitosan concentrations. Maximizing the chitosan concentration
not only improves the salt rejection but also makes the membrane material greener.
The performance further improves when the membrane is treated with an aqueous
NaOH solution.
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The biopolymer polylactic acid (PLA) is also successfully utilized for membrane
fabrication (Figure 12.17c).[66] PLA is a bio-based biodegradable and compostable
polymer. The process solvent for membrane preparation is ethyl lactate, a green sol-
vent that is biodegradable, recyclable, bio-based, andnon-toxic. Refer to Section 3.3 to
learn about green solvents. The obtained green integrally skinned asymmetric (ISA)
membrane is used for the pervaporation of the azeotropic mixture of methanol and
methyl tert-butyl ether. The membrane exhibits high permeation towards methanol
with a selectivity value of higher than 75.

12.8.6 Production of bio-based polyethylene (bio-PE)

Polyethylene is the most common polymer used for packaging, plastic bags, contain-
ers, bottles, etc. Polyethylene accounts for 34% of the polymer market, producing 100
million tons of polyethylene resins per year.[3] Bio-PE is usually composed of different
polymers of olefins. Bio-PE can be divided into three classes according to the polymer
density:
1. high-density PE (HDPE), extruded at high pressure and temperature;
2. low-density PE (LDPE), extruded at low pressure and temperature; and
3. linear low-density PE (LLDPE), prepared by co-polymerization with longer (C4–

C8) olefins.

Because thebio-basedpolymermarket has only recently emerged, bio-basedpolyethy-
lene is currently sold at high prices, around 30–40% higher than conventional PE.
Bio-PE prepared from natural sources behaves similarly to its petroleum- or natural
gas-derived counterparts. Like other synthetic polymers, it is not readily biodegrad-
able and compostable and therefore accumulates in landfills. However, bio-based
polymer products are usually thermoplastic and recyclable, and can be included
in the waste plastic recycling system. An alternative to recycling is the production
of oil from polymer waste through the direct liquefaction pyrolysis process per-
formed in the presence[67] or absence of a catalyst.[68] Pyrolysis is a process where
polymers are thermally cracked from longer hydrocarbon chains into smaller hydro-
carbons. The pyrolysis process often leads to the generation of condensable products
(wax/oil), non-condensable gases, and chars that are valuable to petrochemical in-
dustries and refineries.[69] In terms of energy production, the pyrolysis of polyethy-
lene, polystyrene, and polypropylene yields approx. 89, 96, and 84 wt% fuel oil.
Furthermore, the gaseous products obtained have high calorific value, making the
process economical. Generally, in a pyrolysis process, the catalysts such as bentonite
clay, copper carbonate, CAT-2 zeolite, ZSM-5, and natural zeolite are added to enhance
the hydrocarbon distribution in the pyrolysis liquid oil to obtain similar properties as
conventional fuels like diesel or gasoline.[67]

The pyrolysis of plastic waste for the catalyst-free generation of liquid fuels is a
simple process. In general, plastic waste is first heated to a high temperature (450–
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500 °C) in a closed chamber under an inert nitrogen atmosphere (Figure 12.18).[70]
The resultant pyrolysis gas contains aliphatic hydrocarbons and acid gases such as
hydrochloric acid or sulfur. The output gas is passed through an inline condenser,
which quenches the pyrolysis reaction to predominantly form pyrolysis liquid hydro-
carbon condensate. The formation of additional compounds such as wax and ash can
block the passage, which can be easily controlled with a heating strip or restricted
water flow. The concentration of gasoline in the pyrolysis liquid can be enhanced by
passing the oil vapors through a condensate before they are vented out through a bub-
ble scrubber. The bubble scrubber function is twofold: it scrubs the acid gases such
as hydrochloric acid (the added sodium carbonate captures the chlorine released from
the pyrolysis of PVC in the formof hydrochloric acid gas), and it averts the air backflow
to the system.

Figure 12.18: Schematic of pyrolysis conversion of waste plastic to oil.

In the synthesis of bio-based ethylene (Figure 12.19), the biomass is first converted
to ethanol through a fermentation process.[71] Second, the produced ethanol is con-
verted to ethylene through dehydration, which is finally converted to polyethylene
through conventional polymerization processes. Bio-PE produced from biomass has
the same chemical properties as bio-PE obtained from conventional ethylene.

Brazil andNorth America are the top producers of ethanol asbiofuel, mainly from
the yeast fermentation of sugar-rich and starch-rich biomass, such as sugarcane and
maize, so-called first-generation biomass. The USA produces 57 × 109 liters of ethanol
from bio-resources. Ethanol’s industrial production from lignocellulose biomass, also
known as second-generation biomass, is rapidly developing. Refer to Chapter 10 to
learn more about the conventional and sustainable production of biofuels.
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Figure 12.19: Synthetic route for conversion of biomass feedstock into renewable building blocks
and biopolymers.

Ethylene is an important monomer used to produce bulk polymers such as PE or
PVC. The bio-based polyethylene field is growing rapidly. In conjunction with Crys-
talsev (a sugar and ethanol producer in Brazil), Dow Chemicals is already producing
renewable LLDPE. In another venture with Mistsui chemicals, Dow Chemicals has in-
vested in constructing a production facility for making HDPPE and LLDPE, utilizing
bio-based ethylene as raw material, with a production capacity of 350 kilotons per
year. Braskem has developed a thermoplastic ethylene-based resin made from sugar-
cane ethanol,whichhelps to reduce greenhouse gas emissions. Theyhave constructed
a bio-based PE production facility with a capability of 400 kilotons per year. Looking
at ethanol’s global production, only 18% (16megatons per year) of ethanol is currently
used for non-fuel applications such as ethylene monomer production.[72]

12.8.7 Bio-based 1,4-butanediol

The chemical industry widely uses 1,4-butanediol (BDO) as a solvent and building
block to manufacture plastics, elastic fibers, and polyurethanes. Bio-BDO is an im-
portant commodity chemical used to synthesize some important chemicals. For ex-
ample, under high temperatures and acidic conditions, it undergoes dehydration to
form tetrahydrofuran.[73] Catalytic dehydrogenationof BDO in thepresence of a ruthe-
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nium catalyst at high temperatures produces gamma-butyrolactone.[74] There are two
different routes to prepare bio-BDO: the catalytic hydrogenation of succinic acid and
sugar fermentation.

In a typical catalytic hydrogenation reaction, the reactor is chargedwith anaque-
ous solution of succinic acid and amonometallic catalyst (activated carbon-supported
ruthenium [Ru] and palladium [Pd] catalyst) or bimetallic catalyst (Re-Pd/C and Re-
Ru/C) under an inert argon atmosphere. Heating followed by the introduction of
hydrogen gas initiates the hydrogenation reaction. Regarding the sugar fermenta-
tion route, no microbe can synthesize BDO directly from biomass. Consequently, a
special strain of Escherichia coli has been developed for this purpose. A direct bio-
catalytic route for the preparation of bio-based BDO from carbohydrate feedstock has
been achieved.[75] In 2011, Italian and French legislation banned the sale of non-
biodegradable light-weight plastic bags and packaging to mitigate polymer waste.
With the integration of bio-BDO in their products, Novamont has paved the way to
replace the fossil-based raw materials with bio-based materials that meet biodegrad-
ability requirements.

12.8.8 BioFoam

BioFoam is a PLA-based foam to replace conventional foam used for technical and
packaging applications such as domestic appliances, insulation, and surfboards.[31]
BioFoam was designed to be interchangeable with conventional polymers such as
polystyrene and polysterine.[31] Synbra Technology in the Netherlandsmanufactures
BioFoam with an annual PLA production capacity of 6000 tons. GMO-free sugar is
used for the first-generation production of PLA raw material for BioFoam. The sugar
is 100% bio-based feedstock extracted from cane and beets. The company is now de-
veloping second-generation PLA derived from thinning wood. BioFoam offers simi-
lar properties to conventional foam and is biodegradable, compostable, and can be
remolded into new products. BioFoam production also uses CO2 instead of pentane
to blow the foam, leading to the encapsulation of CO2 inside the foam structure. The
biodegradability, compostability, and CO2 gas usage demonstrate the sustainability of
BioFoam. It is highly durable and suitable for long-term use without a loss of quality.
Follow the QR code on this page to watch Peter de Brujin explaining BioFoam produc-
tion and products.

12.8.9 Desmodur eco N

Covestro AG, a German company, has designed a bio-based hardener (crosslinker) for
quick polyurethane coatings commonly used to protectmetal, wood, or polymeric sur-
faces.[31] Commercial applications include automotive, plastic, and wood coatings.
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Desmodur eco N is 70% bio-based, which means 70% of its carbon is derived from a
bio-based source, and reduces the carbon footprint by 30% compared to fossil-based
coating products. Desmodur eco N is produced from pentamethylenediamine, a raw
material derived from the fermentation of corn starch feedstock (first generation). The
company uses cellulosic and waste biomass as potential second-generation feedstock
for sustainability in bio-based products. Under its current infrastructure, the company
produces 20,000 tons of Desmodur eco N per year.

12.8.10 Rilsan HT and Rilsan Invent

Rilsan is a bio-based polyamide resin manufactured by Arkema, a France-based com-
pany.[31] Rilsanmanufactures a high-performance resin derived from 100%bio-based
feedstock castor oil for the automobile industry, sports equipment, and electrical ap-
pliances. Rilsan is manufactured in two steps: the first step involves the multistep
organic transformation (transesterification, pyrolysis, hydrolysis, hydrobromination,
and amination) of castor oil into amino acid. The side-products obtained from this
step are used in cosmetics and lubricants. The second step involves the polymeriza-
tion of the obtained amino acid precursor into a polymer.Mixing the amino acid build-
ing blocks with other monomers improves the temperature resistance of the prepared
materials. Automobile parts manufactured by Rilsan are light-weight, reducing fuel
consumption and producing 30–40% less CO2 emissions than petrochemical-based
polymers.

12.8.11 Polycarbonates

Sustainable rawmaterials such as biomass and CO2 are used for polymer synthesis to
improve polymers’ carbon footprint. CO2 is a low-cost, non-toxic, and abundant raw
material used to make green chemicals and materials, such as polycarbonate (PC).
In PC, monomer units are linked by carbonate groups. Several methods have been
developed for the preparation of PCs from several different precursors. The devel-
oped protocols include condensation reaction between bisphenol A and phosgene,
metal-catalyzed epoxide and CO2 polymerization, ring-opening of cyclic carbonates,
transesterification, etc. A superbase-mediated reversible reaction of CO2with alcohols
was performed to prepare α,ω-diene functionalized carbonate monomers.[76] After
1,4-di(hydroxymethyl)benzene and tetramethylguanidine are dissolved in DMF and
treated with CO2 gas, followed by the addition of allyl halide, α,ω-diene (yield 44%)
andα,ω-mono-ene (yield 37%) functionalized carbonatemonomers are produced. PCs
are prepared via thiol-ene click[77] (yield 98%) and acyclic diene metathesis (yield
60%) protocols.[78] PC is a high-performance, amorphous, and thermoplastic poly-
mer made using CO2 as a raw material that can be used as an engineering plastic
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due to its high impact strength, thermal and chemical stability, and good electrical
properties. Furthermore, PC is a biocompatible, biodegradable, recyclable, and com-
postable green polymer widely used in polymer blends such as PC-PET and PC-PMMA
to improve material performance.
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13 Solar powered engineering
Gergo Ignacz, Edwing J. G. Gonzalez, Fabiyan A. Shamsudheen, Gyorgy Szekely

Excluding nuclear and geothermal energy, all energy sources on Earth are derived
from the Sun (the energy from cosmic rays is practically negligible). Geothermal en-
ergy, for instance, is considered renewable and is harnessed from slow nuclear fission
in the Earth’s core. The total solar energy reaching the Earth’s surface in a year is
several thousandmagnitudes (!) higher than the total annual energy consumption on
Earth.[1] Solar energy is a periodically renewable energy source. Due to daily (and
sometimes intermittent), seasonal, and regional changes in the exploitable solar ra-
diation and the relatively energy-inefficient harvestingmethod, solar energy is usually
not profitable. This chapter focuses on the different approaches available to capture
and utilize solar energy. The fundamental aspects of light-harvesting by conventional
solar cells and solar contractors are not covered here; the reader is referred to the lit-
erature for general concepts and ideas.[2, 3, 4]

13.1 Water harvesting from air
Water vapor and the atmospheric water resource account for approx. 10% of the total
freshwater reservoir.[5] The atmosphere contains approx. 1.4 ⋅ 1017 L of water, which
forms part of the natural hydrological cycle. Extracting this abundant water resource
from the air could represent a sustainable solution where other freshwater sources
are scarce or heavily polluted. Water vapor in the air can be considered renewable
and – provided prevailing weather patterns do not change significantly in the future
– a non-depleting source. Follow the QR code on this page to learn about RainMaker
and the air-to-water application available therein. Although several ways exist to har-
vest dew and capture moisture and fog from the air,[6, 7] practical, real-life applica-
tions have yet to be demonstrated. The main differences between fog collectors and
dew-harvesting systems are summarized in Table 13.1. Both fog collectors and dew-
harvesting systems require high humidity to operate, usually close to the saturation
point. Due to the extra power supply required, the price of the produced water from
dew-harvesting is 2–3 times higher than the price of produced water from fog collec-
tors. However, water from fog collectors can be contaminated easily due to constant
exposure to the surrounding environment. The schematic working principle and real-
life pictures are presented in Figure 13.1.

For a water capture device to be viable, it must overcome its energy-intensiveness
by using low-grade energy resources. For example, devices can be designed to gen-
erate electricity and store that energy during the day, while harvesting water at night
when the relative humidity is at its highest.1 Porous materials with high affinity to-

1 Usually the temperature at night is lower than during the day. The solubility of water vapor in cold
air is significantly lower than in hot air. Thus, relative humidity is usually (!) higher at night.

https://doi.org/10.1515/9783110717136-013
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Table 13.1: Differences between fog collectors and dew-harvesting systems. Adapted with permis-
sion from [6, 7].

Fog collectors Dew-harvesting systems

Requires high humidity Seasonal arid zones
Saturated air (1–30µm) 80–90% RH
Mesh and storage tank Extra power system (to reach dew point)
4.5USD (m−3 water) 12USD (m−3 water)

Figure 13.1: (a and b) Different fog and dew collectors in nature. (c) Schematic representation of the
working principle of a fog collector. (d and e) Pilot-scale fog collector and close-up image. (f) Fog
collector in use at a rural area (Atacama Desert, Chile). (g) Big OPUR Dew condenser in Corsica. (a–e)
Reprinted with permission from [7]. (f and g) Reprinted under the CC-BY 3.0 license.

wards water, such as certain zeolites and MOFs, may be ideal water adsorbing mate-
rials. Regions with different levels of relative humidity will require different types of
adsorbents with different water uptake capability as a function of the relative humid-
ity. For example, in North Africa, where the relative humidity is low (20%), MOF-801
would be a suitable adsorbent, whereas in North India (40% relative humidity),
UiO-66 would be more suitable (Figure 13.2a).[5] A sharp increase in the water uptake
capability with respect to relative humidity would enable removing thewater from the
MOF with only a small temperature change. This concept is visualized in Figure 13.2c;
the device absorbs the water from the air with low relative humidity, which is released
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Figure 13.2:Water harvesting from air with MOFs. (a) Different porous materials share different water
uptake characteristics based on different relative humidities. (b) Water uptake at different water
vapor pressures at two temperatures. (c) Schematic representation of a water-harvesting device. (d)
Structure of Y-based MOF-801. Reprinted with permission from [5].

when the temperature rises, using the heat of the sun. Subsequently, when the device
is heated, it is not exposed to fresh air because the water evaporates. Instead, the
water – now in liquid form – is collected at the bottom of the device.

Reusability, stability, complexity, and pricing are crucial factors for water-har-
vesting devices, primarily because the affected areas that need these devices are typ-
ically remote with limited transportation and operational expertise. In the case of
MOF-801, the starting materials are cheap and readily available. Moreover, they have
exceptional stability and can be recycled several times without loss of performance.
The device is also capable of producing 2.8 kg of fresh water per kg of adsorbent with-
out the need for any additional power supply, even at relative humidities as low as
20%.[5]

13.2 Solar-driven membrane processes

Desalination technologies are separated into two groups, namely, membrane-based
(reverse osmosis) and thermal processes. The leading thermal technologies include
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multistage flash (MFD), multieffect distillation (MED), and vapor compression (VC).
Membrane-based technologies consist of reverse osmosis (RO) and electrodialysis
(ED).[8] The energy intensity of desalination processes is governed by fundamental
thermodynamic limitations and thus, they are all energy-intensive processes. Reverse
osmosis offers a cheaper and inherently safer option for water desalination than dis-
tillation processes; however, there are certain situations where distillation is still a
viable option, such as when it is combined with a solar cell.

During conventional solar cell applications, only 10–20%of the solar power is uti-
lized, and the rest of the heat is passively dissipated into the environment. The combi-
nation of distillation via excess heat utilization and electricity generation through so-
lar cells could greatly improve the efficiency of the distillation process. Indeed, gener-
ating freshwater and electricity within the same unit has the dual benefit of providing
two essential commodities while also reducing the operating space.[9, 10] In one con-
figuration, a photovoltaic cell is introduced on top of amultistage membrane distil-
lation module (MSMD). The layers of the membrane comprising the distillation units
are separated by aluminum nitride for its high thermal conductivity (Figure 13.3).[10]

Figure 13.3: A multistage membrane distillation module (MSMD) with a photovoltaic panel on the
top. (a) Dead-end filtration mode. (b) Flow-through filtration mode. Reprinted with permission from
[10].

The photovoltaic cell is a commercially available polycrystalline silicon solar cell with
approx. 11% efficiency. The photovoltaic cell is responsible for the relaxation of the
short-wavelength light, while the long-wavelength sunlight undergoes photothermal
conversion. This generated heat can be used as a resource instead of waste in gen-
eral photovoltaic cells. Thus, the generated heat dissipates through the thermal con-
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duction layers, eventually heating the water. The produced water vapor then passes
through thehydrophilicmembrane and condenses, producingpotablewater. Thedriv-
ing force behind this process is the difference in vapor pressure across the evaporation
layers. The heat – released from the condensation process – is ultimately utilized in
the next layer. Thus, themultistage process exploits all the available latent heat in the
system. This device can generate water at a constant rate of 1.6 kgm−2 h−1.

Passive modular distillers (without any moving parts such as pumps) can be
constructed for seawater desalination (Figure 13.4). The absence of electrical moving
parts is preferred for the lower cost and less maintenance.[11] The vapor pressure
difference between the two hydrophilic layers is the driving force of the process.
Reducing the distance between the evaporator and the condenser enables an evap-
oration-condensation cycle to take place at low temperature and ambient pressure.
The seawater is supplied via capillary forces and enters the heated hydrophobic top
layer. The thermal gradient between the top and bottom dictates the direction of the
driving force and thus, the travel direction of the water vapor. The heat dissipation
through several stages ensures efficient heat utilization. The spatially uneven salt
content of the water in the system generates a different water flux across the device.
Nevertheless, the net flux of water produced is steady when the energy supply is
stable.

The non-linear relationship between each evaporator-condenser layer has a neg-
ative effect on the net water flux rate. For example, a three-stage configuration device
has an approx. threefold higher specific mass flow rate compared to the mass flow
rate of a single-stage distillation device. On the other hand, the mass flow rate of a
ten-stage device is six-fold higher than that of a single-stage distillation device. The
device can be operated with two different setups. In setup A, the system does not con-
tain a membrane between the evaporator and condenser, but the gap is filled with air.
In setup B, a hydrophobic membrane is placed between the evaporator and the con-
denser. Moreover, in setup B, the distance between the evaporator and the condenser
is significantly smaller than in setup A. In general, the narrower the gap between the
condenser and the evaporator, thehigher the temperature gradient, and thehigher the
water flux. The thermal conductivity of the hydrophobic membrane is higher than the
thermal conductivity of air, which results in a lower temperature gradient and lower
water flux. These competing effects are in balance, and, interestingly, there is little
difference in net water flux between setup A and setup B. The freshwater output can
reach up to 3 Lm−2 h−1 with one sun illumination.2 These devices can be useful in
emergencies due to their passive method. Also, floating gardens and other CO2 se-
questration applications could be envisaged where a freshwater supply is in constant
demand.

2 One sun illumination refers to the method where no additional solar reflectors are used (no mirrors
are used to reflect the radiation).
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Figure 13.4: Schematic representation of the passive modular distiller. (a) Seawater travels to the
system via capillary forces to the hydrophilic layers. Meanwhile, solar energy is converted into heat
energy via solar absorbers. The heat is conducted towards the inside of the device using aluminum
sheets. Evaporation takes place between the two hydrophilic layers. (b) Rendered image of the mod-
ule. (c) Thermodynamic representation of the working principle: the vapor flux towards the driving
force is proportional to the vapor pressure gradient across the hydrophobic layer. (d) Vapor pressure
with respect to water salinity. Reprinted with permission from [11].

Direct solar-driven organic solvent purification has emerged recently. RO-type
membrane processes are often cumbersome due to the harsh nature of the organic
solvents involved. Although distillation processes offer a robust solution, they tend
to be energy-intensive. The replacement of fossil fuel-based energy with solar power
is a potentially viable option for the purification of organic solvents with low boil-
ing points. The operating principle and the driving force for a passive evaporation
device that exploits direct sunlight are similar to the freshwater distillatory devices
described above. The electromagnetic waves heat the surface of a porous material
immersed in the solvent. The solvent travels upwards via capillary forces where the
vapor condenses, is collected, and is then reused. Direct evaporation of the organic
solvents is achieved using sunlight and a coated porous material (Figure 13.5). The
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Figure 13.5: Solar-driven organic solvent purification through evaporation using Prussian Blue-
coated porous materials. In this presented system, a xenon lamp heats the top layer of the material,
which induces rapid evaporation from the surface. Capillary forces passively transfer the fluid to the
surface. Reprinted with permission from [12].

coating material is Prussian Blue (FeIII4[FeII(CN)6]3)-based MOF. This MOF has ex-
ceptional absorbance in the visible wavelength, is stable in a large variety of organic
solvents (e. g., ketones, alcohols), and has a large surface area (5.7m2 g−1). The de-
vice can achieve a 389.4molm−2 h−1 vaporization rate for acetone and 7.6molm−2 h−1
for DMF; these rates are well correlated with the change in their vaporization en-
thalpy.[12] This technology can compete with the already existing organic solvent
nanofiltration technology, but its large-scale adoption and commercialization have
yet to be realized.

13.3 Concentrated solar power

Concentrated solar power (CSP) devices generate heat or energy by projecting the sun-
light using mirrors or lenses. The projected sunlight is converted to heat, which can
then be directly used to heat a fluid to produce electricity or to perform chemical re-
actions.[13] Concentrated solar light can also be used in photochemical reactions.[14]
Across the solar-belt region of the Earth (±40° latitudes where there is a low degree of
humidity and low levels of atmospheric aerosols), the solar radiosity is approximately
63MWm−2, which is ideal for heat generation. The Snell–Descartes law canbe applied
as the basic operational principle for solar concentrators.3 Follow theQR codes on this
page to watch videos about the CSP concept and its implementation.

3 The Snell–Descartes law, or simply refraction law, refers to the phenomenonwhen an incident beam
is refracted upon entering a differentmedium. The incident beam fromamaterial with refractive index
n1 entering another material with refractive index n2 with angle ϑ1 will be refracted at an angle ϑ2,
where sin ϑ1

sin ϑ2
= n2

n1
.
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Four different types of solar concentrators are shown in Figure 13.6. The first de-
vice is termedparabolic trough (PT). In this device, the curvedmirrors reflect the light
onto a tubing, which is filled with thermal fluid. The main advantage of this device is
the simple design and the fact that it can be operated under continuous conditions.
PTs and their analogs are used in large-scale CSP applications because they are easy
to scale up at a reasonable cost. The second device uses heliostats (central receiver
[CR]), which project the sunlight onto the surface of a receiver filledwith thermal fluid,
usually molten salts or moltenmetals. CRs are usually used for power generation. The
third device is thedish/engine, where a parabolic reflector projects the sunlight onto a
receiver engine. Themain advantage of this configuration is that the parabolas can be
controlled individually. The technology could be potentially used for water splitting
or sustainable fuel production.[15, 16] The fourth device is the linear Fresnel mirror
solar concentrator, which is a combination of PT and CR in a setup that allows a
continuous flow way.

There are several feasible applications for commercial, industrial, and small-scale
CSP generators. Domestic grade devices usually generate low-grade heat for heating
or small-scale biogas production. Commercial and industrial-scale solar plants are
mostly used for grid-type electricity generation or to power different stand-alone or
hybrid projects. Industrial process heat applications include boiling, melting, steril-
izing, water desalination, and photochemical reactions. Electrical power generation
using CSP is well established in the commercial sector and on the industrial scale.[13]
Different types of CSPs have different average power outputs, operation temperatures,
and efficiencies (Table 13.2).[16]

Electricity generation that utilizes heat is mainly achieved using steam engines.
The two most well-known steam engine types are the Rankine cycle and the Brayton
cycle. In the case of theRankine cycle, water is pumped through a combustion cham-
ber to generate steam. The steam (or vapor) is expanded in a turbine system, which is
used for electricity generation. The low-pressure steam is then condensed and regen-
erated into the cycle. The low-gradeheat from the condensation is used for heating.[17]
On the other hand, the Brayton cycle uses a dual compressor-turbine system, where
the compressor is physically connected to the turbine via a centerline. Compressed
fresh air enters the chamber along with the fuel. After combustion, the exhaust gases
enter the turbine, where they expand and actuate the turbine, before exiting as ex-
haust.[18] The CSP powered Rankine cycle for energy generation is nearly identical to
the general Rankine cycle (Figure 13.7). Sunlight is converted into heat using a thermal
fluid. The working fluid (water or organic solvent) is vaporized using heat exchangers
and then expanded to generate electricity. The low-pressure vapor after the expander
is subjected to heat exchange, and the low-grade heat can be used for heating.

The fluctuation problem regarding solar power is a challenging task to solve. The
electromagnetic radiation of the sun can be considered steady in our timespan. On
the other hand, due to the effect of the Earth’s tilt, the effective radiation reaching any
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Figure 13.6: General configuration for (a) different solar concentrators and (b) a solar power tower
with advanced molten salt energy storage technology concentrating light with 10,000 mirrored he-
liostats spanning across 1.2 km2. The photo is licensed under the Creative Commons Attribution-
Share Alike 4.0 International license.

given location during the year varies spatially and periodically, depending on the sea-
son. Seasonal effects move slowly and change gradually. In contrast, daily changes
due to the rotation of the Earth are significantly faster. Weather conditions can also
result in a variation of the radiation energy, making the utilization of solar energy
somewhat chaotic. These predictable and unpredictable changes make it challenging
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Table 13.2: Concentrated solar power system characteristics.

Parabolic troughs Central receiver Dish/engine

Power unit 30–80MWa 10–200MWa 5–25 kW
Temperature 390 °C 565 °C 750 °C
Annual capacity 23–50%a 20–77%a 25%
Peak efficiency 20% 23% 29.40%
Net annual efficiency 11–16%a 7–20%a 12–25%
Commercial status Mature Early projects Prototypes/demos
Technology risk Low Medium High
Thermal storage Limited Yes Batteries
Hybrid schemes Yes Yes Yes
Cost W installed
USD per W 3.49–2.34a 3.83–2.16a 11.00–1.14a

USD per Wpeak
b 3.49–1.13a 2.09–0.78a 11.00–0.96a

aData interval period of 2010–2025. bWithout thermal storage. Data from [16].

Figure 13.7: CSP powered Rankine cycle. The general working principle is similar to those utilizing
fossil fuel heat: the generated water vapor expands and powers a generator. Then the low-pressure
vapor passes through a condenser generating low-grade heat. If the solar power is not enough to fill
the storage tank, auxiliary power generators must be connected to the system.

to implement a universal solar power-generating system across the globe. Another
important issue is the uneven peak distribution. If peak energy demand hours occur
before or after sunset, the collected solar powermust be conserved and stored in large
batteries. Further information about redox-flow batteries can be found following the
QR code on this page.[19] Changing the general operational time for electrical inten-
sive industrial processes from nighttime to midday is an alternative solution to power
storage.

Generally speaking, in power storage devices, the storage tank is filled during
the day with high solar radiation and then empties at night during low solar radia-
tion. High-efficiency thermal storage can be achieved using molten salts. The main
advantages of this technology include extremely low CO2 generation and relatively
high overall efficiency (55%), which is close to the regenerative Brayton cycle. Ma-
jor drawbacks of this system include scale-up and integration with existing grid sys-
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tems. As an example of a real-world case, consider a day when the weather conditions
prevent the storage tank from filling fully and thus, the tank cannot supply enough
electricity. In this instance, an alternative electrical generation system (renewable or
otherwise) is needed immediately to meet energy demand. This not only makes the
system more complicated but generates substantial idle time for the auxiliary power
generator, which will eventually increase the cost.

13.4 Photochemistry and photocatalysis

Photochemistry refers to the process of chemical conversion induced by electromag-
netic energy. Photocatalysis refers to the heterogeneous and homogeneous photolytic
conversion of different compounds by electromagnetic energy. Photochemical reac-
tions generate reactive species through themild excitation of molecules. These highly
reactive intermediates cannot be generated under mild conditions, and the use of
conventional thermal methods results in low yield. Photochemical reactions are of ut-
most importance in nature.

Atoms and molecules can only absorb photons with a specific energy. This char-
acteristic energy is called photon energy, which is proportional to the frequency (and
inversely proportional to the wavelength) of the light. Higher-frequency light corre-
sponds to higher energy. Upon absorption of a photon by an atom or molecule, the
ground-state highest occupiedmolecular orbital (HOMO, S0) electron is excited to the
lowest unoccupied molecular orbital (LUMO) or a higher MO while maintaining its
spin (Figure 13.8). The excited electron on S2 quickly relaxes to a stable S1 via inter-
nal conversion (IC). Relaxation from S1 can take place in three different ways. First,
through internal conversion back to S0. Second, the molecule or atom emits an pho-
ton, causing fluorescence. Internal conversion and fluorescent decay are both rapid
processes, which is why fluorescent emitters fade quickly following excitation. The
third way is called intersystem crossing (ISC), during which the electron on S1 un-
dergoes a so-called spin conversion, causing the two SOMOs to share the same spin
(T1). The T1 triplet state is relatively stable and has a long lifespan, but eventually ra-
diates back to S0; this process is called phosphorescence. ISC is the basic concept
of photoredox catalysis, which generates relatively stable triplet state radicals.[20]
Electromagnetic radiation can also permit reactions to occur (called the Woodward–
Hoffman rule), thus increasing the selectivity in some instances. For further reading
on photochemistry, the reader is referred to [21].

Due to the renewable and non-polluting nature of solar energy, photochemistry is
considered to be a green technology.[22] However, photochemical reactions are rarely
conducted using direct sunlight due to fluctuations in sunlight intensity, broad wave-
length distribution, and cumbersome technological implementations. Instead, artifi-
cial lighting is themost commonmethod applied to performphotochemical reactions,
which requires the use of LEDs, compact fluorescent lamps, or high-energy quartz UV
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Figure 13.8: Jablonski diagram. The ground-state S0 electron absorbs light at a specific wavelength,
reaching the S1 or S2 state based on the energy of the excitation. S2 converts back to S1 via radi-
ationless de-excitation, called internal conversion. The unstable S1 state can undergo another IC
either back to the ground state (fluorescence) or into the triplet T1 state via intersystem crossing
(ISC). During ISC, the spin multiplicity of the LUMO electron changes. The relatively stable T1 can
convert back to the ground state via phosphorescence.

lamps. A possible solution to replace artificial light with sunlight could be either the
transformationof sunlight intousefulwavelengths,[23] or the inherent transformation
of synthetic chemical methodologies to utilize sunlight directly (e. g., by designing
catalysts that activate in sunlight). Since electromagnetic wave radiation generates a
radical from the catalyst or the molecule, most photochemical reactions fall into the
category of free radical transformations. The triplet state of the radical could be either
oxidized or reduced; thus, photocatalysts can participate either in the reduction or
oxidation part of the process.

13.4.1 Heterogeneous photocatalysis

The most common heterogeneous photocatalysts are transition metal oxides and
semiconductors such as TiO2, ZnO, CeO2, CdS, and ZnS. Heterogeneous photocatal-
ysis consists of a wide variety of reaction types that are capable of performing total
or partial oxidations and reductions. Examples include dehydrogenation, hydro-
gen transfer, isotopic exchange, organic or inorganic pollutant removal, and metal
deposition.[24] Heterogeneous photocatalytic reactions are similar to classical het-
erogeneous reactions in terms of the process steps, i. e., the transfer of molecules
near the surface, the adsorption of molecules to the surface, the type of reaction,
the desorption of products and by-products, and the removal of molecules from the
surface.

An ideal heterogeneous photocatalyst should have high light absorption effi-
ciency in a broad spectrum and a strong interaction with chemical reactants, while
meeting the energy requirements of a desired photochemical reaction and operating
at ambient temperature and pressure. Moreover, an ideal photocatalyst should be eas-
ily regenerated and recycled. Regarding the reactor design, fixed bed and slurry batch
photoreactors are preferred, although different designs and configurations are accept-
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able. The advantages and disadvantages of heterogeneous photocatalytic systems are
shown in Table 13.3. Compared to homogenous catalysts, the main advantages of het-
erogeneous catalysts include higher stability towards photobleaching (i. e., degrada-
tion due to radiation) and their inert nature and low cost. However, they tend to have
lower light-harvesting efficiency due to shadowing effects.

Table 13.3: Advantages and disadvantages of heterogeneous photocatalysis.

Advantages Disadvantages

High stability High recombination rate
High activity Low harvesting efficiency
Non-toxic
Chemically inert Difficult isolation
Low cost Poor electric adsorption
Easy to recover and recycle

Catalytic activity and the rate of the reaction during heterogeneous photocatalysis are
proportional to themass of the catalyst and follow the Langmuir–Hinshelwoodmech-
anism. Above a certain mass ratio threshold, the catalytic activity rapidly decreases,
and the rate of the reaction becomes independent of the catalyticmass due to shadow-
ing effects. Heterogeneous catalytic reactions do not require heating due to the radical
photonic-type activation. Depending on the apparent activation energy, the optimal
temperature of the reaction is usually between 20 °C and 80 °C. The rate of reaction de-
pends on the radiant flux. The relationship between the reaction rate and the photon
flux is called the quantum yield, Φ, which is calculated as follows:

Φ = molecules formed per second
photons adsorbed per second

.(13.1)

The quantum yield is a kinetic definition, which is crucial in any photocatalytic
system, and by definition, it cannot exceed 1. The quantum yield is wavelength-
dependent; thus, monochromatic light sources at the excitation wavelength have far
better quantum yield than, for example, white light. Most reactions have a quantum
yield between 0.01 and 0.7, and common photosynthetic reactions have a quantum
yield of approx. 0.1.[25] Another important parameter of photocatalytic reactions is
the photonic efficiency, ξ , which is calculated as follows:

ξ = reaction rate
photon flux

.(13.2)

The photonic efficiency in conventional batch reactors is usually between 0.004
and 0.009 and can reach up to 0.6 using a photomicroreactor.[26] Due to their effi-
ciency, flow chemical photoreactors are preferred to batch reactors. Learnmore about
flow reactors and microreactors in Chapter 6.
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Heterogeneous photocatalysis is frequently used for the removal of organic pol-
lutants. However, the photocatalytic reaction rate for pollutant removal (photodegra-
dation) is relatively low compared to other chemical removal methods. Photocatalytic
reactions are often coupled with ozone generation to overcome these slow reaction
times. The synergistic effect of photocatalytic and ozone treatments offers an efficient
way for pollution removal. Heterogeneous catalysis has been successfully applied
for dye photosensitization,[27] semiconductor coupling,[28] metal doping,4 [29] non-
metal doping,[30] and carbon dioxide sequestration.

In heterogeneous photocatalysis, the catalyst is either suspended or attached to
the surface of a support material. For suspended catalysts, the reactor type is also
referred to as a slurry reactor, where the catalyst particles are dispersed in the reac-
tion matrix without any immobilization. The suspension results in a fully integrated
system (the catalyst in the fluid system) and increases the photonic efficiency. The
immobilized catalyst reactor design features a catalyst anchored to a fixed support
dispersed on the stationary phase (catalyst support system). Figure 13.9 shows a re-
actor scheme of a fixed bed, more specifically a monolith type reactor. The gas phase
starting materials dissolve into the coated, interconnected monolithic channels and
diffuse evenly. This setup improves light andmass distribution in the reactor, improv-
ing the overall efficiency. The products then desorb back into the gas stream and leave
the reactor. The immobilized photocatalyst is commonly attached to activated carbon,
fiberglass, glass beads, or zeolites, or onto inert polymer surfaces.

An example of a slurry-type reactor is shown in Figure 13.10. Slurry-type reactors
are widely used in water treatment and have higher catalytic activity than fixed bed
reactors. One of themain disadvantages of slurry-type reactors is the difficulty in sepa-
rating the catalyst from the reaction stream, in particular for catalysts below 0.1 µm in
size. The immobilized catalyst beds have several drawbacks; for example, low surface
area-to-volume ratio, large pressure drop, catalyst fouling, leaching, and cumbersome
regeneration. The advantages and disadvantages of the slurry- and fixed-type reactors
are detailed in Table 13.4.

13.4.2 Solar-driven advanced oxidation processes

Bothheterogeneous andhomogeneous systemshave beendeveloped for advanced so-
lar oxidation processes (AOPs). Heterogeneous processes usually include TiO2/H2O2/
UVorTiO2/UV reactionmatrix/catalyst compositions, andhomogeneous systemsusu-

4 Doping in material science refers to a technique when a trace amount of impurities (doping agent)
is added to the matrix, which alters the original compound’s physical, electrical, and optical features.
For example, silicon dopants change the Fermi level of silicon, leading to either p-or n-type semicon-
ductors.
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Figure 13.9: Single-channel honeycomb monolith with catalyst coating around an optical fiber. The
light, CO2, and water enter into the channel. The light is reflected several times in the optical fiber,
which increases the quantum yield.

Figure 13.10: Schematic diagram of a photocatalytic slurry reactor. (a) Top illumination. (b) Optical
fiber reactor design with side illumination. (c) Internal illumination.

ally utilize the Fenton process (UV/H2O2 or Fe/UV/H2O2).[31] AOPs are radical chem-
ical oxidation processes where the oxidizing agent is a hydroxyl radical (OH⋅). The
hydroxyl radical redox potential is 2.8 V/(standard hydrogen electrode [SHE]). The
presence of an unpaired radical makes the hydroxyl radicals very reactive, with half-
lives of only a few nanoseconds. Generally, the hydroxyl radical destroys most liv-
ing and non-living organic materials through excessive oxidation to CO2, water, and
other high-oxidation state molecules.5 AOPs represent an efficient and environmen-
tally friendly route to mitigate organic pollutants during wastewater treatment.

AOPs have been used for the treatment of wastewater in the textile industry.[31]
For instance, in a pilot-scale study, dye-containingwastewater was oxidized using the

5 Interestingly, one of the liver’s detoxifying process is based on a similar pathway. The liver removes
unwanted by-products (and xenobiotics) from the body via oxidation. This oxidation increases the
solubility of the degradation molecules in water, allowing them to be excreted in urine.
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Table 13.4: Advantages and disadvantages of different reactor types in heterogeneous photocataly-
sis. Note that monolith and optical fiber reactors are subsets of fixed bed reactors.

Reactor type Advantages Disadvantages

Fluidized and
slurry

Homogeneous temperatureprofile;
Increased heat and mass transfer;
High catalyst loading

Flooding;
Corrosion and physical degradation;
Low light utilization;
Difficult catalyst separation;
Additional filters and scrubbers;
Restricted processing capabilities

Fixed bed High surface area;
Increased reaction rate;
Low operating cost

Significant temperature gradient

Monolith Low pressure drop;
Easy to modify

Low quantum efficiency

Optical fiber High surface area;
High quantum yield

Low reactor volume utilization;
Rapid degradation due to temperature
discrepancies

solar TiO2/H2O2 process in a compound parabolic collector. A similar parabolic col-
lector is displayed in Figure 13.11. The reflectors help to increase the radiant flux and
increase the temperature of the reaction. A typical pilot-scale solar-Fenton AOP can
process around 30,000 L of textile wastewater in a day. Besides the UV/H2O2 system,
the UV/chlorine process can achieve a similar or even better performance.[32]

13.4.3 Hybrid advanced oxidation processes

The combination of photo- and sonoreactors presents an interesting hybrid process
intensification method. Section 5.3.3 to learn about the exploitation of ultrasound in
sustainable processes. This method simultaneously uses photo- and sono-irradiation
to enhance the reaction rate and selectivity.[35] The catalyzed reaction is the selective
oxidation of benzyl alcohol to benzaldehyde using cobalt(III) oxide as a catalyst (Fig-
ure 13.12). The reaction can be performed in several solvents, for example, in water.

The reactor contains the light source (Figure 13.13a, top illumination) and a cup
horn, which provides the sonication and a cooling system to keep the temperature
stable. Electromagnetic illumination is crucial to the system because, without light,
the reaction cannot proceed. On the other hand, although sonication is not a crucial
aspect, it nonetheless significantly improves the selectivity from about 50% to 80%.
Moreover, at 365 nm, the overall conversion increases from 87% to 91% with the use
of sonication. This system can be categorized as a slurry-type reactor; therefore, the
smaller particles provide a larger surface area, which results in a higher conversion
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Figure 13.11: Different parabolic solar concentrators. (a) Parabolic Trough Facility for Organic Photo-
chemical Synthesis (PROPHIS) in Cologne. (b) Solar line-focusing reactors on a roof. (c) Laboratory-
scale horizontal parabolic trough reactor. Reprinted with permission from [33] and [34].

Figure 13.12: Selective oxidation of benzyl alcohol to benzaldehyde using irradiation and sonication.

(higher quantum yield). Thus, the sonication increases the conversion by breaking
down the catalyst particles and increasing the accessible surface area. Although this
reaction was performed on a lab scale, the methodology can be scaled up or trans-
ferred to a flow reactor for increased productivity. Sonophotoreactors could be a po-
tential selective alternative for the conversion of biomass.

13.4.4 Homogeneous photocatalysis

In homogenous photocatalysis, the light-absorbing catalytic units are dissolved in the
reaction matrix.[36] The Lambert–Beer law (equation (6.3) in Chapter 6) describes the
exponentially decaying electromagnetic radiation throughout the reactor.

The most well-known homogeneous photochemical approach is called photore-
dox catalysis. In photoredox catalysis, the catalyst undergoes a redox reaction in the
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Figure 13.13: Hybrid process intensification through the synergistic combination of photocatalysis
and sonochemistry. (a) Schematic representation of the sonophotoreactor (SoPhoReactor). (b) Real
photograph during the testing phase (luminol test). (c) Power mapping of sonochemiluminescence
to highlight the most intense regions of ultrasound waves derived from luminescence tests as a
result of OH radical formation due to acoustic cavitation. (d) Actual photos of the reactor containing
the catalyst at different times after starting the irradiations. Reprinted with permission from [35]
with the Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

excited state with the substrate before returning to its ground state. Organic photore-
dox catalysis is currently the most widely used photochemical conversion technique
in the fine-chemical industry and is also a rapidly growing scientific field. Photoredox
catalysis offers mild radical pathways and improved selectivity over classical radical
reactions.[37] The general reactionmechanism for a photoredox cycle is shown in Fig-
ure 13.14. In oxidative quenching, the catalyst undergoes an oxidative cycle, while the
substrate is reduced, and vice versa for the reductive quenching. Every cycle also typ-
ically consumes a sacrificial reducer or oxidizer.

13.4.5 Luminescent solar concentrator reactors

Solar radiation (more precisely, extraterrestrial radiation) has a broad wavelength
from 200nm (UV region) to 1000nm and above (infrared region), as depicted in
Figure 13.15. Since a specific catalytic reaction operates best at the absorption wave-
length of the catalyst, the remaining energy from the solar radiation spectrum is
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Figure 13.14: Photoredox pathways. (a) Oxidative quenching refers to the process when the catalyst
undergoes reduction. (b) Reductive quenching refers to the process when the catalyst undergoes
oxidation.

Figure 13.15: Core idea of luminescent solar concentrator reactors. (a) Different absorption and emis-
sion spectra of the LR305 device, the MB dye, and the solar spectrum. (b) Rendered image of a lu-
minescent solar concentrator reactor. (c) Actual reactor. Reprinted with permission from Creative
Commons CC BY.[38].

wasted. Converting solar energy into different wavelengths could help to increase the
overall efficiency of the system.[38] For example, the LR305 concentrator incorporates
a patented dye with an absorption wavelength across the red region and an emitting
spectrum in the blue region (Figure 13.15a). Thus, the LR305 device converts the energy
(integral of the curve) from the red region and compresses it into the green region.
This compression results in an increased intensity at approx. 630nm. The reaction
also exploits a special dye-type catalyst called Methylene Blue (MB), which has an
absorption spectrum similar to the emission spectra of LR305. Note that the LR305
device has a patented dye inside, while the MB is dissolved in the reaction mixture.
In the absence of the solar concentrator, the MB can only use the overlapping region
with the solar spectrum (intersection of the gray and blue areas). When the LR305
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solar concentrator is present, the red area is shifted and compressed into the green
region (it also has a quantum efficiency). Therefore, the intersection of green and blue
will be significantly higher than without a solar concentrator.

Nature-inspired chemical engineering is an approach that aims to provide in-
novative solutions to some of the twenty-first century’s most significant challenges,
in alignment with the UN’s Sustainable Development Goals. Follow the QR code on
this page to learn about the pioneering work in the field at CfNIE under the direc-
tion of Prof. Marc-Olivier Coppens. A nature-inspired (in particular leaf-inspired) self-
optimizing reactor can overcome the typical variations in solar radiation during the
day. The device (Figure 13.16c, placed on a rooftop) can adjust the flow rate of the
reactants in real-time according to the actual direct radiation output using a light sen-
sor. The device is semi-sustaining, meaning that it only requires the reactant vessels
to be refilled. Such devices can facilitate the remote and cloud-controlled production
of pharmaceuticals and other fine chemicals.[39]

Figure 13.16: (a) Global radiation variation during a day in Eindhoven, the Netherlands. (b) Working
principle of solar concentrators. (c) Microcontroller sensory-driven reactor directly utilizing sunlight.
(d) Sensor voltage output with respect to edge emission. Reprinted with permission from Creative
Commons CC BY.[38]

13.4.6 Cloud-inspired photochemical reactor

Atmospheric photochemical reactions occur in cloud water droplets in the air, which
is how, for example, atmospheric ozone is generated from oxygen. Due to refraction
and reflection caused by these atmospheric droplets, the average path length of light
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on a cloudy day is significantly higher than in clear weather (Figure 13.17a). This phe-
nomenon results in an increased reaction rate when water droplets are present in the
air. Nebulizer-type reactors mimic the conditions present in clouds by accelerating
photooxidationusing a pneumatically generated aerosol. However, the large-scale ap-
plication of these useful and innovative reactors has yet to be demonstrated.[40]

Figure 13.17: (a) Schematic representation of the refraction and reflection effects present in nature.
(b) Biomimicking the clouds using a glass-packed bed reactor. Reprinted with the Creative Commons
CC BY license from [41].

Another more robust and similarly efficient reactor has been constructed using a
glass close-packed bed reactor (multiple scattering reactor). This reactor uses a high-
refractive index contrast liquid-solid interface between the matrix of the reaction and
the glass beads (Figure 13.17b). By using a light-scattering flow reactor, the absorption
efficiency increases to up to 0.19, which is three times higher than the absorption
efficiency achievable using a similar setup without the scattering glass beads. Inter-
estingly, doubling the diameter of the glass beads results in a 1.5-fold increase in light
absorption efficiency.[41] The increased absorption induces a similar overall produc-
tion rate increase in real-life testing. Using a 7 cm long scattering reactor with a 10-mm
bead, a production rate of 1.7 g day−1 can be achieved at the lab scale.

Even though photochemistry and photoredox chemical operations utilize electro-
magnetic radiation as a green and sustainable energy source, they still encounter a
number of challenges to overcome. For example, the most common photoredox cata-
lyst contains iridium and palladium metal ligands and due to photobleaching, these
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catalysts are usually not recoverable or reusable. Using organocatalytic photoredox
catalysts (such as Methylene Blue or the catalysts from Figure 6.11) could resolve this
bottleneck. Furthermore, batch-type photocatalysis is not practical on a large scale.
However, both the pharmaceutical industry and the fine-chemical industry are grad-
ually switching to continuous flow reactors to resolve this issue (Chapter 6). Such con-
tinuous microreactors have excellent quantum efficiency and are easy to scale up.

13.4.7 Chiral separation using light

The separation of enantiomers6 with the same physical features requires an external
chiral-separating agent. Conventional enantioseparation techniques include chiral
resolvation via salt formation and chiral chromatography. The major drawback that
these techniques have in common is the need to use a chiral agent during the pro-
cess, which requires an investment that increases costs and eventually decreases the
E-factor. Additives such as chiral agents should be avoided, according to the 12 prin-
ciples of green chemistry and the 12 principles of green engineering (Section 1.3).

The replacement of chiral agents by using light instead may provide a sustain-
able solution to the inherent difficulties encountered in enantioseparation. In Sec-
tion 13.4.1, the fundamentals of electromagnetic radiation were introduced. Briefly,
traveling light can be described in terms of three major components: the direction of
propagation, the amplitude, and the electric component that can interact with mat-
ter.Circular polarized light (CPL) has chirality, which results in different interactions
with enantiomer pairs. For example, naturally occurring sugars are chiral (e. g., glu-
cose, sucrose). If CPL light shines through a solution of glucose, the light is diffracted,
thus indicating a chiral light–matter interaction.[42] Note that there are two types
of optical interactions between matter and light: achiral (not chiral), which does not
differentiate between stereoisomers, and chiral, whose direction is opposite to that of
the direction of the matter.[43] If chiral matter interacts with a monochromatic field
(polarized light), the interaction forces can be calculated.[43] For two enantiomers,
the force vectors point in the opposite direction. Thus, in principle, the separation of
a racemicmixture (i. e., when both enantiomers are present in a 1:1 ratio) is thermody-
namically feasible. The idea to separate racemicmixtures using light is a new concept,
which has only been studied in theory and has not yet been experimentally validated
(Figure 13.18). The importance of enantioseparation and the inherent chirality of light
make it an appealing field of research. The realization of this concept and the subse-
quent technology is expected to result in a paradigm shift in enantioseparation and
its sustainability.

6 Enantiomers are mirror images of each other and are non-superposable (they are called stereoiso-
mers).
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Figure 13.18: Separation of a racemic mixture using chiral light. The two enantiomers are traveling in
the opposite direction due to the opposing forces generated by the left and right circular polarized
light (LCPL and RCPL). Reprinted with permission from the Creative Commons CC BY license from
[43].
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14 Worked examples
Gergo Ignacz, Martin Gede, Gyorgy Szekely

The following examples are created to help students to practice and better under-
stand green metrics calculations. The green metrics used in the worked examples are
introduced and explained in depth in Chapter 1. The examples are the modified ver-
sions of real transformations and reactions, but they have been modified to highlight
different concepts.

14.1 Example 1 – Green metrics analysis for hazardous chemistry
scale-up and decision-making

You are working in a pilot plant of a pharmaceutical company as a scale-up engineer,
and you are responsible for the stage 1 scale-up, i. e., from laboratory scale to pilot
scale. The organic chemist is persuading you to scale up the reaction. A simplified
reaction scheme is provided to assist with the decision (Figure 14.1). For simplicity, as-
sume that the reaction yields 100%product using a stoichiometric amount of reagent,
a trace amount of catalyst, and no solvent.

Figure 14.1: Schematic representation of the reaction.

14.1.1 Part A problem statements

(a) Is the reaction in Figure 14.1 complete? Suggest a pathway and catalyst to obtain
the final product from the given starting material.

(b) Is the information in the reaction scheme sufficient to decide whether or not to
start the scale-up experiments? Justify your answer.

14.1.2 Part B problem statements

The lab-scale procedure is as follows: “A 5-L autoclave was charged with 690.5 g start-
ing material, 1115.4 gHg(OAc)2, 130mL water (d = 1.00 g cm−3), and 2.5 L THF (d =
0.889 g cm−3), followed by heating to 95 °C and left for stirring overnight. Then 132.4 g

https://doi.org/10.1515/9783110717136-014
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sodium borohydride (NaBH4) and 400 g of sodium hydroxide (NaOH) were added and
left for stirring for 4 hours. The organic solvent was removed using distillation, then wa-
ter (500mL) and chloroform (500mL, d = 1.49 g cm−3) were added for the subsequent
extraction. After the extraction and separation (repeated three times), the organic layer
was evaporated using distillation. The aqueous phase was discharged into the organic
waste container due to its acetate content. The final product was obtained as 749.2 g
white powder with 100% purity.”
(a) Point out the mistake that requires immediate action regardless of scale-up con-

siderations.
(b) Identify the reagents, catalyst, solvent, intermediate, product, and side-prod-

uct(s). What is missing from the reaction scheme?
(c) Based on the information above, calculate asmany greenmetrics of the system as

possible. Would you recommend the process to be scaled up? Justify your answer.
(d) What are the chemical engineering tools that can mitigate the identified draw-

backs?
(e) Is there any reasonable justification to proceed with the hazardous process?

14.1.3 Part A solutions

(a) No, we need more information! One possible solution is depicted in Figure 14.2.
The reaction comprises two steps: (i) the addition of water and mercury acetate
Hg(OAc)2, followed by (ii) the reductive elimination of the mercury.

Figure 14.2: Schematic representation of the detailed reaction path for Example 1.

(b) Without any further information, only AE and CE can be calculated:

AE = 215.29
18.01 + 197.28

⋅ 100 = 100%,(14.1)

CE = 11
11
⋅ 100 = 100%.(14.2)

These metrics are sufficient to give an initial idea of a reaction’s sustainability, strictly
in theory only. However, your colleague’s initial information was superficial, and the
real process ismore complicated than it seems. Therefore, these factors are insufficient
to make a final decision.
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In light of the new information, the calculation of both AE and CE gives differ-
ent results. Addition reactions (Step 1) usually have high AE and CE since there is no
leaving group. However, the second reaction is an elimination, which has a low AE
value.

Step 1: AE =
MWproduct

∑ n ×MWreagents
× 100% = 473.92

18.01 + 197.28 + 318.67
⋅ 100 = 89%,(14.3)

Step 1: CE = Amount of carbon in product
Total carbon present in reactants

× 100% = 13
11 + 4
⋅ 100 = 87%,(14.4)

Step 2: AE = 215.29
473.92
⋅ 100 = 45%,(14.5)

Step 2: CE = 11
13
⋅ 100 = 85%.(14.6)

Besides the overall lowAE and CE values, the reaction employs a highly toxicmer-
cury derivative in stoichiometric amounts. This example demonstrates that a detailed
understanding of the reaction is essential to make an appropriate decision. An exper-
imental protocol is necessary to calculate more green metrics.

14.1.4 Part B solutions

(a) The incorrect disposal of the waste containingmercury requires immediate atten-
tion. Disposing of mercury requires dedicated waste containers and special treat-
ment. It is forbidden to dispose of mercury along with organic waste. Waste man-
agement always starts in the lab! It is advisable not to scale up the process based
on these poormetrics and the employedheavily toxic reagent (mercury). Although
THF,NaOH, andHg(OAc)2 are all considered hazardous, the hazard level is not the
same. NaOH is a commonly used householdmaterial and can be used by everyone
(using proper personal protective equipment). THF is frequently used in laborato-
ries but THF maybe carcinogenic and flammable. However, the bottleneck is the
Hg(OAc)2 because its discharge into the environment has serious consequences
that affect all living creatures; its disposal and transportation are expensive and
cumbersome.

(b) The reagents are A, B, C, E, and F. There is no catalyst in the reaction. The sol-
vent is S (tetrahydrofuran, THF), and the product is D. The side-products are HgO,
sodiumacetate,water, andboric acid or sodiumborate, depending on the amount
of sodium hydroxide used. The side-products play an important role in decision-
making.

(c) The calculation of green metrics is as follows:

RME = ( MWC
MWA + (MWB ×molar ratio B/A)

) × yield(14.7)

=
749.2

690.5 + 1115.4 + 130 + 132.4 + 400
= 30%,
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EMY = Mass of product
Mass of non-benign reagents

× 100%(14.8)

=
749.2

690.5 + 1115.4 + 132.4 + 400
= 32%.

For a comprehensive list ofwhat is considered dangerous or hazardous, follow the
QR code on this page.

MP = MI−1 × 100% = Mass of product
Total mass (excl. H2O)

× 100%(14.9)

=
1

PMI-m(workup)
=

749.2
690.5 + 1115.4 + 132.4 + 130 + 400 + 2222.5

= 16%,

sEF =
∑mraw materials + ∑mreagents −mproduct

mproduct
(14.10)

=
1115.4 + 132.4 + 400

749.2
= 2.2 kg kg−1,

cEF =
∑mraw materials + ∑mreagents + ∑msolvents + ∑mwater −mproduct

mproduct
(14.11)

=
1115.4 + 132.4 + 400 + 3 ⋅ 500 ⋅ 1.49 + 2500 ⋅ 0.889

749.2
= 8.15 kg kg−1.

The differences between the simple E-factor (sEF) and the complete E-factor (cEF)
are nearly fourfold. As previouslymentioned, sEF does take the used solvents into
account (in this case, THFand chloroform). Solvent-intensive reactions andpurifi-
cations significantly increase the EF.

MI = Total mass in process (excl. H2O)
Mass of product

(14.12)

=
690.5 + 1115.4 + 132.4 + 400 + 3 ⋅ 500 ⋅ 1.49 + 2500 ⋅ 0.889

749.2
= 9.07 kg kg−1,

WWI = Mass of total waste water generated
Mass of product

(14.13)

=
(130 − 690.5

197.28 ⋅ 18.01) + 3 ⋅ 500
749.2

= 2.09 kg kg−1,

SI = Mass of solvents (excl. water)
Mass of product

(14.14)

=
3 ⋅ 500 + 3 ⋅ 500 ⋅ 1.49 + 2222.5

749.2
= 7.95 kg kg−1,

PMI = Total mass in process (incl. H2O)
Mass of product

(14.15)

=
690.5 + 1115.4 + 130 + 2222.5 + 132.4 + 400 + 1500 + 2235

749.2
= 11.25 kg kg−1.
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(d) There are several ways to improve the green assessment of the reaction. The con-
ventional THF could be replaced with a green solvent, such as MeTHF, which is
a more sustainable choice than THF because it is derived from sugars (through
furfural). Also, MeTHF has a higher boiling point, which is appealing for reac-
tions that occur at a higher temperature (although it is more energy-intensive
to recover). Compared to THF, MeTHF is non-miscible with water; thus, it could
also be used in liquid-liquid extraction processes. Sections 3.3 and 3.4 provide
an overview of green solvents and how to select green solvents for a specific pro-
cess. The solvent and the reagent can be recycled in situ, significantly reducing
the environmental burden associated with the reaction. NaBH4 and NaOH are al-
ready considered green reagents; therefore, their replacement is not mandatory.
Changing the reaction from batch to microflow would result in better processing,
heat transfer, and selectivity and easier integration of analytical technologies
(Chapters 6 and 8, respectively). Read more about solvent recycling processes in
Chapter 8.

(e) The reaction can be scaled up if this reaction (Figure 14.2) is the only way to pro-
duce D and if D happened to be an extraordinarily valuable product. Since final
products canusually be synthesized inmanydifferentways, the above-mentioned
criteria are highly unlikely, and a more environmentally friendly and safer reac-
tion route should be designed.

Example 1 illustrates that using green metrics only can be misleading, and one must
have high conciseness when designing reaction pathways to be scaled up.

14.2 Example 2 – Green metric analysis of catalytic synthesis and
purification of a pharmaceutical building block

Provide a green metric analysis for a reaction with the following experimental pro-
cedure. A 1-m3 reactor was filled with dimethylformamide (DMF, 300 kg) as a sol-
vent. 1-Iodo-4-methylbenzene (A, reagent, 32.7 kg), tetrahydrofuran-2-carboxylic acid
(B, reagent, 19.16 kg), and a catalyst (C, 1.27 kg, 850 gmol−1 molecular weight) were
added, and the reaction mixture was stirred for 30min to reach completion at room
temperature (Figure 14.3). Product D was formed with an average conversion of 93%.

Figure 14.3: Schematic representation of the reaction route for Example 2.
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14.2.1 Part A problem statements

(a) Assume that D is 100% pure. Calculate the kernel mass of waste produced in this
reaction.

(b) Calculate Eaux, Eexcess, and cEF.

14.2.2 Part B problem statements

“The analytical report revealed the purity of the product to be 94.6%, and the remaining
5.4% is side-product (structurally related to the product). The initial purificationmethod
is flash chromatography in which 105 kg silica gel and 720 L eluent mixture (ethyl ac-
etate–heptane, d = 0.8 g cm−3) were used. The product purity increased to 99.8% after
purification.”
(a) Calculate EFchromatography and cEF after purification. Compare the previous cEF

(without purification) with the new cEF (with purification).
(b) Calculate EFkernel and EFaux after purification.
(c) Which environmental factor has the largest impact on the sustainability of the

reaction, and why? Is there any way to reduce the amount of waste?
(d) Your task is to reduce the cEF by 75%. How much weight do you need to recover?

What is the easiest material to recover?
(d) Assess the effect of solvent recovery on the EF. Plot your results.
(e) Is it possible to reach 100% solvent recovery?

14.2.3 Part A solutions

(a) MW of the reactants:

218.04 + 116.12 = 334.16 gmol−1.(14.16)

MW of the products:

M(product) +M(CO2) +M(HI) = 162.23 + 44.01 + 127.92 = 334.16 gmol−1.(14.17)

The limiting reagent is A. The by-products of the reaction are carbon dioxide and
hydrogen iodide. The observed number of moles of product D is

22.7
162.23
= 0.14 kmol.(14.18)

Since the balanced chemical equation shows that one mole of HI and CO2 is pro-
duced for every mole of product, the observed mass of CO2 is

0.14 ⋅ 44.01 = 6.16 kg,(14.19)

and for HI it is

0.14 ⋅ 127.92 = 17.9 kg.(14.20)
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Assuming that no side reactions have occurred, the number of moles and masses
of unreacted stoichiometric reagents can be summarized in Table 14.1.

Table 14.1: Summary of the reaction in Example 2 with the obtained data for stoichiometric reagents.

Metric Reagent A Reagent B

Molecular weight (gmol−1) 218.04 116.12
Mass (kg) 32.7 19.16
Moles (kmol) 0.15 0.165
Stoichiometric moles (kmol) 0.15 0.15
Reacted mole (kmol) 0.14 0.14
Unreacted stoichiometric moles (kmol) 0.01 0.01
Unreacted stoichiometric mass (kg) 2.18 1.16

Unreacted mass (kg) 2.18 2.9

The total mass of stoichiometric unreacted reagents is 3.34 kg; therefore, the ker-
nel mass of waste for this reaction is

6.16 + 17.9 + 3.34 = 27.4 kg.(14.21)

The total mass of input materials is 353.13 kg. The mass of the product collected is
22.71 kg. Therefore, the mass of waste produced in this reaction is

353.13 − 22.71 = 330.42 kg.(14.22)

The sources of waste in this reaction are the reaction solvent, catalyst, unreacted
starting materials, and by-product.

(b) The only auxiliary input material used in the reaction is the reaction solvent
(DMF). Hence,

Eaux =
300
22.71
= 13.2 kg kg−1.(14.23)

The total mass of excess reagents is 1.74 kg. Hence,

Eexcess =
1.74
22.71
= 0.077 kg kg−1.(14.24)

The total mass of waste produced is 330.43 kg. Hence,

cEF = 330.43
22.71
= 14.55 kg kg−1.(14.25)

14.2.4 Part B solutions

(a) EFchromatography (or any other type of purification) is calculated by the amount of
mass of chemical used in the purification compared to the product’s mass. In our
example, the cEF needs to be updated because the total mass of waste is different
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after the purification step. The used solvent, the silica gel, and the loss of mass
from the final product contribute to the waste’s total mass.

Total mass of waste = 330.42 + 576 + 105 + 1.22 ≅ 1012.6 kg.(14.26)

Using the updated total mass of waste, we can calculate the new cEF:

cEF = 1012.6
21.5
= 47.1 kg kg−1.(14.27)

From the cEF, the chromatography contribution can also be calculated:

EFchromatography =
105 + 576

21.5
= 31.7 kg kg−1.(14.28)

The difference between equation (14.27) and equation (14.28) is the reaction cEF
calculated previously (equation (14.25)).

(b) First, we must update all EFs because the mass of the product has been reduced
during the crystallization. The kernel mass of waste is 27.4 kg. Hence,

EF󸀠kernel =
27.4
21.5
= 1.27 kg kg−1,(14.29)

EF󸀠aux =
300 + 105 + 576 + 1.27

21.5
= 45.7 kg kg−1,(14.30)

EF󸀠excess =
1.74
21.5
= 0.08 kg kg−1,(14.31)

EF󸀠solvent =
300 + 576

21.5
= 40.74 kg kg−1.(14.32)

(c) EFchromatography has the highest impact on sustainability because of the large
amount of solvent and silica gel used. Using distillation or membrane filtration
would be two examples to regenerate or recycle the solvent. This includes the
recycling of DMF and the ethyl acetate–heptane eluent mixture as well. Recovery
of high-boiling point solvents is energy-intensive, and thus, in the case of DMF
(boiling point: 153 °C),membrane-based recovery is advised. The boiling points of
ethyl acetate and heptane are respectively approx. 77 °C and 98 °C, and therefore,
they can be separated using distillation.

(d) The 75% reduction means that the new environmental factor is reduced to
cEF󸀠new = 11.78 by simply taking the 25% of the old cEF = 47.1. We can calcu-
late the amount of waste to be reused by taking 75% of the total mass of waste,
which is around 760 kg. For example, in some circumstances, silica gel can be
reused several times without significant compromise. The ethyl acetate–heptane
mixture can be recovered using distillation, and the DMF can be recovered via
membrane separation. To do this, we need to plot the cEF as a function of the
material recovery rate. Recycling only the silica gel,

cEF = 330.42 + 576 + 1.22
21.5

= 42 kg kg−1.(14.33)
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Recovering the DMF postreaction,

cEF = 30.42 + 576 + 1.22
21.5

= 28 kg kg−1.(14.34)

Recovering the ethyl acetate–heptane mixture after purification,

cEF = 30.42 + 1.22
21.5

≅ 1.5 kg kg−1.(14.35)

The regeneration of silica gel (equation (14.33)) is a step function (either reused or
not). In contrast, the recycling of DMF and the ethyl acetate–heptane mixture is a
linear function of the material recovery (Figure 14.4).

Figure 14.4: EF as a function of material recovery. Note that silica gel is not a continuous function in
this case because of its complete reuse.

(e) Although it is possible, it is not advised to reach 100% recovery because other
processes’ collateral costs will increase the cEF overall.

14.3 Example 3 – Comparison of batch and microflow processes in
diazomethane-based chemistry

In the following example, we examine 3-hydroxyquinolin-2(1H)-one synthesis using
twodifferent approaches. Thefirst approach is a conventional batch synthesis, and the
second approach is a microflow chemical synthesis of 3-hydroxyquinoline-2(1H)-one.
This example highlights the differences between batch andmicroflowprocedures, cal-
culates the different green metrics, and proposes a sustainable solution.
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14.3.1 Part A problem statements

A 1.5-m3 reactor was charged with 29.4 kg of 1, followed by the slow addition of 200 kg
of ethanol. A solutionof 27.4 kg 2 in 89 kg ethanolwas slowly added to the reactionmix-
ture, followed by the slow addition of 4.57 kg catalyst (1,8-diazabicyclo[5.4.0]undec-7-
ene [DBU] MW: 152.24 gmol−1). After completion of the reaction (3 h) at room tempera-
ture, 0.884 kg of catalyst 2 (Rh2(OAc)4) was added to themixture, and the reactionwas
left to reach completion (1 h). The intermediate product 4was formed aswhite crystals
in 81.9% yield. After particle filtration and air drying, the crystals were transferred to a
second reactor. The second reactorwas chargedwith 100 Lwater, followed by slow ad-
dition of aqueous sodium hydroxide (16.2 kg NaOH in 223 kg water), heated to reflux,
and left for stirring until reaction completion (7 h). After completion, the reaction was
left to cool down to room temperature, and aqueous hydrogen chloride was added to
set the pH to 1–2 (225 kg, 2 M, d = 1.082 kgm−3), which resulted in the precipitation of
the final product 6 in 90% yield. To reach GMP purity, the product must be recrystal-
lized using an ethanol–water mixture (210 kg in total) with a 95% yield. We ignore the
heating in this example (Figure 14.5).
(a) Calculate AE, CE, and RME for the two separate reactors and overall.
(b) Calculate cEF, EMY, PMI, WWI, and SI for the two separate reactors and overall

excluding crystallization.
(c) What is the effect of including the crystallization in the analysis? Which green

metrics are affected? Calculate cEF, PMI, and SI after crystallization for the whole
process.

Figure 14.5: Reaction pathways for Reactors 1 and 2 (a) and the schematic representation of Reactors
1 and 2 with the input and output materials (b).
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14.3.2 Part B problem statements

The product can be synthesized under continuous flow conditions. A suitable pump
provides NaOH solution (0.6 M) in water–ethanol (1:1 v/v, d = 0.98 g cm−3) mixture
with a flow rate of 0.4mLmin−1. Another pump provides Diazald solution (0.6 M) in
water–ethanol (1:1 v/v, d = 0.92 g cm−3) mixture in 0.4mLmin−1. The two streams are
combined (the inner tubing is made of a special semi-permeable membrane that al-
lows quick gas diffusion but nothing else), and the diazomethane forms. The con-
version of Diazald is considered 100%. The starting material 1 in dry THF (0.4 M,
d = 0.9 g cm−3) is supplied via continuouspumping (0.4mLmin−1) in the outer tubing.
As discussed in Section 6.3.2, the diazomethane diffuses into the outer tubing, react-
ing with 1. The final product 6 and the waste stream are collected at a 0.4mLmin−1

flow rate. Owing to the high selectivity and separated reaction mixtures, the product
needs no further purification steps. Assume that p-toluenesulfonic acid sodium salt
(NaPTSA) at the end of the reaction is considered a waste. A schematic process dia-
gram is presented in Figure 14.6.
(a) Calculate AE, CE, and RME for the flow reactor considering the system as a whole.
(b) Calculate cEF, EMY, PMI, WWI, and SI for the flow reactor considering the system

as a whole.
(c) Compare the processes in Part A and Part B, and discuss the differences and their

limitations.

Figure 14.6: Reaction pathway for the flow reactor (a), and the schematic representation of the flow
reactor with the input and output materials (b).
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14.3.3 Part A solutions

(a) Since everything is given, we only need to calculate the required green metrics.
Starting with an overall atom economy,

AE1 (%) =
MWproduct

∑ n ×MWreagents
× 100% = 233.22

147.13 + 114.1
⋅ 100 ≅ 89%,(14.36)

AE2 (%) =
161.16
233.22
⋅ 100 ≅ 69%,(14.37)

AEtotal (%) =
161.16

147.13 + 114.1
⋅ 100 ≅ 62%,(14.38)

AEtotal = AE1 ⋅ AE2 = 0.892 ⋅ 0.692 ≅ 62.

Equation (14.36) reveals that the AE is relatively low due to the triple eliminations
after the first addition reaction. Moreover, there is one carbon lost as CO2 and two
carbons are lost as ethanol, which lowers the carbon efficiency:

CE1 (%) =
Amount of carbon in product

Total carbon present in reactants
× 100% = 12

8 + 4
⋅ 100(14.39)

= 100%,

CE2 (%) =
9
12
⋅ 100 = 75%,(14.40)

CEtotal (%) =
9

8 + 4
⋅ 100 = 75%.(14.41)

Calculating the mass reaction efficiency for the first reactor,

RME1 (%) = (
MW4

MW1 + (MW2 ×molar ratio B/A)
) × yield(14.42)

=
233.22

147.13 + 1.2 ⋅ 114.1
⋅ 81.9 = 67%,

RME2 (%) = (
MW6
MW4
) × yield = 161.16

233.22
⋅ 90 = 62%,(14.43)

RMEtotal (%) = (
MW6

MW1 + (MW2 ×molar ratio B/A)
) × yield(14.44)

=
161.16

147.13 + 1.2 ⋅ 114.1
⋅ (0.9 ⋅ 81.9) = 41%.

By definition, RMEtotal is the product of the two previous processes: RMEtotal =
RME1 ⋅ RME2. Note that the catalyst is not included in the RME since they are not
incorporated into the final product. Although NaOH and HCl are not catalysts,
they are also not included in the RME calculation for the same reason.
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(b) The AE, CE, and RME metrics calculated above do not truly focus on the process
itself but on the reaction. They are only useful for preliminary calculations and
assumptions. Therefore,weneed to calculate additionalmetrics to be able to com-
pare the two different processes.
Since our process mixes water with an organic solvent, the water itself is always
contaminated to some degree; therefore, it is advised to use cEF instead of sEF
because sEF does not consider water awaste. Thus, using sEF in amixed organic–
water system can lead to data misrepresentation and result in environmental is-
sues upon water release.

cEF1 =
∑mraw materials + ∑mreagents + ∑msolvents + ∑mwater −mproduct

mproduct
(14.45)

=
289 + 29.4 + 27.4 + 4.57 + 0.884 − 38.2

38.2
= 8.2 kg kg−1,

cEF2 =
38.2 + 323 + 16.2 + 225 − 24.3

24.3
= 23.8 kg kg−1,(14.46)

cEFtotal = cEF1 + cEF2 = 31.0 kg kg
−1.(14.47)

Calculation of the effective mass yield gives

EMY1 (%) =
Mass of product

Mass of non-benign reagents
× 100%(14.48)

=
38.2

29.4 + 27.4 + 4.57 + 0.884
⋅ 100 = 61%.

Note that we consider ethanol as a benignmaterial. Ethanol is probably the green-
est solvent. It is vastly abundant in nature and can be supplied from a sustain-
able source. It is slightly toxic (LD50 = 7 g kg

−1),1 although most living creatures
can metabolize it. It is also easy to recover, with a moderately low boiling point.
Ethanol is probably often contaminated with reagents and cannot be discarded to
nature; thus, it must be treated to avoid uncontrolled waste disposal.

EMY2 (%) =
24.3

38.2 + 323 + 26.2 + 225
⋅ 100 = 4%.(14.49)

It does not matter that a benign product (NaCl) will be one of the products at
the end; the corresponding reagents (NaOH and HCl) are still considered non-
benign.

EMYtotal (%) = EMY1 ⋅ EMY2 = 2.4%.(14.50)

1 LD50 is the lethal dose with a 50%mortality rate. Therefore, in our example, approximately 700mL
of pure ethanol would result in a 50% mortality rate in a population of humans weighing on average
80 kg.
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Calculation of the PMI gives

PMI1 =
Total mass in reactor 1 (incl. H2O)

Mass of product 4
(14.51)

=
289 + 29.4 + 27.4 + 4.57 + 0.884

38.2
= 9.19 kg kg−1,

PMI2 =
Total mass in reactor 2 (incl. H2O)

Mass of product 6
(14.52)

=
38.2 + 323 + 16.2 + 225

24.3
= 24.8 kg kg−1,

PMItotal =
Total mass in process (incl. H2O)

Mass of product 6
(14.53)

=
289 + 29.4 + 27.4 + 4.57 + 0.884 + 323 + 16.2 + 225

24.3

= 38 kg kg−1.

With respect to the calculation of wastewater intensity, since water has not been
used nor formed in the first reactor, WWI is zero:

WWI1 =
Mass of total waste water generated

Mass of product
= 0 kg kg−1.(14.54)

Compared to this, water has been heavily used in the second reactor, and the
overall WWI will be

WWI2 = WWItotal =
323 + 210
24.3
= 22 kg kg−1.(14.55)

Calculation of the solvent intensity gives

SI1 =
Mass of solvents (excl. water)

Mass of product
=
289
38.2
= 7.56 kg kg−1,(14.56)

SI2 =
0

24.3
= 0 kg kg−1,(14.57)

SItotal =
289
24.3
= 11.89 kg kg−1.(14.58)

(c) Crystallization does not involve chemical transformation; thus, the reaction-
based metrics are not subject to change. For example, AE, CE, and RME will not
change, and EMY and WWI will slightly change due to the loss of product after
the crystallization. If we use a non-benign solvent or water for recrystallization,
EMY andWWIwill change significantly. To update the cEF, we need to implement
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the solvent weight used for recrystallization.

cEFcrystallization(14.59)

=
289 + 29.4 + 27.4 + 4.57 + 0.884 + 323 + 16.2 + 225 + 200 − 23.1

23.1
= 47.3 kg kg−1,

PMItotal =
Total mass in process (incl. H2O)

Mass of product 6 × yield
(14.60)

=
289 + 29.4 + 27.4 + 4.57 + 0.884 + 323 + 16.2 + 225 + 200

24.3 ⋅ 0.95
= 48.3 kg kg−1,

SIcrystallization =
289 + 200

23.1
= 21.2 kg kg−1.(14.61)

14.3.4 Part B solutions

The continuous flow configuration does not change how we calculate the metrics be-
cause all metrics are unitless. This results in a reasonably straightforward calculation
process considering that the reaction in Part B is less complicated compared to Part A.
(a) The reaction partners are the three starting materials: Diazald, NaOH, and 1.

AEflow (%) =
161.16

147.13 + 212.24 + 40.01
⋅ 100 = 40%,(14.62)

CE2 (%) =
9

8 + 8
⋅ 100 = 56%.(14.63)

The ratio between diazomethane and the substrate is 0.45/0.4 due to the 100%
conversion of Diazald. The excess amount of NaOH compared to 1 is 0.5/0.4.

RMEflow (%) =
161.16

147.13 + 1.125 ⋅ 214.24 + 1.25 ⋅ 40.01
⋅ (0.9 ⋅ 81.9) = 27%.(14.64)

(b) The calculation of cEF is simple; we need to follow the definition and simply add
the different input material flow rates of the streams. To calculate the mass of the
product mass flow rate,

ṁproduct = 0.4mLmin−1 ⋅ 0.4mol L−1 ⋅ 161.16 gmol−1(14.65)

= 25.8mgmin−1,

cEFflow =
0.2mLmin−1 ⋅ 0.98 g cm−3 + 0.2mLmin−1 ⋅ 0.92 g cm−3

25.8mgmin−1
(14.66)

+
0.4mLmin−1 ⋅ 0.9 g cm−3 − (25.8 + 35.0mgmin−1)

25.8mgmin−1

= 27.7.
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Based on the reasoning in Part A, we consider the ethanol–water mixture as be-
nign even though it is probably contaminatedwith the reagents. AlthoughDiazald
is non-benign, the resulting p-toluene sulfonic acid sodium salt is a non-toxic
material; thus, the waste stream could be considered benign. It must be men-
tioned that even if the waste stream is benign, it does not mean that it can be
released into nature. Properwastemanagement is crucial in downstreamprocess-
ing!

EMY = 0.2mLmin−1 ⋅ 0.92 g cm−3

25.8mgmin−1
⋅ 100 = 7100%,(14.67)

PMIflow =
0.2mLmin−1 ⋅ 0.98 g cm−3 + 0.2mLmin−1 ⋅ 0.92 g cm−3

25.8mgmin−1
(14.68)

+
0.2mLmin−1 ⋅ 0.9 g cm−3

25.8mgmin−1

= 28.6 kg kg−1.

The density of the water is approx. 1 g cm−3, thus for WWI,

WWIflow ≈
0.2 gmin−1 ⋅ 1.00 g cm−3

25.8mgmin−1
≈ 7.75 kg kg−1.(14.69)

The density of ethanol is 0.789 g cm−3 (from Part A). Using this, for the SI

SIflow ≈
0.2 gmin−1 ⋅ 0.789 g cm−3

25.8mgmin−1
≈ 6.60 kg kg−1.(14.70)

Equation (14.69) and equation (14.70) are only close approximations due to the
liquids’ density changes after mixing.

(c) The best way to compare the processes is to create a table from our results. Ta-
ble 14.2 shows a comparison between Part A and Part B.
In our example, Parts A and B score the same in the calculated metrics. In-
terestingly, if we exclude the crystallization from Part A, the favor would shift
towards the batch reactor instead of the flow reactor. Reagent 2 (Part A) is a sac-
rificial reagent due to the CO2 loss at the end, meaning the only usable material
from 2 is the leftover ethanol in a small quantity. Notice that this ethanol is dif-
ferent from the solvent! Compared to this, p-toluene sulfonic acid sodium salt
(the end product of Part B) is reusable (p-toluenesulfonic acid is a widely used
reagent) and, more importantly, Diazald can be made from p-toluenesulfonic
acid. Thus – in theory – the waste stream could not just be utilized but re-
generated, meeting the circular economy principles. The last statement indi-
cates that the p-toluene sulfonic acid is better not considered a waste rather
than another useful product. The last column in Table 14.2 shows how the met-
rics change if we consider the NaPTSA as a valuable side-product and not a
waste.
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Table 14.2: Comparison between the metrics from Part A and Part B. The bordered area denotes the
final results. PTSASmeans that the p-toluenesulfonic acid sodium salt is considered a product and
not a waste (it can be used as a catalyst itself or can be converted to other useful chemicals as well).

14.4 Example 4 – Bioethanol production: conventional batch
fermentation versus continuous membrane bioreactor

14.4.1 Part A problem statements

In this example, bioethanol was produced via a conventional batch process and puri-
fied with extractive distillation, as illustrated in Figure 14.7. During the fermentation,
glucose was converted into ethanol by yeast cells in an aqueous solution, producing
CO2 as a co-product. The reaction medium consisted of 120 g L−1 glucose, 5 g L−1 yeast
extract, 3 g L−1 peptone, 3.5 g L−1 KH2PO4, and 2 g L−1 MgSO4. The fermentation was
performed for 24 hours, which yielded 6.5 vol% ethanol with a residual sugar con-
centration of 4 g L−1. After the biomass was filtered out, the ethanol–water mixture
was separated by distillation. To overcome the azeotropism, extractive distillationwas
used, with the addition of ethylene glycol and calcium chloride as entrainer agents.
For each kilogram of ethanol produced, 0.4 kg ethylene glycol and 35 g calcium chlo-
ride were consumed. The overall energy consumption of the purification process was
1425 kJ kg−1 of ethanol. Refer to Chapter 11 to learn about the sustainable production
of biofuels.
(a) What are the bottlenecks of this production process? Recommend some possible

solutions to maximize the energy, material, and economic efficiency of this pro-
duction.

(b) Green metrics are important for comparing the production process with alterna-
tive methods and devising which one is more suitable from an environmental
perspective. Calculate the AE, RME, CE, EMY, E-factors (and the corresponding
EFkernel, EFexcess, and EFaux values, the complete E-factor (cEF), and E+), MI, PMI,
MP, and WWI.
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Figure 14.7: Schematic representation of the conventional production of bioethanol. The glucose,
yeast, and additional substances are fed into the reactor, which eventually yields 6.5 vol% ethanol.
After the biomass is separated, the ethanol–water mixture is distilled until the azeotropic point,
followed by an extractive distillation to purify the ethanol further and make it suitable for biofuel.

14.4.2 Part A solutions

(a) The possible bottlenecks of this production process originate from the fermenta-
tion process itself: ethanol production from glucose yields a significant amount
of CO2, whichmeans that approx. half of the glucosemass is lost. It would be ben-
eficial to capture and utilize the CO2, e. g., to produce carbonated beverages. The
biomass may also represent a source of income; for example, it can be sold as a
fertilizer. The fermentation process requires external cooling; therefore, this heat
surplus can be utilized for purification purposes because distillation requires con-
siderable energy. Extractive distillation also generates waste in the form of aque-
ous ethylene glycol; hence, the entrainer agent’s regeneration is advisable.

(b)

AE (%) =
Molecular Weightproduct

Molecular Weightall reagents
× 100%(14.71)

=
Molecular Weightethanol
Molecular Weightglucose

× 100%

=
46.07

0.5 ⋅ 180.16
⋅ 100% = 51.14%.
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The fermentation startswith 120 g L−1 glucose, andafinal ethanol concentration is
6.5 vol%. Thismeans that 1 L of fermentation broth contains 65mL of ethanol, and
by multiplying it with the density (0.79 gmL−1), we get the ethanol concentration
of 51.35 g L−1. According to the fermentation equation (illustrated in Figure 14.7),
ideally, 120 g L−1 glucose (0.67mol) would yield 1.33mol of ethanol per L, which
is 61.37 g L−1. The yield can be calculated as follows:

Yield (%) = Weight of product
Theoretical weight

× 100% = 51.35
61.37
⋅ 100% = 83.67%,(14.72)

RME (%) = mass of desired product
mass of reactant

× 100%(14.73)

=
mass of ethanol
mass of glucose

× 100% = 51.35
120
⋅ 100% = 42.79%.

CE (%) = Amount of carbon in product
Total carbon present in reactants

× 100%(14.74)

=
moles of ethanol × carbons in ethanol
moles of glucose × carbons in glucose

× 100%

=
2 ⋅ 2
1 ⋅ 6
⋅ 100% = 66.67%.

The EMY is the percentage of the desired product’s mass divided by the total mass
of all non-benign materials used in the synthesis. Since the fermentation takes
place in a diluted aqueous medium and the glucose and the added salts are non-
toxic, only the KH2PO4 can be considered a potentially non-benign substance.

EMY (%) = Mass of product
Mass of non-benign reagents

× 100% = 51.35
3.5
⋅ 100%(14.75)

= 1467.14%.

EFtotal can be calculated as follows:

EFtotal = EFkernel + EFexcess + EFaux.(14.76)

EFkernel originates from the core chemical reaction; EFexcess consists of all the un-
reacted material that does not contribute to the product, even though it is vital
for the yeast cells’ functioning. EFaux includes the waste generated during the
extractive distillation, involving ethylene glycol and calcium chloride. The start-
ing glucose concentration is 120 g L−1, and the final fermentation broth contains
51.35 g L−1 ethanol; thus, the EFkernel can be calculated following equation (14.77),
where the total mass waste involves the carbon dioxide co-product, the possible
by-products (different alcohols), and the residual glucose.

EFkernel =
Total mass of waste (excl. H2O)

Mass of final product
=
120 − 51.35

51.35
= 1.34 g g−1(14.77)

= 1.34 kg kg−1.
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EFexcess comprises the nitrogen, potassium, and phosphorus sources:

EFexcess =
Total mass of waste (excl. H2O)

Mass of final product
=
5 + 3 + 3.5 + 2

51.35
= 0.26 g g−1(14.78)

= 0.26 kg kg−1,

EFaux =
Total mass of waste (excl. H2O)

Mass of final product
=
400 + 35
1000

= 0.435 g g−1(14.79)

= 0.435 kg kg−1.

Therefore, EFtotal is expressed as follows:

EFtotal = EFkernel + EFexcess + EFaux = 1.34 + 0.26 + 0.435 = 2.035 kg kg
−1.(14.80)

cEF takes into account the solvent, which is water. The ethanol concentration
of the final broth (51.35 g L−1) equals 6.5 vol%; therefore, the amount of water
is 935mL. Keep in mind that the total waste generated during the purification is
given for 1 kg of ethanol; therefore, it has to be corrected for 51.35 g ethanol. The
cEF for 1 L of fermentation broth can be calculated as follows:

cEF =
∑mraw materials + ∑mreagents + ∑msolvents + ∑mwater

mproduct
(14.81)

+
∑mpurification −mproduct

mproduct

=
mglucose +mreagents +mwater + ∑mpurification −mproduct

mproduct

=
120 + 13.5 + 935 + (435 ⋅ 51.351000 ) − 51.35

51.35
= 20.24 g g−1

= 20.24 kg kg−1.

The energy consumption of the purification process is 1425 kJ kg−1, which has to
be converted into kWh by dividing it by 3600 s, and then it can be inserted into
the equation:

E+ = ∑mwaste
mproduct

[kg kg−1] + W [kWh] × CO2EF[kg CO2 kWh−1]
mproduct [kg]

(14.82)

= 1.41 kg kg−1 +
1425 kJ
3600 s ⋅ 0.30720

1
= 1.53 kg kg−1.

MI = Total mass in process (excl. H2O)
Mass of product

(14.83)

=
120 + 13.5 + (435 ⋅ 51.351000 )

51.35
= 3.03 g g−1 = 3.03 kg kg−1.
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PMI = Total mass in process (incl. H2O)
Mass of product

(14.84)

=
120 + 13.5 + (435 ⋅ 51.351000 ) + 935

51.35
= 21.24 g g−1 = 21.24 kg kg−1.

MP = MI−1 ⋅ 100% = Mass of product
Total mass (excl. H2O)

⋅ 100%(14.85)

= 3.03−1 ⋅ 100% = 33.0%.

WWI = Mass of total waste water generated
Mass of product

=
935
51.35

(14.86)

= 18.21 g g−1 = 18.21 kg kg−1.

14.4.3 Part B problem statements

Part A described the batch-to-batch production of bioethanol and its purificationwith
extractive distillation. This method’s main bottlenecks are the low ethanol yield due
to the unconverted sugar content resulting from product inhibition and the energy-
intensive distillation process. A greener alternative is offered by continuous produc-
tion and the implementation of less energy-demanding purification processes. In
Part B, ethanol is separated in a multistage membrane filtration process, as illus-
trated in Figure 14.8. The continuous separation of ethanol from the fermentation
broth is achieved by applying direct contact membrane distillation. The solvent (wa-
ter), residual sugars, and yeast cells are recycled back into the fermentation. After
steady state is achieved, ethanol’s productivity is 14.6 g L−1 h−1, and the ethanol flux
is 29.5 kgm−2 24 h−1 with a total membrane surface of 900 cm2. The dilution rate is
0.15 h−1, and the feed composition is the following: 200 g L−1 glucose, 1.0 g L−1 urea,
1.5 g L−1 (NH4)2SO4, 1.75 g L−1 KH2PO4, and 0.75 g L−1 MgSO4. The pumps’ energy con-
sumption is 3.2 kWhm−3, while the membrane distillation consumes 7 kWhm−3.
(a) Calculate the E-factors (and the corresponding EFkernel, EFexcess, and EFaux values,

the complete E-factor (cEF), and E+),MI, PMI,MP,WWI. Note that the dilution rate
is given; however, we do not know the reaction volume. First, we have to calcu-
late the permeate flow rate of ethanol and then get the reaction volume and the
corresponding feed volume.

(b) Compare the results with the conventional production described in Part A. What
are the key differences between the two processes?

(c) Thewastewater intensity, in this case, is close to zero since the production is done
in a closed-loop fashion, where water is recycled back to the fermentor. However,
the system requires a certain amount of maintenance and cleaning, which results
in the disposal of the fermentation broth, thus generating wastewater. Calculate
the wastewater intensity if maintenance occurs every 24 hours, every 72 hours,
every week, or every three months.
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Figure 14.8: Schematic representation of a continuous fermentation coupled with a multistage mem-
brane filtration process. Bioethanol is continuously separated from the fermentation broth, with the
implementation of direct contact membrane distillation (DCMD). Simultaneously, the yeast cells,
residual sugar, and water are recycled back into the fermentor.

14.4.4 Part B solutions

(a) The permeate flow rate in the membrane distillation unit, which is the pure
ethanol, can be calculated using the flux and the total membrane surface area.
Since the ethanol flux is given for a day, it has to be divided by 24 hours.

Qpermeate = F × A =
29.5
24
⋅
900
104
= 1.23 ⋅ 0.09 = 0.11 kg h−1.(14.87)

The productivity of the fermentation unit is 14.6 g L−1 h−1; therefore, the volume
of the reaction is:

Vreaction =
Qpermeate

Productivity
=

0.11 kg
h

0.0146 kg
L h

= 7.53 L.(14.88)

The feed rate can be calculated as the multiplication of the dilution rate and
Vreaction:

Feed = Vreaction × Dilution rate = 7.53 L ⋅ 0.15
1
h
= 1.13 L h−1.(14.89)
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The feed consumption for each kilogram of ethanol can be calculated as fol-
lows:

Feed consumption1 kg ethanol =
1 kg ethanol
Qpermeate

× Feed = 1
0.11
⋅ 1.13(14.90)

= 10.27 L.

The composition of the feed is given in Figure 14.8. The following green metrics
can be calculated accordingly:
Since the fermentation process is the same, the atom economy does not change:

AE (%) =
Molecular Weightproduct

Molecular Weightall reagents
× 100%(14.91)

=
Molecular Weightethanol
Molecular Weightglucose

× 100%

=
46.07

0.5 ⋅ 180.16
⋅ 100% = 51.14%.

The permeate flow rate of ethanol is 0.11 kg h−1, and the reaction feed rate is
1.13 L h−1. This means that 1 kg of ethanol production requires 10.27 L feed vol-
ume, which has a sugar concentration of 200 g L−1. According to the fermentation
equation illustrated in Figure 14.8, 1mol glucose produces 2 moles of ethanol;
thus, the yield is

Yield (%) = Weight of product
Theoretical weight

× 100%(14.92)

=
1000 g

(10.27⋅200)
180.16 ⋅ 2 ⋅ 46.07

⋅ 100% = 95.19%,

RME (%) = mass of desired product
mass of reactant

× 100%(14.93)

=
mass of ethanol
mass of glucose

× 100% = 1000 g
10.27 ⋅ 200

⋅ 100% = 48.69%.

Carbon efficiency remains the same as in Part A:

CE (%) = Amount of carbon in product
Total carbon present in reactants

× 100%(14.94)

=
moles of ethanol × carbons in ethanol
moles of glucose × carbons in glucose

× 100%

=
2 ⋅ 2
1 ⋅ 6
⋅ 100% = 66.67%.

The fermentation is similar to the process in Part A. The reaction takes place in
an aqueous medium. Only KH2PO4 can be considered as potentially non-benign.
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For 1 kg of product, 10.27 L feed is required; thus, the EMY is

EMY (%) = Mass of product
Mass of non-benign reagents

× 100% = 1000
10.27 ⋅ 1.75

⋅ 100%(14.95)

= 5564%.

EFtotal = EFkernel + EFexcess + EFaux.(14.96)

One major change compared to the previous batch process (Part A) is that during
the separation, waste generation does not occur; therefore, the EFaux is zero.

EFkernel =
Total mass of waste (excl. H2O)

Mass of final product
=
10.27 ⋅ 200 − 1000

1000
(14.97)

= 1.054 g g−1 = 1.054 kg kg−1,

EFexcess =
Total mass of waste (excl. H2O)

Mass of final product
(14.98)

= =
10.27 ⋅ (1 + 1.5 + 1.75 + 0.75)

1000g
= 0.0514 g g−1

= = 0.072 kg kg−1,

EFaux =
Total mass of waste (excl. H2O)

Mass of final product
= 0.0 kg kg−1,(14.99)

EFtotal = EFkernel + EFexcess + EFaux = 1.054 + 0.051 + 0.0(14.100)

= 1.105 kg kg−1.

cEF considers the solvent, which is water. The production takes place in a closed-
loop system, and water is recycled back to the fermentation broth and for the
production medium’s preparation. Therefore, it can be left out of the equation.
The membrane distillation unit does not generate additional waste; thus, the
purification mass is also zero.

cEF =
∑mraw materials + ∑mreagents + ∑msolvents + ∑mwater

mproduct
(14.101)

+
∑mpurification −mproduct

mproduct

=
10.27 ⋅ (200 + 1 + 1.5 + 1.75 + 0.75) − 1000

1000
= 1.105 g g−1

= 1.105 kg kg−1.

The energy consumption of the pumps and membrane distillation unit is alto-
gether 10.3 kWhm−3, which has to be calculated for 1 kg of ethanol:
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E+ = ∑mwaste
mproduct

[kg kg−1] + W [kWh] × CO2EF [kg CO2 kWh−1]
mproduct [kg]

(14.102)

= 1.105 +
3.7+7

1000×0.79 ⋅ 0.30720
1

= 1.105 kg kg−1 + 0.004 kg kg−1

= 1.109 kg kg−1.

The MI is:

MI = Total mass in process (excl. H2O)
Mass of product

(14.103)

=
10.27 L ⋅ (200 + 1 + 1.5 + 1.75 + 0.75)

1000 g
= 2.105 g g−1 = 2.105 kg kg−1.

The process mass intensity includes the water consumption of the process. How-
ever, water is continuously recycled back to the fermentor (for the preparation of
the production medium), and therefore no wastewater is generated. Hence,

PMI = Total mass in process (incl. H2O)
Mass of product

(14.104)

=
10.27 L ⋅ (200 + 1 + 1.5 + 1.75 + 0.75)

1000
= 2.105 g g−1 = 2.105 kg kg−1.

MP = MI−1 × 100% = Mass of product
Total mass (excl. H2O)

× 100%(14.105)

= 2.105−1 ⋅ 100% = 47.51%.

WWI = Mass of total waste water generated
Mass of product

= 0 kg kg−1.(14.106)

(b) Comparison of the continuous process (Part B) over the batch (Part A) proves that
the main advantages of the continuous process are the better glucose conversion
and higher ethanol yield due to continuous removal of the product and resid-
ual sugar recycling. Membrane distillation does not require additional entrainer
ingredients and is more energy-efficient than the extractive distillation. Produc-
tion in a closed-loop system means that the solvent is recycled and only required
for operation purposes; therefore, there is a remarkable difference between the
process mass intensity and wastewater intensity (Table 14.3).

(c) Duringmaintenance, the fermentation broth is disposed of, with a total volume of
7.53 L (reaction volume). Althoughwedonot know the exactmass of this fermenta-
tion broth, we can estimate the density to be roughly 1.2 kg L−1 by considering the
200 g L−1 glucose. Theproduct’smass canbe calculated as the operation timemul-
tiplied by ethanol’s permeate flow rate (0.11 kg h−1), assuming unchanged con-
ditions. One can predict that having longer continuous production times, less
wastewater will be generated per kg of ethanol, as illustrated in Figure 14.9.
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Table 14.3: Green metric comparison: conventional batch fermentation coupled with distillation
versus continuous fermentation coupled with membrane separation.

Green metric Batch fermentation
and distillation

Continuous fermentation
and membrane separation

AE (%) 51.14 51.14
RME (%) 42.79 48.69
CE (%) 66.67 66.67
EMY (%) 1467 5564
EFtotal (kg kg

−1) 2.03 1.105
EFkernel (kg kg

−1) 1.34 1.05
EFexcess (kg kg

−1) 0.26 0.05
EFaux (kg kg

−1) 0.435 0
cEF (kg kg−1) 20.24 1.105
E+-factor (kg kg−1) 1.53 1.109
MI (kg kg−1) 3.03 2.105
PMI (kg kg−1) 21.24 2.105
MP (%) 33 47.51
WWI (kg kg−1) 18.21 0

Figure 14.9:Wastewater intensity as a function of downtime for maintenance purposes.

WWI24 h =
Mass of total waste water generated

Mass of product
=
7.53 ⋅ 1.2
24 ⋅ 0.11

(14.107)

= 3.423 kg kg−1,

WWI72 h =
7.53 ⋅ 1.2
72 ⋅ 0.11

= 1.141 kg kg−1,(14.108)

WWIweekly =
7.53 ⋅ 1.2
168 ⋅ 0.11

= 0.489 kg kg−1,(14.109)

WWI3months =
7.53 ⋅ 1.2

90 ⋅ 24 ⋅ 0.11
= 0.038 kg kg−1.(14.110)
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14.5 Example 5 – Application of process analytical technologies
in continuous catalytic hydrogenation

14.5.1 Problem statements

Consider the reaction depicted in Figure 14.10, where the desired product can be
achieved by catalytic hydrogenation. After the starting material is converted into the
desired product, the hydrogenation is terminated; otherwise, an overreduction impu-
rity is formed with the unwanted halogen group. Therefore, monitoring the reaction
with the application of process analytical technology (PAT) enables us to determine
the reaction end-point and eliminate by-product formation effectively. This will result
in a much cleaner crude product, and the time- and energy-consuming purification
steps can be minimized or omitted. Refer to Chapter 9 to learn about the use of PAT in
sustainable processing.

Figure 14.10: Catalytic hydrogenation of an aromatic compound, with possible formation of an
overreduction impurity.

A purity of 92% can be achieved with offline sampling, and the further purification of
the crude material is carried out with recrystallization from toluene. The crystalliza-
tion and filtration process consumes 7 kg of toluene for each kg of product. With PAT’s
application, the desired purity (98%) can be achieved at once, without the need for
further purification.
(a) Calculate the EFkernel with and without the implementation of PAT and the EFaux

of the process.
(b) The implementation of PAT into a manufacturing process is capital-intensive.

Assuming that the instruments and the method development cost 105,000USD,
how many product batches are required to return this investment if each batch
produces 55 kg of product, regardless of purity? The product’s selling price is
150USDkg−1 for 92% purity and 425USDkg−1 for 98% purity.

(c) There are some safety risks associated with hydrogen; it is highly flammable over
a wide range of concentrations (4–74 vol%) in air. It is advisable to switch from
batch production to small-scale continuous manufacturing. Calculate how much
hydrogen is present at the beginning of a batch reaction if the starting material’s
amount is 60 kg. Then, compare the result with the amount of hydrogen present
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in a continuous flow reactor if the feed solution’s concentration is 1.5mol L−1 and
the volume of the reactor is 5mL.

(d) How many continuous flow reactors have to be run in parallel if the volumetric
flow rate is 1 L h−1, and we wish to produce the same amount of product in under
two days, as in the case of the batch process (assuming 100% yield)?

14.5.2 Solutions

(a)

EFkernel, without PAT =
Total mass of waste (excl. H2O)

Mass of final product
(14.111)

=
185.61 − 155.63 ⋅ 0.92

155.63 ⋅ 0.92
= 0.296 g g−1 = 0.296 kg kg−1,

EFkernel, with PAT =
Total mass of waste (excl. H2O)

Mass of final product
(14.112)

=
185.61 − 155.63 ⋅ 0.98

155.63 ⋅ 0.98
= 0.217 g g−1 = 0.217 kg kg−1,

EFaux =
Total mass of waste (excl. H2O)

Mass of final product
=
7
1
= 7 kg kg−1.(14.113)

(b) The price difference between 92% and 98% purity is 275USDkg−1; therefore, each
batch done with PAT implementation produces 15,125 USD additional income. If
the instrumentation and method development cost 105,000 USD, the investment
will return after seven cycles of production.

(c) Reduction of the nitro group requires 3 mol hydrogen; therefore, in the case of
60 kg starting material with a molar mass of 185.61 gmol−1,

mhydrogen =
60 ⋅ 1000
185.61

⋅ 3 ⋅ 2 = 1939.6 g.(14.114)

This amount of hydrogen has a volume of 23.76m3 at standard conditions.
In the case of a continuous flow reactor, the amount of hydrogen present can be
calculated as follows:

mhydrogen = Vreactor × concentration × amount of hydrogen(14.115)

×MWhydrogen

= 0.005 ⋅ 1.5 ⋅ 3 ⋅ 2 = 0.045 g = 45mg.

This is a very tiny amount, which will not raise any safety concerns in the event
of a runaway reaction.
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(d) If we want to produce the same amount as in the case of the batch process, we
have to compare the productivity of the two processes:

Productivitybatch =
60 ⋅ 1000
185.61

= 323.26mol batch−1,(14.116)

Productivitycontinuous-flow reactor = 1.5 ⋅ 1 ⋅ 48 = 72mol 48 hours−1,(14.117)
Productivitybatch

Productivitycontinuous-flow reactor
=
323.26
72
= 4.49.(14.118)

The results indicate that five continuous flow reactors have to run in parallel to
achieve the same productivity as the batch process.
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