
C
o
p
y
r
i
g
h
t
 
 
2
0
2
2
.
 
D
e
 
G
r
u
y
t
e
r
.
 
A
l
l
 
r
i
g
h
t
s
 
r
e
s
e
r
v
e
d
.
 
M
a
y
 
n
o
t
 
b
e
 
r
e
p
r
o
d
u
c
e
d
 
i
n
 
a
n
y
 
f
o
r
m
 
w
i
t
h
o
u
t
 
p
e
r
m
i
s
s
i
o
n
 
f
r
o
m
 
t
h
e
 
p
u
b
l
i
s
h
e
r
,
 

e
x
c
e
p
t
 
f
a
i
r
 
u
s
e
s
 
p
e
r
m
i
t
t
e
d
 
u
n
d
e
r
 
U
.
S
.
 
o
r
 
a
p
p
l
i
c
a
b
l
e
 
c
o
p
y
r
i
g
h
t
 
l
a
w
.
 

EBSCO Publishing : eBook Collection (EBSCOhost) - printed on 2/14/2023 6:45 AM via 
AN: 3223172 ; Girish K. Malhotra.; Active Pharmaceutical Ingredient Manufacturing 
: Nondestructive Creation 
Account: ns335141



Girish K. Malhotra
Active Pharmaceutical Ingredient Manufacturing

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Also of Interest

Process Development.
An Introduction for Chemists
Carr-Brion, 
ISBN ----, e-ISBN ----

Biopharmaceutical Manufacturing.
Principles, Processes, and Practices
Gilleskie, Rutter, McCuen, 
ISBN ----, e-ISBN ----

Catalysis for Fine Chemicals
Bonrath, Medlock, Müller, Schütz, 
ISBN ----, e-ISBN ----

Pharmaceutical Chemistry.
Vol. : Drug Design and Action
Campos Rosa, Camacho Quesada, 
ISBN ----, e-ISBN ----

Vol : Drugs and Their Biological Targets.
Campos Rosa, Camacho Quesada, 
ISBN ----, e-ISBN ----

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Girish K. Malhotra

Active Pharmaceutical
Ingredient
Manufacturing

Nondestructive Creation

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Author
Girish K. Malhotra
EPCOT International
29150 Bryce Road
Pepper Pike
OH 44124-5701
USA
E-Mail: girish@epcotint.com

ISBN 978-3-11-070282-8
e-ISBN (PDF) 978-3-11-070284-2
e-ISBN (EPUB) 978-3-11-070289-7

Library of Congress Control Number: 2022930254

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the Internet at http://dnb.dnb.de.

© 2022 Walter de Gruyter GmbH, Berlin/Boston
Cover image: © lvcandy / DigitalVision Vectors / Getty Images
Typesetting: Integra Software Services Pvt. Ltd.
Printing and binding: CPI books GmbH, Leck

www.degruyter.com

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://dnb.dnb.de
http://www.degruyter.com


To Indu my known and unknown friend for her wisdom and encouragement

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Preface

For over 25 years, there has been considerable and at times passionate discussion
about “green chemistry” in chemical-related industries, including pharmaceuticals.
“Climate change” and “net zero emissions” have become “in vogue.” Onus is on
the industry to innovate and lower emissions and to become green. However, to
make a measurable impact, a significant effort is needed. This has been lacking on
industrial scale, especially in pharmaceutical manufacturing. Universities/academ-
ics and the regulators can talk about these and may show some pathways. Unless
the industry takes the necessary steps to curtail emissions through innovative
manufacturing technologies, the stated goal is unlikely to be achieved.

Regulations have to facilitate and promote incorporation of novel processes
into the existing practices in order to achieve these goals. However, with the current
regulations, and related costs and delays, the industry is hesitant to engage in such
challenges. For public health and safety concerns, both the regulators and the in-
dustry are also constrained by the current regulations. The regulatory agencies
have to rely on the industry for their claims/assertions. Regulators on their part
have not made any effort to understand the environmental impact of their guide-
lines, for example, if a process produces the desired product using excessive sol-
vent or multiple solvents, the industry cannot change the process unless safety and
efficacy of the product is proven again. For the new products, an effort to minimize
solvent use, that is, emissions, has to be the “mantra” from the onset of the product
development. At present, this is not the case.

Pharma companies have to make sure that the technologies that will reduce
emissions by 75–80% from the current levels are incorporated in practice as soon
as the product efficacy and value are recognized. All of the necessary methods
(chemistries, equipment, and processes) have been in existence and have been
used for the last 75+ years in the fine/specialty chemicals, the older cousin of the
API (active pharmaceutical ingredients), and in their formulations. Pharmaceuticals
have not explored and/or adopted many of the available options. Deterrents include
speed to market, profitability, and complexity of regulations. These have prevented
widespread incorporation of better and innovative technologies. Each improvement
in the existing process has to be proven to the regulatory agencies. Companies have
to make sure that the efficacy and performance are not compromised. This process
is expensive and results in delays resulting in lower profits. In addition, lack of under-
standing by the regulators also stands in the way of any improvement of manufactur-
ing processes. The necessary methods/equipment that can significantly lower the
emissions exist and they are practiced by fine/specialty chemicals. Pharma companies
have simply overlooked them.

According to the 2006 Nobel laureate Edmund Phelps, “nondestructive creation”
leads to innovation. This methodology involves alternate ways to apply existing
methods and teachings to simplify the current practices. Since all of the necessary

https://doi.org/10.1515/9783110702842-202
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elements that are needed for API manufacturing technology innovation still exist and
are practiced, their incorporation should not be difficult. However, distinctive think-
ing and divergent execution would be required. Chemists and chemical engineers are
familiar with such challenges and have all the tools to apply them. Peter Drucker has
said it rightly that “Innovation can be systematically managed – if one knows where
to look.” However, lack of their application in API manufacturing is startling.

Around Thanksgiving 2019, Mr. Robert Esposito suggested to me to write a
book about pharmaceutical manufacturing. Sometimes good things fall in your lap.
The goal, starting from API manufacturing and their dosage, was narrowed just to
API manufacturing.

Considering the issue of “climate change and global warming,” timing for the
book could not have been any better. The environmental impact of API manufactur-
ing practices is not acknowledged widely. They contribute the highest per kilo of
the product in the chemical manufacturing world. The year 2020 rolled around and
the writing started. Global rumbling of an infectious disease was getting louder. In
mid-March 2020, the world spun but its inhabitants and their activities came to a
screeching halt. With the lockdown, writing became a challenge as references were
not easily accessible. Libraries were shut down. However, most of the scientific
journals could not and would not let the distribution of knowledge to come to
standstill. When Internet became accessible few years ago, we were impressed by
what all it offered. With pandemic, Internet came to bat for all of us. It was the best
blessing. Online access was offered and the world benefited immensely. Thanks to
the “nondestructive creationists” who created the Internet for your vision, creativ-
ity, and imagination. We all benefitted and far exceeded the challenge posed. Cuya-
hoga County Library and the affiliated library systems and others who are my
“nondestructive creationists” were a godsend. Again, thanks to all who helped in
their own ways.

Chapters review the history and evolution of the API manufacturing and how,
in spite of the technological progress, it is still stuck in the stone age. History indi-
cates that the methodologies used for fine/specialty chemical manufacture in the
first half of twentieth century are still being used today. Methodologies to move it
to the contemporary time are reviewed. They are not earthshakingly complex.
These methods do not call for any alternate science or engineering but their appli-
cation can nondestructively create excellent processes that significantly reduce cur-
rent environmental emissions. They could even convert batch manufacturing of
many products to continuous processes that are inherently more profitable and pro-
duce products of higher quality. Lowering emissions from API emissions and their
formulations will come from “reimagining” chemical engineering fundamentals
that involve physical and chemical properties of chemicals, and their mutual be-
havior along with the equipment use. It requires exploiting social and mutual be-
havior of chemicals. Unit processes and unit operations used would be the same
but their scale could be different from fine/specialty chemical practices. Scale
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would be different. Every which way method/s and some may look like repeats are
reviewed and options discussed. Chemists and chemical engineers have the creativity
and imagination to incorporate these for the chemistries and processes they develop.

It is expected that the reviewed possibilities will invigorate creativity and imag-
ination of chemists and chemical engineers leading to processes that will have sig-
nificantly lower emissions and carbon footprint. It is very possible that many
products could be produced using continuous processes further lowering emissions.
Most of the regulators do not have hands-on experience of process development, de-
sign, and commercialization, and will have to facilitate innovation. Regulations and
filing processes may have to be modified.

Guidance and help came from unexpected sources. Most of them provided intel-
lectual conversations and that helped me a lot. These conversations planted ideas
that were filed and polished. Dr. Richard Thomas, Dr. Charles E. Kausch, Mr. James
Burton, Dr. Satish Kalhan, MD, and my colleagues at regulatory bodies and the con-
sulting companies offered their counsel and conversation. Due to confidentiality of
the relationships, they are not named here but are acknowledged – they know it.
Dr. Yusuf K. Hamied of Cipla offered conversation time and suggestions. Thanks to
you all.

Drs. Thomas and Kausch, Mr. Lawrence Coven along with my wife Dr. Indu Mal-
hotra proofread, the hardest task, as they have to imagine the writing. They had
their respective input and facilitated the task. I am really grateful. Our family and
friends endured and I am indebted. I gratefully acknowledge Dr. Karin Sora, Vice
President of Science, Technology, Engineering & Mathematics (STEM). Dr. Ria Seng-
busch, project editor for chemistry and materials sciences, needs special thanks for
her suggestions, guidance, and edits to produce and publish this book. Ms. Tharani
Ramachandran, project manager at Integra made this possible. Thanks to you all
and cheers!

Girish K. Malhotra, PE
Friday January 28, 2022
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Chapter 1
History of pharmaceuticals

We try to remember that medicine is for the patient. We try never to forget that medicine is for
the people. It is not for the profits. The profits follow, and if we have remembered that, they have
never failed to appear. The better we have remembered it, the larger they have been.

– George W. Merck Time Magazine August 19, 1952 [1]

1.1 History of pharmaceuticals: their evolution

Going through history, growth and development of the pharmaceutical industry is
fascinating from seventeenth century onward. We get to see how various companies
will have meaning to history buffs. However, to the current generation, it would be
how some companies have appeared and how their names got changed through
mergers, demergers, truncations, and change of vision. A short history of some of the
companies is presented. Some of the recent mergers (last 5 years) are not included.

1.1.1 Beginning

Different botanical plants were used for remedies of various ailments. Companies
started offering soaps, skin care, and distinctive medications for different common
diseases. A close look at the companies involved presents an interesting journey.
Pharmaceutical industry’s current form really started to take place around late six-
teenth and early seventeenth centuries [2–4]. Wikipedia has been an excellent
source of most of the citations. Table 1.1 is a brief compilation of evolution of the
pharmaceutical companies. It is difficult to go into the detailed history of each com-
pany. The following narrative is an extremely brief summary. Included references
are just “tip of the iceberg.” Books can be written about each company’s history.

It is interesting to note that some of these companies got their start as a dye
and fine chemical business in the seventeenth century. Researchers found that
many of the chemicals could selectively kill bacteria, parasites, and disease-
causing microorganisms. With evolution of synthetic organic chemistry, chemists
were able to convert many of the coal tar based raw materials to disease curing
medicines. Their businesses grew to serve the ever-growing needs of the global
population. Development of petroleum-based chemicals, continuous learning,
and advances of organic chemistry synthesis facilitated the growth of the pharma-
ceutical industry. A walk through the major company’s evolution is a fascinating
journey and worth a review as it tells us about their roots. One fact that dominates
and it is not widely recognized is that a majority of the small-molecule disease-curing

https://doi.org/10.1515/9783110702842-001
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compounds (active pharmaceutical ingredients, API) are organic fine and specialty
chemicals and their salts that kill disease-causing bacteria. If they did not have a
disease-curing value, they could be an additive of some other values.

An important aspect that cannot be forgotten is that the manufacturing practices
used in fine/specialty chemicals found use and value for the manufacture of disease-
curing molecules. A need to to develop specific manufacturing practices for API was
never an issue as these molecules could be easily synthesized in the equipment that
was available and used to manufacture other similar organic molecules.

1.1.2 GlaxoSmithKline

Roots of GlaxoSmithKline (GSK) [5] go back to 1873. Joseph Nathan founded a trading
company, Joseph Nathan and Co., in New Zealand. Due to excess milk being produced
on the dairy farms, it started producing dried milk in 1904 and sold it under the name
“Defiance.” They tried to name the product “Lacto” but their trademark was denied.
They changed Lacto to Glaxo. It was sold under the slogan “Glaxo builds bonny ba-
bies.” Due to vitamin A deficiency, they sold cod liver oil as a supplement. Its first
pharmaceutical product was vitamin D. It was extracted from cod liver oil and sold.

Tab. 1.1: Pharmaceutical companies from sixteenth century to present.

Company Current name

Glaxo
Smith Kline
Beecham
Wellcome Research Labs

GlaxoSmithKline

Merck
Schering Plough

Merck

Pfizer
American Cyanamid (Lederle Labs)
Warner Lambert
Parke Davis
Upjohn
Wyeth
Pharmacia
King Pharmaceuticals
Hospira
G. D. Searle

Pfizer

2 Chapter 1 History of pharmaceuticals
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Glaxo Laboratories was incorporated as a subsidiary of Joseph Nathan and Co. in
the United Kingdom in 1935. However, in 1947 shareholders bought out Joseph Nathan
and Co. and reorganized the trading company to make Glaxo, the parent company.

Glaxo acquired Allen & Hanburys [6] in 1958. Glaxo bought Meyer Laboratories
in 1978. It expanded its activities in the US market. In 1983, the American arm,
Glaxo Inc., moved to Research Triangle Park and Zebulon (US manufacturing) in
North Carolina.

Burroughs Wellcome & Company [7] was founded in 1880 in London by the
American pharmacists Henry Wellcome and Silas Burroughs. In 1902, the Wellcome
Tropical Research Laboratories was established. In the 1920s, Burroughs Wellcome
established research and manufacturing facilities in Tuckahoe, New York. It served
as the US headquarters until the company moved to Research Triangle Park in
North Carolina in 1971. The Nobel Prize-winning scientists Gertrude B. Elion and
George H. Hitchings invented drugs such as mercaptopurine [Figure 1.1], which is
used for cancer and autoimmune diseases, and are still used many years later.

Tab. 1.1 (continued)

Company Current name

Bayer AG Bayer

Merck KGaA
Schering

Merck KGaA

Eli Lilly Eli Lilly

Abbott Labs Abbott

AbbVie

Imperial Chemical Industries (Zeneca)
Astra

Astra-Zeneca

Bristol Myers
Squibb

Bristol Myers Squibb

Ciba Geigy
Sandoz

Novartis

Hoffmann-La Roche Roche

Johnson & Johnson Johnson & Johnson

Boots Walgreens

Boehringer Ingelheim Boehringer Ingelheim

Sanofi Sanofi

Aventis

Novo-Nordisk

1.1 History of pharmaceuticals: their evolution 3

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



In 1959, the Wellcome Foundation bought Cooper, McDougall & Robertson Inc.,
and expanded to animal health. In 1995, Glaxo and Wellcome merged to form Glaxo
Wellcome PLC.

In 1848, Thomas Beecham started selling his Beecham’s Pills laxative in Eng-
land and that created Beecham Group. By the 1960s, Beecham was extensively in-
volved in pharmaceuticals and consumer products such as Macleans toothpaste,
Lucozade (an energy drink), and synthetic penicillin research. Horlicks [9] malt milk
was a Beecham dietary supplement and it is still commercially available. Glaxo’s con-
sumer healthcare business will be divested in 2022 as a separate company.

John K. Smith opened his first pharmacy in Philadelphia in 1830. In 1865, Mah-
lon Kline joined the business, and 10 years later it was named Smith, Kline & Co. In
1891, it merged with French, Richard and Company, and in 1929 it was named
Smith Kline & French Laboratories as it focused more on research. Later, it bought
Norden Laboratories, a business doing research into animal health, and in 1963 Re-
cherche et Industrie Thérapeutiques in Belgium to focus on vaccines. Beginning
1969, the company began to expand globally. It bought Allergan, a manufacturer of
eye and skincare products, in 1982. It was divested in 1989 and since it has gone
through different hands to be finally merged with AbbVie that was created from Ab-
bott Laboratories, discussed later.

In 1982, SmithKline & French merged with Beckman Inc. and changed its name
to SmithKline Beckman. In 1988, it bought International Clinical Laboratories, and
in 1989 it merged with Beecham to form SmithKline Beecham PLC. The headquar-
ters moved from the United States to England. To expand R&D in the United States,
the company bought a new research center in 1995; another opened in 1997 in Eng-
land at New Frontiers Science Park, Harlow.

In 1999, Glaxo Wellcome had become the world’s third largest pharmaceutical
company by revenues and the world’s largest manufacturer of drugs for the treat-
ment of asthma and HIV/AIDS. Glaxo Wellcome and SmithKline Beecham merged
in 2000 forming GSK.

1.1.3 Merck and Merck KGaA

There are two Merck: Merck KGaA, which is Darmstadt, Germany, based, and Merck
& Co., which is US based [10, 11].

Fig. 1.1: Mercaptopurine (3,7-dihydropurine-6-thione) [8].
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Roots of both Merck reach back as far as the seventeenth century in Germany.
In 1668, Friedrich Jacob Merck, a pharmacist, assumed ownership of the Engel-
Apotheke (“Angel Pharmacy”) in Darmstadt, Germany. His descendant, Emanuel
Merck, took over the pharmacy. Due to his scientific background, he was able to
isolate and characterize different alkaloids and that led to discovery of number of
drugs. He began the manufacture of these substances “in large quantities” in 1827,
touting them as a “Cabinet of Pharmaceutical and Chemical Innovations.”

He and his successors progressively built up a chemical-pharmaceutical factory
that produced – in addition to raw materials for pharmaceutical preparations – a
multitude of other chemicals and medicines. After Wilhelm Adam Sertürner’s isola-
tion of morphine from opium (1805), Merck pioneered commercial manufacture of
morphine [Figure 1.2] for an expanding global market. Its use increased once the
hypodermic syringes were invented.

From 1884 onward, Merck also played a role in the production and marketing of
cocaine. Sigmund Freud was an enthusiastic collaborator in Merck’s cocaine re-
search. Later, focus shifted to vitamins, a new product category. Vitamin D3 (Vigan-
tol) was introduced in 1927, followed by vitamin C (Cebion, ascorbic acid) in 1934.

Following the Second World War, Merck was granted permission by the military
government to produce drugs, pesticides, food preservatives, reagents, and fine
chemicals for laboratory use. Soon afterward, the economic boom set in. This meant
double-digit sales for Merck for many years. Products Figure 1.3 included corticoid
preparations Fortecortin [13] which is still used today, a cold remedy Nasivin [14],
and Gestafortin [15] for hormone therapy.

Fig. 1.2: Morphine ((4R,4aR,7S,7aR,12bS)-3-methyl-2,3,4,4a,7,7a-
hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline-7,9-diol) [12].

Fig. 1.3: Chemical structures of remedies: Fortecortin,1-dehydro-9α-fluoro-16α
methylhydrocortisone [13], Nasivin, 3-(4,5-Dihydro-1H-imidazol-2-ylmethyl)-2,4-dimethyl-6-tert-
butyl-phenol [14], Gestofortin Chlormadinone acetate [15].
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Merck KGaA today also manufactures pigments and specialty chemicals.

1.1.3.1 Merck
In 1891, Georg(e) Merck of the original Merck family in Germany moved to the
United States and set up Merck & Co. in New York. Following the First World War,
Merck & Co. was confiscated and set up as an independent company in the United
States. Merck started in Germany is known as Merck Sharpe and Dohme (MSD) out-
side the United States.

Merck started producing the same chemical and medicines its parent company in
Germany was producing. In 1933, Merck established a laboratory to develop products
vitamins and other products. It synthesized Prontosil [Figure 1.4] which came from
sulfanilamide [Figure 1.4], a coal tar [16] by-product. Coal tars are mixture of different
phenols, aromatic hydrocarbons, and heterocyclic oxygen, sulfur, and nitrogen com-
pounds. Sulfa drugs and antibiotics, for example, penicillin were launched.

Cortisone [19] was first identified by the American chemists Edward Calvin Kendall
and Harold L. Mason while researching at the Mayo Clinic. In 1929, Philip S. Hench
and colleagues discovered cortisone’s effectiveness in the treatment of rheumatoid
arthritis. Cortisone [Figure 1.5] is one of several end products of a process called ste-
roidogenesis. This process starts with the chemical synthesis of cholesterol. Strepto-
mycin and cortisone were commercialized.

Merck [11] pioneered not only in new drugs but also lowered their selling prices
through manufacturing innovation. They lowered the selling price of cortisone from
$200 per gram to $16 per gram wholesale.

Fig. 1.4: Sulfonamide [4-aminobenzene sulfonamide] [17] and Prontosil [4-(2,4-Diaminophenyl)azo]
benzenesulfonamide] [18].
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Fig. 1.5: Cortisone [17α,21-Dihydroxypregn-4-ene-3,11,20-trione] [19].
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Schering-Plough Corporation [20] was a US-based pharmaceutical company. It was
originally the US subsidiary of the German company Schering AG, founded in 1851 by
Ernst Christian Friedrich Schering. In 1971, the Schering Corporation merged with
Plough Inc. (founded by Abe Plough in 1908) to form Schering-Plough. Merck & Co.
and Schering-Plough merged in 2009 with the new company being called Merck & Co.

Schering-Plough manufactured several pharmaceutical drugs, the most well-
known of which were the allergy drugs Claritin and Clarinex, an anticholesterol
drug Vytorin, and a brain tumor drug Temodar. These are now available from
Merck & Co. All of the active ingredients are fine/specialty chemicals that have a
disease-curing value and are formulated to a dispensable dose.

1.1.4 Pfizer

Table 1.1 tells us the storied history of Pfizer [21]. Today it is conglomerate of many
companies.

With time, Pfizer grew with the acquisition of Warner Lambert, Parke Davis,
Upjohn, Wyeth Labs, Pharmacia, King Pharmaceuticals, G. D. Searle, and Hospira.
Lederle Labs was part of American Cyanamid, a specialty chemical company.

Pfizer was founded in New York City in 1849 by German-American Charles Pfizer
and his cousin Charles F. Erhart. They launched the chemicals business Charles
Pfizer and Company in Williamsburg, Brooklyn. They produced an antiparasitic
product called santonin [Figure 1.6]. This was an immediate success. However, it
was production of citric acid that really led to Pfizer’s growth in the 1880s.

The First World War led to shortage of calcium citrate which Pfizer imported from
Italy for the manufacture of citric acid, and the company began a search for an al-
ternative supply. Pfizer chemists learned of a fungus that ferments sugar to citric
acid. In 1919, they were able to commercialize the production of citric acid from this
source. This led to company’s expertise in fermentation technology. These skills
were applied by Pfizer to the mass production of the antibiotic penicillin during
the Second World War for the need to treat injured allied soldiers.

Penicillin became very inexpensive in the 1940s, and Pfizer searched for new anti-
biotics with greater profit potential. This company discovered Terramycin (oxytetracy-
cline) in 1950. This changed the company from a manufacturer of fine chemicals to a

Fig. 1.6: Santonin ((3S,3aS,5aS,9bS)-3,5a,9-trimethyl-3a,5,5a,9b-
tetrahydronaphtho[1,2-b]furan-2,8(3H,4H)-dione) [22].
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research-based pharmaceutical company. Pfizer developed a drug discovery program
focusing on in vitro synthesis in order to augment its research in fermentation
technology.

In 1860, pharmacists John and Frank Wyeth opened a drugstore with a small
research lab in Philadelphia. In 1862, they began to manufacture large quantities of
commonly ordered medicines.

In 1872, Henry Bowers, a Wyeth employee, developed one of the first rotary com-
pressed tablet machines in the United States. This enabled the mass production of
medicines with unprecedented precision and speed. Wyeth sold Anacin (combination
of aspirin and caffeine), Phenergan Figure 1.7, and Advil [Figure 1.7]. Anacin was
sold globally as an effective pain reliever and was a big seller in the second half of
the twentieth century.

1.1.5 Warner Lambert

Warner Lambert [25] was formerly two separate companies. The first company was
started in 1856, when William R. Warner founded a drug store in Philadelphia.
Warner went on to invent a tablet coating process gaining him a place in the Smithso-
nian Institution. Tablet coatings facilitate swallowing of the tablets. Jordan Lambert
founded Lambert Pharmacal Company of St. Louis. It was famous for Listerine. The
two companies merged to form Warner–Lambert. Scientists at Warner–Lambert dis-
covered Lipitor [Figure 1.8] and formed an alliance with Pfizer to bring it to market.

Fig. 1.7: Phenergan ((2-dimethylamino-2-methyl)
ethyl-N-dibenzoparathiazine) [23] and ibuprofen
(Advil) (2-(4-isobutylphenyl) propanoic acid) [24].

Fig. 1.8: Lipitor generic name atorvastatin ((3R,5R)-7-[2-(4-fluorophenyl)-3-phenyl-4-
(phenylcarbamoyl)-5-propan-2-ylpyrrol-1-yl]-3,5-dihydroxyheptanoic acid) [26].
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1.1.6 Parke, Davis

Parke, Davis and Company [27] was founded in Detroit, Michigan. It was once the
world’s largest pharmaceutical company and is credited with building the first modern
pharmaceutical laboratory and developing the first systematic methods of performing
clinical trials of new medications. Parke-Davis also produced the broad-spectrum antibi-
otic chloramphenicol [28], which was a blockbuster product before the discovery of its
association with aplastic anemia. It is included on the World Health Organization’s
(WHO)’s essential medicine list [29]. The starting raw material of chloramphenicol is
benzaldehyde (PhCHO), a widely used chemical. Its synthesis is illustrated in Figure. 1.9.

Another product of the company was pure adrenaline. The compound was patented
in 1900 and trademarked as “Adrenalin.” Because of the similarity of this name to
“Adrenaline,” the use of the alternative name “epinephrine” for generics was man-
dated in the United States and is used to this day. Parke-Davis filed a lawsuit
against H. K. Mulford Company alleging Adrenalin patent infringement. The ruling
in favor of Parke-Davis is considered crucial to the modern patent law.

1.1.7 Upjohn

Company [30] was a pharmaceutical manufacturing firm founded in 1886 in Kalama-
zoo, Michigan, by Dr. William E. Upjohn. The company was originally formed to
make friable pills, which were specifically designed to be easily digested. These could
be “reduced to a powder under the thumb,” a strong marketing argument at the time.

Upjohn developed a process for the large-scale production of cortisone. The ox-
ygen atom at the 11th position in this steroid is an absolute requirement for biologi-
cal activity. There are, however, no known natural sources for starting materials
that contain that feature. The only method for preparing this drug prior to 1952 was

Fig. 1.9: Chemical synthesis of chloramphenicol [2,2-dichlor-N-[(aR,bR)-b-hydroxy-a-
hydroxymethyl-4-nitrophenethyl] acetamide] [28].
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a lengthy synthesis starting from cholic acid isolated from bile. In 1952, Upjohn bio-
chemists announced that they were able to introduce this crucial oxygen atom by
fermentation of the steroid progesterone with a common mold of the genus Rhizopus.
Over the next several years, a group of chemists developed a process for preparing
cortisone from the soybean sterol (stigmasterol). The microbiological oxygenation is
a key step in this process.

Subsequently, Upjohn together with Schering biochemically converted corti-
sone into the more potent steroid prednisone by a bacterial fermentation [30]. Up-
john’s most well-known drugs before the acquisition by Pfizer were Xanax, Halcion,
Motrin, and Rogaine.

Before its acquisition by Pfizer, Hospira was the world’s largest producer of generic
injectable pharmaceuticals [31]. The difference between the solid dose pharmaceutical
and the injectable dose pharmaceutical is that the solid dose is taken orally and the
latter is injected in the blood stream or body tissue. It manufactured generic acute-care
and oncology injectables, as well as integrated infusion therapy and medication man-
agement systems. Before 2004, Hospira was part of Abbott. Sodium thiopental is an
anesthetic discovered by Abbott Laboratories in the 1930s. Hospira manufactured the
drug after splitting off from Abbott under the brand name Pentothal.

G.D. Searle became part of Monsanto, a chemical company, and later through
Pharmacia, it became a part of Pfizer. One of its famous products is aspartame, an
artificial sweetener.

1.1.8 Bayer AG

In 1863, Friedrich Bayer and his partner, Johann Friedrich Weskott, founded a dye-
stuffs factory in Barman, Germany, which later came to be known as Bayer [32].
Fuchsine [Figure 1.10], a dye, and aniline [Figure 1.11] became the company’s most
important products.

Fig. 1.10: Fuchsine (4-[(4-aminophenyl)-(4-imino-1-cyclohexa-
2,5-dienylidene)methyl]aniline hydrochloride [33].

Fig. 1.11: Aniline [34].
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More than 2,000 years ago, Hippocrates discovered that chewing willow bark re-
duced fever and relieved pain [35] but had gastric irritation. French chemist Charles
Frederic Gerhardt in 1853 produced a less irritating compound by combining sodium
salicylate (sodium helps neutralize the salicylic acid) with acetyl chloride. He lost in-
terest in this compound. Felix Hoffmann, German chemist at Friedrich Bayer & Co,
modified Gerhardt’s structure to produce acetyl salicylic acid [Figure 1.12].

In 1899, Bayer’s trademark “Aspirin” was registered worldwide for its brand of acetyl-
salicylic acid, but it lost its trademark status in the United States, France, and the
United Kingdom after the confiscation of Bayer’s US assets and trademarks during
the First World War and because of the subsequent widespread usage of the word.

As of 2011, approximately 40,000 tons of aspirin were produced each year and
10–20 billion tablets were consumed in the United States alone for prevention of
cardiovascular events. Aspirin is on the WHO’s essential medicines list [29] and
considered one of the most important medications needed in a basic health system.
Its crossed logo “BAYER” name is a world-famous one and is stamped on each aspi-
rin tablet.

Heroin (diacetylmorphine), Figure 1.13, now illegal as an addictive drug, was
introduced as a nonaddictive substitute for morphine, and trademarked and mar-
keted by Bayer as a cough suppressant and over-the-counter treatment for other
common ailments, including pneumonia and tuberculosis. Bayer’s scientists were
not the first to make heroin, but the company led the way in commercializing it.

In 1903, Bayer licensed the patent for the hypnotic drug diethylbarbituric acid from
its inventors. Systematic investigations of the effect of structural changes on po-
tency and duration of action at Bayer led to the discovery of phenobarbital in 1911
and the discovery of its potent antiepileptic activity in 1912. Phenobarbital was
among the most widely used drugs for the treatment of epilepsy through the 1970s
and is on the WHO’s list of essential medications.

Fig. 1.12: Acetyl salicylic acid (aspirin) [36].

Fig. 1.13: Heroin (diacetylmorphine) [37].
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In 1916, Bayer’s scientists discovered suramin [Figure 1.14], an antiparasite
drug, for sleep sickness and is still sold under the brand name Germanin. It is also
on the WHO’s list of essential medicines.

In 1925, Bayer became a part of IG Farben [39]. Six chemical companies were BASF,
Bayer, Hoechst, Agfa, Chemische Fabrik Griesheim-Elektron, and Chemische Fabrik
vorm. Weiler Ter Meer made this conglomerate. Its history is a fascinating read.

Bayer’s scientists discovered prontosil, the first commercially available antibac-
terial drug. Antibiotic ciprofloxacin [40] [Figure 1.15] and Yaz [Figure 1.16] [41] (dro-
spirenone) birth control pills were also introduced. Ciprofloxacin was widely used
for Anthrax treatment in 2001. Other fluoroquinolones make a class of antibacte-
rial drugs and were later synthesized.

Fig. 1.14: Suramin (8,8’-[ureylenebis[m-phenylenecarbonylimino(4-methyl-m-phenylene)
carbonylimino]]di-1,3,5-naphthalenetrisulfonic acid) [38].

Fig. 1.15: Ciprofloxacin (1-cyclopropyl-6-fluoro-1,4-dihydro-4-
oxo-7-(1-piperazinyl)-3-quinolinecarboxylic acid) [40].

Fig. 1.16: Drospirenone (6R,7R,8R,9S,10R,13S,14S,15S,16S,17S)-
1,3’,4’,6,6a,7,8,9,10,11,12,13,14,15,15a,16-Hexadecahydro-10,13-
dimetylspiro-[17H dicyclopropa[6,7:15,16]cyclopenta[a]
phenantrene-17,2’(5’H)-furan]-3,5’(2H)-dione [41].
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After the war, IG Farben was split into its six constituent companies (BASF,
Bayer, Hoechst, Agfa, Chemische Fabrik Griesheim-Elektron, and Chemische Fabrik
vorm). In 1951, it was split again into three: BASF, Bayer, and Hoechst.

Processes developed and commercialized at IG Farben and other companies
were sophisticated and elaborate (i.e., alternate process chemistries were consid-
ered), and principles of good chemistry and chemical engineering were applied. An
example is cited at the end of this chapter in Figure 1.30.

1.1.9 Eli Lilly

Eli Lilly and Company [42] was founded in 1876 by, and named after, Col. Eli Lilly, a
pharmaceutical chemist and veteran of the American Civil War. Lilly’s notable
achievements include being the first company to mass-produce the polio vaccine
developed by Jonas Salk, and insulin.

It was one of the first pharmaceuticals to produce human insulin using recom-
binant DNA including Humulin (insulin medication), Humalog (insulin lispro), and
the first approved biosimilar insulin product Basaglar (insulin glargine) in the United
States.

Quinine [43] was one of the first drugs produced by Lilly to treat malaria. It was
extracted from cinchona tree bark and first used to treat diarrhea and then malaria
in 1631. It was chemically synthesized and perfected over time [44].

Lilly committed himself to producing high-quality prescription drugs, in con-
trast to the common and often ineffective patent medicines. From its facilities in In-
dianapolis, the company manufactured and sold “ethical drugs” for use by the
medical profession. Lilly’s medicine labels disclosed product ingredients.

The company used plants for its raw materials and produced its products by
hand. In addition to development of new medicines, the company achieved several
technological advances, including automation of its production facilities. Lilly was
also an innovator in pill capsule manufacturing. It was among the first manufac-
turers to insert medications into empty gelatin capsules, which provided a more
exact dosage. Lilly manufactured capsules for its own needs and sold its excess ca-
pacity to others. Other Lilly’s innovations were fruit flavoring for medicines and
sugar-coated pills to make their medicines easier to swallow. Over the next few
years, the company began to create tens of millions of capsules and pills annually.

Other advances improved plant efficiency and eliminated production errors.
Eli Lilly introduced a method for blueprinting manufacturing tickets in 1909.
This process, which created multiple copies of a drug formula, helped eliminate
manufacturing and transcription errors. In the 1920s, Eli introduced the new
concept of straight-line production, where raw materials entered at one end of the
facility and the finished product came out the other end, in the company’s manufactur-
ing process.
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In 1923, Lilly began selling Iletin (Insulin, Lilly), their trade name for the first
commercially available insulin product in the United States for the treatment of dia-
betes. The Second World War brought production at Lilly to a new high with the
manufacturing of Merthiolate and penicillin.

Lilly all throughout has continued to develop and introduce new drugs to the
marketplace, for example, vancomycin and erythromycin. Lilly was heavily involved
in production and distribution of Jonas Salk’s polio vaccine.

Lilly is one of the largest manufacturers of psychiatric medications and produ-
ces Prozac (fluoxetine) [Figure 1.17], Dolophine (methadone), Cymbalta (duloxetine)
[Figure 1.17], and Zyprexa (olanzapine). Prozac is now available as a generic also. The
wholesale cost in the developing world is between US $0.01 and US $0.04 per day as
of 2014 [45]. In the United States, it costs about US $0.85 per day. Rationale for such
price differences is discussed in later chapters.

1.1.10 Abbott

In 1888, Wallace Abbott started the Abbott Alkaloidal Company [48] in Chicago. He
was a practicing physician and drug store owner. His innovation was the use of the
active part of a medicinal plant, generally an alkaloid (e.g., morphine, quinine (cin-
chona), strychnine, and codeine), which he formed into tiny “dosimetric granules”
that were essentially the same sized pills. This provided patients more consistent and
effective dosages.

HO
H

N

N

O

Fig. 1.18: Quinine ((5-ethenyl-1-azabicyclo[2.2.2]octan-2-yl)-(6-methoxyquinolin-4-yl) methanol)
[49].

Fig. 1.17: Prozac (fluoxetine) (N-methyl-3-phenyl-3-[4-(trifluoromethyl)phenoxy] propan-1-amine) [46].
Duloxetine ((+)-(S)-N-methyl-3-(naphthalen-1-yloxy)-3-(thiophen-2-yl)propan-1-amine) [47].
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In 2004, it spun off its hospital products division into a new company named
Hospira. In February 2010, Abbott acquired a pharmaceutical segment of Solvay
S.A., a chemical company. This provided Abbott with a large and complementary
portfolio of pharmaceutical products. In 2010, Abbott Laboratories bought Piramal
Healthcare Ltd.’s Healthcare Solutions.

In October 2011, the company separated itself into two companies, one re-
search-based pharmaceuticals and the other in medical devices, generic drugs sold
internationally, and diagnostics, with the latter retaining the Abbott name. Abbott
Nutrition, whose products include Similac, Pedialyte, Glucerna, and Ensure, also
retained the Abbott name. The other company was named AbbVie in March 2012.

1.1.11 Imperial Chemical Industries (ICI) and AstraZeneca

Imperial Chemical Company (ICI) [50] was a glorious name in the chemical industry.
The company was founded in December 1926 from the merger of four companies:
Brunner Mond, Nobel Explosives, the United Alkali Company, and British Dyestuffs
Corporation.

In the 1920s and 1930s, the company played a key role in the development of
new chemical products, including dyestuff phthalocyanine (1929), acrylic plastic
Perspex (1932), Dulux paints (1932, codeveloped with DuPont), polyethylene (1937),
and polyethylene terephthalate fiber known as Terylene (1941).

In the 1940s and 1950s, the company established its pharmaceutical business
and developed a number of key products, including Paludrine (antimalarial drug),
halothane (anesthetic agent), Inderal (beta blocker), and tamoxifen (frequently
used drug for breast cancer). In 1993, the company divested its pharmaceutical bio-
science businesses: pharmaceuticals, agrochemicals, specialties, seeds, and biologi-
cal products to a new and independent company called Zeneca. Zeneca subsequently
merged with Astra AB to form Astra Zeneca [50]. ICI name disappeared in 2008.

Astra AB is a former international pharmaceutical company headquartered in
Södertäljae, Sweden. Astra merged with Zeneca Group in 1999 to form AstraZeneca.
Astra’s product development was focused on therapeutics for gastrointestinal, car-
diovascular, and respiratory disorders and pain control.

One of its very successful drugs Omeprazole was first made in 1979 by Swedish
AB Hässle, a division of Astra AB. It was the first of the proton pump inhibitors. It is
sold under the Prilosec name. When Prilosec’s US patent expired in April 2001, Astra-
Zeneca introduced esomeprazole as a patented replacement drug. Esomeprazole is
the “S-isomer” of omeprazole, and its magnesium salt is sold as Nexium (purple pill)
Figure 1.19.
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1.1.12 Bristol Myers Squibb

In 1887, William McLaren Bristol and John Ripley Myers purchased the Clinton
Pharmaceutical company of Clinton, New York. Later, it was named Bristol, Myers
and Company and then changed it to the Bristol-Myers Corporation [52]. The first
nationally recognized product was Sal Hepatica, a laxative mineral salt in 1903.
Its second national success was Ipana toothpaste, from 1901 through the 1960s.
Other divisions were Clairol (hair colors and hair care) and Drackett (household
products such as Windex and Drano).

In 1943, Bristol-Myers acquired Cheplin Biological Laboratories, a producer of
acidophilus milk in East Syracuse, New York, and converted the plant to produce
penicillin for the Second World War. After the war, the company renamed the plant
Bristol Laboratories in 1945 and entered the civilian antibiotics market, where it
faced competition from Squibb, which had opened the world’s largest penicillin
plant in New Brunswick, New Jersey. Penicillin production at the East Syracuse
plant was stopped in 2005, when it became less expensive to produce overseas, but
the facility continues to be used for the manufacturing process development and
production of other biologic medicines for clinical trials and commercial use.

It is ironic that the companies who pioneered mass scale production of inject-
ables in the United States are not producing them.

1.1.13 E. R. Squibb

E. R. Squibb, a Navy physician, started his pharmaceutical company in 1858. While
at Navy in 1854, he invented an improved distillation method for ether for anesthetic
use that he gave away for free. He was a strong advocate of product quality and high
purity.

Bristol-Myers and Squibb merged in 1989 to become Bristol Myers Squibb [52].
In 1999, President Clinton awarded Bristol-Myers Squibb the National Medal of Tech-
nology, the nation’s highest recognition for technological achievement, “for extend-
ing and enhancing human life through innovative pharmaceutical research and
development and for redefining the science of clinical study through groundbreaking
and hugely complex clinical trials that are recognized models in the industry.”

Fig. 1.19: Esomeprazole (6-methoxy-2-[(S)-
(4-methoxy-3,5-dimethylpyridin-2-yl)methylsulfinyl]-1H-
benzimidazole) [51].
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1.1.14 Novartis, Ciba Geigy, Sandoz

Roots of Novartis, Ciba Geigy, and Sandoz are very interesting. They pioneered fine/
specialty chemical synthesis that served multipurpose global needs that served
healthcare needs and changed lifestyle. Over time through reorganization and
business needs, they divested and established different entities in fine/specialty
chemicals and pharmaceuticals. Formation of Novartis is a complex merger and
demerger phenomenon.

1.1.14.1 Ciba
Ciba-Geigy history is an interesting read. Ciba [53] was formed in 1859 by Alexander
Clavel when he took up the production of fuchsine, a dye. He sold his factory to the
company Bindschedler and Busch. In 1884, Bindschedler and Busch was trans-
formed into a joint-stock company named “Gesellschaft für Chemische Industrie
Basel” (Company for Chemical Industry Basel). The acronym, CIBA, was adopted as
the company’s name in 1945. By 1900, Ciba was the largest chemical company in
Switzerland. Ciba, however, started a limited diversification into the pharmaceuti-
cal business with the introduction of an antiseptic called Vioform [Figure 1.20].

The name “Ciba-Geigy” was shortened to Ciba and in 1992 it became part of Sandoz.
The chemical producing part was later acquired by BASF in 2008. Ciba in its hay
days produced multitude of fine/specialty additive chemicals and dyes. They were
ranked number one in their respective product categories.

1.1.14.2 Geigy
Geigy [55] was established in 1857 by Johann Rudolf Geigy-Merian and Johann Muller-
Pack. They built a dyewood mill and a dye extraction plant. Two years later, they also
began production of synthetic fuchsine. In 1901, they formed the public limited com-
pany Geigy, and the name of the company was changed to J. R. Geigy Ltd in 1914.

In 1942, Geigy informed the U.S. Military Attaché in Berne that the Neocid for-
mulation of DDT (dichlorodiphenyltrichloroethane) [Figure 1.21] was very effective
against the typhus carrying louse. The U.S. Department of Agriculture verified Ge-
igy’s claims. Geigy and Sandoz joint venture started the manufacture of DDT in
1943. This joint venture led to the establishment of the Cincinnati Chemical Works,

Fig. 1.20: Vioform (5-chloro-7-iodo-8-quinolinol) [54].
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a subsidiary that gave Basle AG a tariff-free foothold in the American market. DDT
was used worldwide as an insecticide. In 1965, author was an apprentice at Hindu-
stan Insecticide plant in India. DDT was eventually banned as an insecticide due to
its ill-effects on wildlife.

Maumee Chemicals, a Toledo base company, bought Cincinnati Chemical Works. It
would later go on to become a division of the Sherwin Williams, the paint company.
This was later sold to PMC Specialty Group Inc. In 1970s and 1980s, this site was the
largest producer of saccharin in the world. Author was associated with saccharin and
many products developed and produced at this and other sites.

Research during the war led to the development of several ethical drugs, including
Privine Figure 1.22, a treatment for hay fever, and Nupercaine Figure 1.22, a spinal
anesthetic used in childbirth. Companies also developed drugs for treatment of
high blood pressure and heart disease. CIBA and Geigy merged in 1970 to form
Ciba-Geigy Ltd.

Ciba-Geigy in 1960s sold optical brighteners called Tinopal, a specialty chemi-
cal, as powder to be added to laundry. Countries that had laundry washers had it
mixed in their detergent. After divestitures, BASF owns the business now.

1.1.14.3 Sandoz
The Chemiefirma Kern und Sandoz (“Kern and Sandoz Chemistry Firm”) was started
in 1886 by Alfred Kern and Edouard Sandoz [55]. The first dyes manufactured by
them were alizarinblue and auramine. Company became Chemische Fabrik vor-
mals. It started producing the fever-reducing drug antipyrine [Figure 1.23] in the
1895. In 1899, the company began producing the sugar substitute saccharin [Figure
1.23]. Pharmaceutical research began in 1917. In 1918, ergotamine [Figure 1.23] was

Fig. 1.21: Dichlorodiphenyltrichloroethane (DDT) [56].

Fig. 1.22: Chemical structures of privine
(2-(naphthalen-1-ylmethyl)-4,5-dihydro-
1Himidazole) [57] and Nupercaine (2-butoxy-
N-[2-(diethylamino)ethyl]quinoline-4-
carboxamide) [58].
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isolated from ergot; the substance was eventually used to treat migraine and head-
aches and was introduced under the trade name Gynergen in 1921.

The psychedelic effects of lysergic acid diethylamide (LSD) were discovered at the
Sandoz Laboratories in 1943. Sandoz began clinical trials and marketed the sub-
stance, from 1947 through the mid-1960s, under the name Delysid as a psychiatric
drug, which is thought useful for treating a wide variety of mental ailments, ranging
from alcoholism to sexual deviancy. Sandoz suggested in its marketing literature that
psychiatrists take LSD themselves, to gain a better subjective understanding of the
schizophrenic experience, and many did exactly that and so did other scientific re-
searchers. In the 1960s, it became a cultural phenomenon.

1.1.14.4 Novartis
In 1995, Sandoz spun off its specialty chemicals and in 1996 merged with Ciba-Geigy
to form Novartis. Other Ciba-Geigy and Sandoz businesses were spun off as indepen-
dent companies. Some parts of Sandoz were spun off also. In 2005, Sandoz became
the world leader in generic drugs after acquiring Germany’s Hexal AG and US-based
Eon Labs. In 2005, Novartis acquired the North American over-the-counter brand
portfolio of Bristol-Myers Squibb.

1.1.15 Roche

Hoffman-La Roche [62] started in 1986. It became known for its synthetic production
of ascorbic acid [63] Figure 1.24.

Fig. 1.23: Chemical structures of antipyrine (2-dihydro-1,5-dimethyl-2-phenyl-3H-pyrazol-3-one)
[59], saccharin (1,1-dioxo-1,2-benzothiazol-3-one) [60], ergotamine (2’-methyl-5’α-benzyl-12’-
hydroxy-3’,6’,18-trioxoergotaman; 9,10α-dihydro-12’-hydroxy-2’-methyl-5’α-(phenylmethyl)
ergotaman-3’,6’,18-trione) [61].
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While looking for a treatment for tuberculosis (isoniazid), it developed an anti-
depressant iproniazid. In 2009, Genentech with its focus on biotechnology drugs
became part of the Roche Group.

1.1.16 Johnson & Johnson

Robert Wood Johnson and his brothers, James Wood Johnson, and Edward Mead
Johnson [64] created ready-to-use surgical dressings in 1885. The company produced
its earliest products in 1886. Their initial logo was very similar to the logo used today.

McNeil Consumer Healthcare was founded on March 16, 1879, by Robert McNeil.
In 1904, the company focused on the direct marketing of prescription drugs to hos-
pitals, pharmacists, and doctors. The development of acetaminophen began 1959.
Johnson & Johnson acquired McNeil Laboratories. Company started selling Tylenol
[65] [Figure 1.25] without a prescription.

Janssen Pharmaceuticals was created in 1933. In 1961, the company was ac-
quired by Johnson & Johnson. In 1999, under the name of Janssen Pharmaceutica
N.V. became part of Johnson and Johnson.

1.1.17 Boots

Ibuprofen [Figure 1.26] was derived from propionic acid during the 1960s. Its dis-
covery was the result of research during the 1950s and 1960s to find a safer alterna-
tive to aspirin. It was discovered in 1961. Boots [66] is now part of Walgreens.

Fig. 1.25: Tylenol (N-(4-hydroxyphenyl) acetamide) [65].

Fig. 1.26: Ibuprofen ((RS)-2-(4-(2-methylpropyl)phenyl)propanoic
acid) [67].

Fig. 1.24: L-ascorbic acid (5R)-[(1S)-1,2-Dihydroxyethyl]-3,4-dihydroxyfuran-
2(5H)-one [63].
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1.1.18 Boehringer Ingelheim

C. H. Boehringer Sohn AG & Ko. KG is the parent company of the Boehringer Ingel-
heim [68] group, which was founded in 1885. They started manufacturing tartaric
acid [Figure 1.27] for use in the food industry. In 1893, while experimenting with
the production of citric acid [Figure 1.28], lactic acid [Figure 1.29] is formed. Al-
bert Boehringer developed the process to produce lactic acid on a larger scale.
Commercial-scale production of lactic acid began in 1895.

Boehringer Ingelheim is in human pharmaceuticals, animal health, and biopharma-
ceuticals. Its focus areas are cardiometabolic, central nervous systems, immunology
and respiratory diseases, and oncology and cancer immunology.

1.1.19 Sanofi

Evolution of Sanofi [72] is an interesting pathway for the development of a pharma-
ceutical company. Sanofi was founded in 1973 as a subsidiary of Elf Aquitaine (a
French oil company subsequently acquired by Total), when Elf Aquitaine took con-
trol of the Labaz group, a pharmaceutical company formed in 1947, by Societe
Belge de l’Azote et des Produits Chimiques du Marly. Labaz developed benziodar-
one in 1957.

1.1.20 Aventis

Aventis [73] was formed in 1999, when French company Rhône-Poulenc S.A. merged
with the German corporation Hoechst Marion Roussel, which itself was formed from
the 1995 merger of Hoechst AG with Cassella, Roussel Uclaf, and Marion Merrell Dow.

Fig. 1.27: Tartaric acid dihydroxybutanedioic acid [69].

Fig. 1.29: Lactic acid 2-Hydroxypropanoic acid [71].

Fig. 1.28: Citric acid 2-hydroxypropane-1,2,3-tricarboxylic acid [70].
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At the time of the merger, Rhône-Poulenc’s business included the pharmaceuti-
cal businesses, vaccines, the plant and animal health businesses, and a 67% share
in Rhodia, a specialty chemicals company. Hoechst is one of the companies that
resulted from the post-Second World War split of IG Farben.

Sanofi-Aventis was formed in 2004, and in 2011 Aventis name was dropped.

1.1.21 Novo-Nordisk

Novo-Nordisk’s [74] major business emphasis is diabetes.

1.1.21.1 Novo Industri A/S
August Krogh, a Danish physiologist and Nobel Prize recipient, informed his col-
leagues of innovative drug research taking place in Toronto. Scientists over there
used pancreas extracts as a treatment for diabetes. Inspired by Krogh’s enthusiasm,
a number of Danes engaged in further investigation of this revolutionary hormone
called insulin. Among these early converts were Harald Pedersen, a mechanical en-
gineer, and his brother Thorvald, a pharmacist. Together they established a rudi-
mentary production facility [75] in the basement of Harald’s home in Copenhagen.
In 1925, just 4 years after the discovery of insulin, the Pedersen brothers were pro-
ducing a stable, commercially viable solution called “Insulin Novo.”

In 1931, production demands required the Pedersen’s to leave their cellar and
rent space in a former dairy factory. Eventually, the brothers purchased the build-
ing along with property surrounding the plant. Growing in just 10 years from a
fledgling basement operation into a large-scale enterprise, the company sold insu-
lin in 40 countries. Pancreas from oxen, calves, and swine were procured from
slaughterhouses across Europe and transported to Novo first by refrigerated car,
then by railway van, and finally by trucks.

1.1.21.2 Nordisk Gentofte A/S
In 1966, the Nordic Insulin Laboratory became involved in the production of growth
hormone and was among the first companies in the world to research growth disor-
ders. In 1973, the company’s first growth hormone preparation Nanormon was ap-
proved by the Danish health authorities. Nanormon was based on growth hormone
extracted from pituitary glands. In 1982, Nordisk Gentofte began the development
of biosynthetic growth hormone and commercialized its first biosynthetic human
growth hormone. The product was named Norditropin.

In 1989, Novo Industri A/S (Novo Terapeutisk Laboratorium) and Nordisk Gen-
tofte [74, 75] A/S (Nordisk Insulin laboratorium) merged to become Novo Nordisk A/
S, the world’s largest producer of insulin.
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1.1.22 Other companies

Sterling Drug [76], an American pharmaceutical company, also known as Sterling
Winthrop Inc., started in 1901, and purchased US assets of Bayer AG at the end of the
First World War in 1918. It had the rights to sell Bayer aspirin in the United States,
the United Kingdom, and Commonwealth countries. In 1940, a cross-contamination
from equipment sharing resulted in Winthrop Chemical producing contaminated sul-
fathiazole tablets contaminated with phenobarbital. This led to the cGMP [77] practi-
ces for the manufacture of drugs. Sterling was sold to Eastman Kodak in 1988 and in
1994 it sold its drug subsidiary to what is Sanofi today [72].

Gilead, Amgen, Shire, Allergan, and Vertex to name a few are some companies
of recent vintage. Some of these have developed their own drugs, and others have
acquired companies to serve specific patient needs.

1.2 Second half of twentieth century and generic pharma
companies

Most of the companies mentioned above patented their products sold them through
prescriptions and were called ethical drugs or brand drugs. They produced disease-
curing chemicals that were formulated and sold and were sold under their trade-
marks. They did not use the patent system as used in the second half of the twentieth
century and the current times.

Around the Second World War, the use of the patent system became increas-
ingly important. In addition, proof of drug safety and usefulness became progres-
sively important. Patent attorneys understood the value of patent system and
validity of patent length. Ethical/brand pharma companies used the length of pat-
ents to capitalize on opportunity offered to keep the competition off the landscape.

In the United States, once the patents expired, the drugs were called “Generic,”
and Kefauver Harris Amendment or “Drug Efficacy Amendment” of 1962 [78, 79] led
to the following changes to the drug/pharmaceutical landscape:
1. Required that manufacturers prove the effectiveness of drug products before

they go on the market, and afterward report any serious side effects.
2. Required that evidence of effectiveness be based on adequate and well-controlled

clinical studies conducted by qualified experts. Study subjects would be required
to give their informed consent.

3. Gave FDA 180 days to approve a new drug application, and required FDA ap-
proval before the drug could be marketed in the United States.

4. Mandated that FDA conduct a retrospective evaluation of the effectiveness of
drugs approved for safety – but not for effectiveness – between 1938 and 1962.

5. Allowed FDA to set good manufacturing practices for industry and mandated
regular inspections of production facilities.
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6. Transferred to FDA control of prescription drug advertising, which would have
to include accurate information about side effects.

7. Controlled the marketing of generic drugs to keep them from being sold as ex-
pensive medications under new trade names.

FDA’s drug development process became the gold standard to which other coun-
tries aspired.

This Act reduced the number of new drugs approved and increased the cost of
approval of drugs. Eventually this Act also has resulted in significant reduction in
number of new drug developments and their development costs have gone up [80].

In 1983 [81], Orphan Drug Act was passed for rare diseases. This law is designed
for less than 200,000 patients. Pharmaceutical companies did not focus on most
rare diseases till recently. Most of the recent drugs for rare disease run in six fig-
ures. There is significant bruhaha about their prices when fundamental research is
funded by the US universities and government.

In 1984, Hatch-Waxman Act [82] was adopted to facilitate introduction of generic
drugs through abbreviated new drug application (ANDA) process. These drugs do not
require preclinical trials and clinical data for safety and efficacy but are required
proof of bioequivalence. Flood gates for generic competition opened. There were
many issues at FDA and still to date the ANDA filing and approval process is mired
with bureaucracy and delays [79]. This will be discussed in later chapters.

Hatch-Waxman Act [82] encouraged generics to challenge innovator compa-
nies. Brand Companies used every loop hole, for example, “pay for delay [82, 83].”
Excellent examples are AstraZeneca’s sale of Nexium and AbbVie’s sale of Humira.
AbbVie has over 130 patents to extend the life of its patent on Humira. There are
too many examples to enumerate here. AbbVie’s pricing of Humira has been a
cause of US Congressional hearings [84].

Generic drugs make up better than 50% of the drugs used globally. Their
manufacturing technologies, affordability, and regulatory compliance are im-
portant. These are discussed in the following chapters.

1.3 IG Farben’s contribution

IG Farben [39] affiliates and other European companies did considerable contribu-
tion for the well-being of humanity during the first half of the twentieth century.
The United States and Great Britain obviously must have been extremely impressed
with the state of chemical technology developed and practiced in Germany and as it
applied to human health and lifestyle. After the Second World War, US and British
Intelligence Offices catalogued these chemistries and manufacturing methods of
many drugs and chemicals.
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It is worth reviewing the synthesis of some of drugs that were produced at IG
Farben. They illustrate the chemical synthesis and process innovation during the
first half of the twentieth century. Following are illustration of two important drugs
that were produced at IG Farben.

1.3.1 Sontochin

During the Second World War, malaria was very prevalent. A cure was needed. Son-
tochin [85, 86] was the original chloroquine replacement drug, arising from research
by Hans Andersag 2 years after chloroquine (known as “resochin” at the time) had
been shelved due to the mistaken perception that it was too toxic for human use.
Sontochin, that is, 3-methylchloroquine, had significant activity against chloroquine-
resistant strains of Plasmodium falciparum.

1.3.1.1 Preparation of sontochin, resochin, and brachysan

Fig. 1.30: Cover Page “Pharmaceuticals at the I.G. Farbenindustrie plant Elberfeld, Germany” [87].

1.3 IG Farben’s contribution 25

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Sontochin has the following structure:

All of these compounds are made in a similar manner. A description of the prepara-
tion of sontochin will suffice for this class of compounds. Resochin and sontochin
are patented in D. R.P. 683692 (Nov. 13, 1939).

1. Preparation of sontochin: Preparation of 3-methyl-4-hydroxy-7[5]-chlorquinoline-
carboxyl acid ester.

In an apparatus for continuous azeotropic distillation, 4,450 g of oxalylpropionic
acid ester, 2,800 g of m-chloroaniline, 4 L of chloroform, and 7 cc of concentrated
hydrochloric acid are refluxed until the calculated amount of water is distilled off
(22 mol or 396 cc). This requires about 8–10 h. The chloroform is then removed by
distillation in vacuo. The Schiff’s base remains behind as a red oil.

To this raw product, 70 L of paraffin oil is added and heated to 255 °C in an iron
stirring vessel with direct heating. The alcohol is removed by distillation as formed
and after this has occurred, the lot is cooled. The reaction product crystallizes at
about 160 °C, is filtered and washed twice with ligroin, and dried at 100 °C. In this
reaction, a mixture of isomers results and melts at 190 °C.
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Fig. 1.32: Preparation of 3-methyl-4-hydroxy-7 (5) chloroquinoline-carboxyl acid ester.

Fig. 1.31: Synthesized structures.
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The isomeric mixture is separated by dissolving in 18 L of alcohol and heated to
boiling. While being held at this temperature, 1 kg of dry HCl gas is led in. The solu-
tion is gradually cooled in 2 h. During cooling, 2 kg more of HCl is added causing the
7-chloro compound to crystallize out. This is filtered off and washed once with 2.5 L
of alcohol containing HCl and finally washed with alcohol. The product is dried.

The yield is 3,110 g (47% calcined on m-chloroaniline).
The melting point (MP) of HCl salt is 196 °C and of free ester is 226 °C. The alco-

holic mother liquor contains the 5-chloroisomer and a little of the 7-chloroisomer.

2. Preparation of 3-methyl-4-hydroxy-7-chloroquinoline-2-carboxylic acid

About 3,110 g of the ester-HCl is heated for 2 h under a reflux with 15.5 L of 2 N sodium
hydroxide.

After the reaction is complete, the solution is diluted to 40 L with water and
acidified with dilute hydrochloric acid. The product is filtered, washed with water,
and dried at 100 °C.

The MP = 264 °C (CO2 evolution).
The yield is 2,410 g (100%).

3. Preparation of 3-methyl-4-hydroxy-7-chlorquinoline

About 10 L of paraffin oil is heated at 275 °C. To this 2.5 kg of the acid is added in
small portions during 20–30 min. Carbon dioxide is split out of the molecule and is
led away with the help of a water pump. After the evolution of CO2 has ceased, the
mixture is cooled and the product crystallizes out at 80 °C. It is filtered off and
washed three times with ligroin and dried at 100 °C.

It has an MP of 334 °C.
Yield is 1,970 g (97%).
The oil may be used for four to five runs and then purified with sulfuric acid

and sodium hydroxide.

1.3 IG Farben’s contribution 27

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



4. Preparation of 3-methyl-4,7-dichloroquinoline

About 5 kg of the free hydroxy compound is added to 15 L of dry chlorbenzol at 170 °C.
To this 3.4 kg of POCl3 is added during 2 h in small quantities, beginning with portions
of about 50 cc which end later for the last 800 cc, and 100 cc at a time. After each addi-
tion, the course of the reaction is watched (lively boiling). After adding all POCl3, the
mixture is heated for 3 h and allowed to cool with stirring.

The cooled chlorobenzene solution is added to 25 L of water and stirred for ½ h.
Then about 10 kg of ice and 5 L of chlorbenzol are added, and when the temperature
has reached 20 °C, ammonium hydroxide is added to alkalinize the solution (about
6 L). The lot is stirred for 15 min and allowed to stand for 1 h for the product to sepa-
rate into layers. The lower layer contains the dichlor compound dissolved in chlor-
benzol. This layer is drawn off and washed with equal volume of water.

To determine the MP of the product dissolved in the chlorbenzol, a small amount
of the solution is distilled and the MP of the product determined:

BP2 = 140 °C
MP = 90 °C
Yield = 92%

5. Sontochin base
The solution of the dichlor compound from (d) above is heated to distill off enough
chlorbenzol to remove water.

Then 2 kg of pyridine, 2.5 kg of phenol, and 2.5 kg of sodium iodide are added
and the temperature is raised to 150–160 °C. Over a period of 3 h, 5.6 kg (1.5 mol) of
novoldiamine is added to this mixture. The temperature is then raised to 160–170 °C
and held at this point for 15 h.

After cooling, the melt is diluted with 15 L of methylene chloride and 6.5 L of
glacial acetic acid, and 3.0 kg crystalline sodium acetate in 15 L of water are added.
After 5 min stirring, the lot is allowed to stand for ½ h to separate. The methylene
chloride layer which contains phenol and weakly basic portions is filtered. The
methylene chloride is washed with 1 L of 10% acetic acid which is added to the
chief portion of the lot.

The combined acetic acid contains sontochin and excess novoldiamine. About
10 L of benzol is added to it, cooled with ice, and made strongly alkaline with
150 mol of sodium hydroxide solution. The layers are allowed to separate and the
benzol layer containing the sontochin is removed. This is washed with 5% sodium
hydroxide solution and twice with water.
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The benzol is removed in vacuo and the residue is distilled in vacuo:
PP2 = 210–220–°C
Yield = 6.1 kg (77.6%)
In Kikuth’s opinion, sontochin is a promising antimalarial, but is rather diffi-

cult to prepare. Brachysan, on the other hand, is just as effective according to Sioli,
but is much easier to prepare. The basic side chain is prepared at Ludwigshafen by
the following reaction:

CH2–CH–C≡N + HN(C2H5)2 – > N≡–CH2CH2–N (C2H5)2 – > H2N(CH2)3N(C2H5)2

1.3.2 Salicylic acid

Salicylic acid [88] chemistry is simple. The process is capitalized on the sublimation
property of the product to produce a high purity product. This indicates that the
process developers were cognizant of product quality and purity of the commercial
product.

1.3.2.1 Introduction

Objectives
The salicylic acid plant of the I. G. Farbenindustrie at Leverkusen was investigated
on November 5, 1945. Dr. Wingler (acting agent for contacting American and British
investigators) and Dr. Böhme (in charge of intermediates) were interviewed. The
purpose of the investigation was to obtain more information in regard to details of
the construction of the sublime and the main reactor.

Evaluation
The design of the sublime and the reactors appeared to be of interest and are described
in detail. Salicylic acid was also produced by the Chemische Fabrik Hayden near Dres-
den and the Alpine Chemische Industry at Kufastein. Since these plants were not cov-
ered by the investigators, a comparison of the processes cannot be made.

Process details

Process summary
Phenol reacted with caustic and the resulting phenolate is treated with CO2 to form
sodium salt of salicylic acid. This solution is acidified and the precipitated acid is
filtered off, washed, dried, and sublimed.
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Fig. 1.33: Title page “Salicylic Acid,” Joint Intelligence Objective Agency, February 1946.
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Sodium phenolate step
About 40.6 °C phenol and 40% sodium hydroxide solution are fed from separate
weigh tanks into a 10,000 m steel, agitated, closed mixer. This cycle requires 2–3 h
and sodium phenolate solution is blown from a storage tank and then into a weigh
tank before charging the main reactor. Approximately 1% excess sodium hydroxide
is used for the reaction.

Reaction with CO2

The main reactor consists of a 3% nickel steel, agitated, closed container, equipped
for pressure operation. The vessel is wound on the outside with 1-in steel pipe coils
which are welded to the vessel with a full fillet weld on both the top and bottom
sides in order to fill in the space between the coil and the vessel. This kettle was
fabricated by Samesreuther at Butzbach Hessen. The iron coils are spaced on ap-
proximately 2½ in centers, and the vessel should be insulated.

Refer to the attached (Exhibit A) for details of the agitator and vessel construc-
tion. Also refer to FIAT Report No. 725 entitled “High Pressure High Temperature
Heating to 250 ATM,” by Ernst W. Halbach, which describes the method of high-
temperature hot water heating used here.

The main reactor is charged with sodium phenolate solution equivalent to
2,500 kg of phenol.

With agitation, the mixture is first heated with 5 atm hot water. Heat is contin-
ued, using 30 atm. At a temperature of 180 °C, water pressure is reached. A vacuum
of 20–30 mm is then applied with continued stirring. Approximately 24 h is required
to remove all the water.

After the water is removed the vessel is cooled, using 10 atm hot water, until a
temperature of 150 °C is obtained. This requires 6–7 h. Stirring is maintained during
the entire previous and following procedures.

The CO2 which is now to be added must be free from air. Other gases must be
less than 0.4%. CO2 is added and a pressure of 4–4½ atm is maintained for 36 h.
The heat generated is removed by circulating hot water in the jacket coils. The tem-
perature of the mixture must be kept between 150 and 160 °C.

After 36 h, the CO2 is released, and vacuum is applied in order to remove any
remainder phenol. After all phenol is removed, the vacuum is turned off and CO2 is
again added to the vessel. A pressure between 4 and 5 atm is applied. And the reac-
tants are heated to 180 °C. If the CO2 pressure holds substantially constant with the
addition of no further CO2, the reaction is then considered finished. A vacuum of
10–15 mm absolute is again applied in order to remove final traces of phenol.

Reactants are cooled to room temperature and approximately 600 L of water is
added, or enough to fill the kettle to its working level. This gives approximately a
50% solution of sodium salt.
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Approximately 4 days is required for a cycle on this main reactor. The solution
is blown to the storage tank where it is boiled together with decoloring carbons,
called carboraffin (made at Leverkusen from peat or sawdust, and activated with
zinc chloride). Approximately 75 kg of activated carbon is used per batch. The solu-
tion is then blown through a ceramic filter into a rubber-lined tank to which is
added 40% sulfuric acid. A temperature of approximately 60 °C is maintained dur-
ing this addition. Sufficient sulfuric acid is added until the mixture is blue to Congo
red. After the main reactor, everything is rubber-lined. The precipitation by addition
of acid is accomplished in a closed vertical tank of 16,000–20,000 L, approximately
2.4 m in diameter, equipped with a stirrer consisting of three long paddles, approxi-
mately equally spaced, driven by 17–20 RPM by means of 4–5 HP motor.

The material is removed from the precipitator into a centrifuge located underneath the
vessel and from which the crystals are blown by air to a hopper which feeds the dryer. Sali-
cylic acid leaving water. Drying is accomplished in a two-pass porcelain-lined screw-
conveyor-type dryer, using stainless steel paddles to move the material along. Aluminum is
not good for this but V2A stainless steel is quite satisfactory. Waste steam is used for heating
and approximately 60 °C temperature is used. Porcelain was used because of shortage of
stainless steel and Dr. Böhme stated that stainless steel would be used if available.

The wastewater in the centrifuge is precipitated a second time using a lower tem-
perature. The water from the filtration is sent to sewer. It contains no phenol and,
hence, presents no waste problem.

Sublimation
The crude salicylic acid which is quite white in appearance and already has high
degree of purity is further purified by sublimation. The crude salicylic acid is loaded
on flat trays 10–12 kg per tray. The sublime is operated on a 24 h cycle, using 150 °C
and 15 mm vacuum. Approximately 20 h is required for heating and 2 h for empty-
ing. About 35–400 kg is charged per sublime and 320–330 of sublime product is
obtained (refer to Exhibit B for details of sublimer).

The salicylic acid, which is being sublimed, becomes covered with a hard sur-
face layer, and a film of brown impurity restricts further sublimation. Accordingly,
there is an appreciable amount of salicylic acid left at the end of sublimation. This
is fed into an apparatus that recrushes the salicylic acid. The apparatus is subjected
to a slight draft by means of an exhaust fan. This fan removes a certain amount of
the dust which would be detrimental to the operator and also to the subsequent
sublimation. Approximately 15–20% of the salicylic acid is recycled, but the yield
on sublimation, considering the recycling, is approximately 98%.

Yield
An overall yield of 90–92% based on phenol and the refined salicylic acid is ob-
tained. Approximately 2,500 kg of phenol is required for 3,000 kg of salicylic acid.
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Fig. 1.34: Salicylic Acid Reactor.
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Fig. 1.35: Salicylic Acid Sublimer details.
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The plant is now operating, and approximately 20 men are required in the produc-
tion of 60 tons per month. The plant has a maximum capacity of 90–100 tons, and
that rate would require about 30 men.

Size of agitators
The reaction is accomplished in two sizes of reactors. One size of which can pro-
duce 5 tons in 6 days and another one can produce 3 tons in 4 days.

Dr. Böhme preferred the smaller sized reactor and would build any additions
on new plants on the smaller basis.

The following is a summary of a comparison of the two types of agitators:

A review of the history of each of the enterprises, which are now called the pharma-
ceutical companies, clearly indicates that most started as fine/specialty chemical
companies and over a period of time have moved to become world’s famous drug
innovator companies. Their process designs were novel and creative. However, the
companies on an ongoing basis did not explore alternate manufacturing methods
and technologies. As a result, the methods that prevailed then for manufacturing of
fine/specialty chemicals have continued. Innovation of manufacturing practices seems
to have bypassed pharmaceuticals. It may be the best time to consider and practice
methods that are based on fundamentals of chemistry and engineering and signifi-
cantly lower their environmental impact.

Abbreviations

API Active pharmaceutical ingredient

PLC Public limited company

R&D Research and development

MSD Merck Sharpe & Dohme

WHO World Health Organization

LSD Lysergic acid diethylamide

Small reactor
(recommended size)

Large reactor

Capacity per batch
Crude salicylic acid, tons

 

Cycle days  

Agitator H.P.  

Capacity: volumetric, m
 

RPM of agitator – –
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Chapter 2
Business model: brand versus generics, product
demand, process selection, and economics

2.1 What is a drug?

A drug is a chemical (active pharmaceutical ingredient, API) which is given to people
in order to treat or prevent an illness or disease. Consumption of drugs can be via
inhalation, injection, smoking, ingestion, absorption via a patch on the skin, or disso-
lution under the tongue. Traditionally, drugs were obtained through extraction from
medicinal plants, but more recently also by organic synthesis. Pharmaceutical drugs
are generally used for a limited duration, or on a regular basis for chronic illnesses.
APIs in unformulated form are difficult to dispense. APIs are used in minute quanti-
ties (micrograms to milligrams). For easier and safer dispensing, they are formulated
with inert excipients. Consumption of unformulated APIs can be difficult and more
than needed dose can be toxic.

Most of the API are also called small-molecule drugs. They are fine/specialty
chemicals and are manufactured by chemical synthesis. Besides small-molecule
drugs, there are biologic drugs, a product that is produced from living organisms or
contain components of living organisms. Biologic or biosimilar drugs are produced
using a living or attenuated microorganism [1]. They are not discussed in detail here
but, in most cases, chemical engineering principles apply for their process commer-
cialization and optimization.

2.2 Brand and generic drugs

Most of the drugs are small molecules that fall into two categories: brand or generic.
How they came about has been discussed in Chapter 1. The business model for the
brand and the generic drugs is very similar. Each drug (injectable, solid tablet, an
ointment, spray, or drops) in its finished dose form (FDF) has two components. One
is an API that has the effect to cure the disease [2]. Generally, very small quantities
(micrograms to milligrams) are needed to cure ailments. Since such small quantities
cannot be picked by a pinch, they are admixed with a mixture of inert components,
the second component, known as the excipients. This mix is converted to FDF to
facilitate dispensing. Focus here is on solid dosage. Discussion and concepts can be
extended to other dispensable forms.
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2.2.1 Brand drugs

Brand drugs generally have a trade name and are protected by a patent. A patent pro-
tects the investment of the drug company that developed the drug and gives the com-
pany the sole right to sell the drug while the patent is in effect. When the patent
expires, the same drug is sold as a generic drug.

Brand drug development is expensive. Their costs have escalated from about
$802 million in 2003 to approximately $2.6 billion dollars in 2019 [3]. They go through
a rigorous discovery, development, clinical research/trials, review, and approval pro-
cess. Their manufacturing processes have to follow cGMP practices [4]. Once approved,
a brand drug is sold by the drug molecule pioneering company exclusively.

For decades, the regulation and control of new drugs in the United States has
been based on the new drug application (NDA). Since 1938, every new drug has
been the subject of an approved NDA [5] before US commercialization. The NDA ap-
plication is the vehicle through which drug sponsors formally propose that the FDA
approve a new pharmaceutical for sale and marketing in the United States. The
data gathered during the animal studies and human clinical trials of an investiga-
tional new drug (IND) becomes part of the NDA.

The goals of the NDA are to provide enough information to permit an FDA re-
viewer to reach the following key decisions:
– Whether the drug is safe and effective in its proposed use(s), and whether the

benefits of the drug outweigh the risks
– Whether the drug’s proposed labeling (package insert) is appropriate, and what

it should contain
– Whether the methods used in manufacturing the drug and the controls used to

maintain the drug’s quality are adequate to preserve the drug’s identity, strength,
quality, and purity

The documentation required in an NDA is supposed to tell the drug’s whole story,
including what happened during the clinical tests, what the ingredients of the drug
are, the results of the animal studies, how the drug behaves in the body, and how it
is manufactured, processed, and packaged. The following provides summaries on
NDA content, format, and classification, plus the NDA review process.

2.2.2 Brand drug development process

New drug discovery and development process is complex. It has multiple steps [6].
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2.2.2.1 Step 1: discovery and development
Discovery
Typically, researchers discover new drugs through:
– new insights into a disease process that allows researchers to design a product

to stop or reverse the effects of the disease;
– many tests of molecular compounds to find possible beneficial effects against

any of a large number of diseases;
– existing treatments that have unanticipated effects;
– new technologies such as those that provide new ways to target medical prod-

ucts to specific sites within the body or to manipulate a genetic material.

At this stage in the process, thousands of compounds may be potential candidates
for development as a medical treatment. After early testing, however, only a small
number of compounds look promising and call for further study.

Development
Once researchers identify a promising compound for development, they conduct ex-
periments to gather information on:
– how it is absorbed, distributed, metabolized, and excreted;
– its potential benefits and mechanisms of action;
– the best dosage;
– the best way to give the drug (such as by mouth or injection);
– side effects or adverse events that can often be referred to as toxicity;
– how it affects different groups of people (such as by gender, race, or ethnicity)

differently;
– how it interacts with other drugs and treatments; and
– its effectiveness as compared with similar drugs.

2.2.2.2 Step 2: preclinical research
Before testing a drug in people, researchers must find out toxicity of the compound.
The two types [7] of preclinical research are:
– in vitro (Petri dish studies) and
– in vivo (studies performed in living organism).

FDA requires researchers to use good laboratory practices (GLP), defined in medical
product development regulations, for preclinical laboratory studies. The GLP regula-
tions are found in CFR – Code of Federal Regulations Title 21 [8]. These regulations
set the minimum basic requirements for:
– study conduct
– personnel
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– facilities
– equipment
– written protocols
– operating procedures
– study reports
– system of quality assurance oversight for each study to help assure the safety of

FDA-regulated product

Usually, preclinical studies are not very large. However, these studies must provide
detailed information on dosing and toxicity levels. After preclinical testing, re-
searchers review their findings and decide whether the drug should be tested in
people.

2.2.2.3 Step 3: clinical research
While preclinical research answers basic questions about a drug’s safety, it is not a
substitute for studies of ways the drug will interact with the human body. “Clinical
research” refers to studies, or trials, that are done in people. As the developers de-
sign the clinical study, they will consider what they want to accomplish for each of
the different clinical research phases and begin the IND process, a process they
must go through before clinical research begins.

Designing clinical trials
Researchers design clinical trials to answer specific research questions related to a
medical product. These trials follow a specific study plan, called a protocol, that is
developed by the researcher or manufacturer. Before a clinical trial begins, re-
searchers review prior information about the drug to develop research questions
and objectives. Then, they decide:
– Who qualifies to participate (selection criteria)?
– How many people will be part of the study?
– How long the study will last?
– Whether there will be a control group and other ways to limit research bias.
– How the drug will be given to patients and at what dosage?
– What assessments will be conducted, when, and what data will be collected?
– How the data will be reviewed and analyzed?

Clinical trials follow a typical series from early, small-scale, phase 1 studies to late-
stage, large-scale, phase 3 studies.
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The investigational new drug process
Drug developers, or sponsors, must submit an IND application to FDA before beginning
clinical research.

In the IND application, developers must include:
– Animal study data and toxicity (side effects that cause great harm) data
– Manufacturing information
– Clinical protocols (study plans) for studies to be conducted
– Data from any prior human research
– Information about the investigator

Drug developers are free to ask for help from the FDA at any point in the drug devel-
opment process, including:
– Pre-IND application, to review FDA guidance documents and get answers to

questions that may help enhance their research
– After phase 2, to obtain guidance on the design of large phase 3 studies
– Any time during the process, to obtain an assessment of the IND application

Even though FDA offers extensive technical assistance, drug developers are not re-
quired to take FDA’s suggestions. As long as clinical trials are thoughtfully designed,
reflect what developers know about a product, safeguard participants, and otherwise
meet Federal standards, FDA allows wide latitude in a clinical trial design.

Approval
The FDA review team has 30 days to review the original IND submission. The process
protects volunteers who participate in clinical trials from unreasonable and signifi-
cant risk in clinical trials. FDA responds to IND applications in one of two ways:
– Approval to begin clinical trials.
– Clinical hold to delay or stop the investigation. FDA can place a clinical hold

for specific reasons, including:
– Participants are exposed to unreasonable or significant risk.
– Investigators are not qualified.
– Materials for the volunteer participants are misleading.
– The IND application does not include enough information about the trial’s risks.

A clinical hold is rare; instead, FDA often provides comments intended to improve
the quality of a clinical trial. In most cases, if FDA is satisfied that the trial meets
Federal standards, the applicant is allowed to proceed with the proposed study.

The developer is responsible for informing the review team about new protocols,
as well as serious side effects seen during the trial. This information ensures that the
team can monitor the trials carefully for signs of any problems. After the trial ends,
researchers must submit study reports.
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This process continues until the developer decides to end clinical trials or files
a marketing application. Before filing a marketing application, a developer must
have adequate data from two large, controlled clinical trials.

2.2.2.4 Step 4: FDA drug review
If a drug developer has evidence from its early tests and preclinical and clinical re-
search that a drug is safe and effective for its intended use, the company can file an
application to market the drug. The FDA review team thoroughly examines all sub-
mitted data on the drug and makes a decision to approve or not to approve it.

New drug application
An NDA tells the full story of a drug. Its purpose is to demonstrate that a drug is safe
and effective for its intended use in the population studied.

A drug developer must include everything about a drug – from preclinical data
to phase 3 trial data – in an NDA. Developers must include reports on all studies,
data, and analyses. Along with clinical results, developers must include:
– Proposed labeling
– Safety updates
– Drug abuse information
– Patent information
– Any data from studies that may have been conducted outside the United States
– Institutional review board compliance information
– Directions for use

FDA review
Once FDA receives an NDA, the review team decides if it is complete. If it is not com-
plete, the review team can refuse to file the NDA. If it is complete, the review team
has 6–10 months to make a decision on whether to approve the drug. The process
includes the following:
– Each member of the review team conducts a full review of his or her section of

the application. For example, the medical officer and the statistician review clini-
cal data, while a pharmacologist reviews the data from animal studies. Within
each technical discipline represented on the team, there is also a supervisory
review.

– FDA inspectors travel to clinical study sites to conduct a routine inspection. The
Agency looks for evidence of fabrication, manipulation, or withholding of data.

– The project manager assembles all individual reviews and other documents,
such as the inspection report, into an “action package.” This document becomes
the record for FDA review. The review team issues a recommendation, and a se-
nior FDA official makes a decision.
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FDA approval
In cases where FDA determines that a drug has been shown to be safe and effective
for its intended use, it is then necessary to work with the applicant to develop and
refine prescribing information. This is referred to as “labeling.” Labeling accurately
and objectively describes the basis for approval and how best to use the drug.

Often, though, remaining issues need to be resolved before the drug can be ap-
proved for marketing. Sometimes FDA requires the developer to address questions
based on the existing data. In other cases, FDA requires additional studies. At this
point, the developer can decide whether or not to continue further development. If a
developer disagrees with an FDA decision, there are mechanisms for formal appeal.

FDA advisory committees
Often, the NDA contains sufficient data for FDA to determine the safety and effective-
ness of a drug. Sometimes, though, questions arise that require additional consider-
ation. In these cases, FDA may organize a meeting of one of its Advisory Committees
to get independent, expert advice and to permit the public to make comments. These
Advisory Committees include a Patient Representative that provides input from the
patient perspective.

2.2.2.5 Step 5: FDA post-market drug safety monitoring
Even though clinical trials provide important information on a drug’s efficacy and
safety, it is impossible to have complete information about the safety of a drug at the
time of approval. Despite the rigorous steps in the process of drug development, limi-
tations exist. Therefore, the true picture of a product’s safety actually evolves over
the months and even years that make up a product’s lifetime in the marketplace.
FDA reviews reports of problems with prescription and over-the-counter drugs, and
can decide to add cautions to the dosage or usage information, as well as other meas-
ures for more serious issues.

2.2.3 Manufacturer inspections

FDA officials conduct routine inspections of drug manufacturing facilities across
the United States and abroad if approved products are manufactured overseas.
Manufacturers may be informed of inspections in advance, or the inspections may
be unannounced. Inspections may be routine or caused by a particular problem or con-
cern. The purpose of these inspections is to make sure that developers are following
good manufacturer practice. FDA can shut down a facility if minimum standards are
not met.
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2.2.4 Generic drugs

For the drugs, coming off patent, generic companies under the Hatch-Waxman Act
[9, 10] apply for ANDA (abbreviated new drug application). Paragraph IV matters if
many companies file ANDA application on the same day. The company with IV cer-
tification gets the 180-day exclusivity [11]. After 180-day exclusivity, many other
companies join the landscape. As explained later, this generally results in compa-
nies having less than optimum processes.

Since generic drugs are comparable to the brand drugs already on the market,
their drug manufacturers do not have to conduct clinical trials to demonstrate that
their product is safe and effective. Instead, they conduct bioequivalence studies
and file an ANDA [12]. Companies selling generic drugs have to prove their prod-
uct’s bioequivalence to the brand drug [13–15]. Since generic drugs are comparable
to brand name drugs they must have the same:
– Dosage form
– Strength
– Safety
– Quality
– Performance characteristics
– Intended use

Current regulatory landscape
The process of filing and approval of NDA [5] and ANDA [12] are long and cumber-
some. No one in the public domain knows the real time it takes to get respective ap-
provals. The best guess for ANDA approval is about 36–48 months. FDA publishes
how many NDA and ANDA approvals happen in the fiscal year. However, these num-
bers are meaningless as they do not tell the reality. FDA most likely knows the actual
number or the time it takes for every application.

FDA has not made any attempt to simplify the existing filling processes. It would
be helpful if they did that. They could use templates for illustration for different drug
categories. If FDA personnel did a mock filling and approvals, such exercises would
facilitate and simplify filing and approval processes [16, 17]. They will improve time
availability and improve profitability of the companies.

Regulators recently introduced ICHQ12 [18]. This guidance reads like a legal doc-
ument rather than a simple instruction of what is expected. It will essentially stop
any innovation and improvement of the existing processes if the process developers
and designers have to get approval prior to any change or improvement. It is most
likely that many companies will not spend any time, effort, and money to improve
their existing processes. In addition, this guidance talks about marketing authoriza-
tion holder (MAH). If these MAH are same as the distributors and sellers of the drugs,
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then they would be the pharmacy benefit managers (PBMs) and members of the sup-
ply chain who distribute and sell drugs in the United States. Would they be included
in the process and will be held accountable for less than quality drugs? It is possible
that the companies have not realized this inclusion.

The following excerpt basically eludes that the process developers and design-
er’s knowledge to manage their processes will increase as if they did not have that
knowledge. It has to be recognized that these are the same people who developed,
designed, and commercialized the sold products.

This guideline is also intended to demonstrate how increased product and process knowledge
can contribute to a more precise and accurate understanding of which post-approval changes
require a regulatory submission as well as the definition of the level of reporting categories for
such changes (i.e., a better understanding of risk to product quality). Increased knowledge
and effective implementation of the tools and enablers described in this guideline should
enhance industry’s ability to manage many CMC (Chemistry, Manufacturing, and Controls)
changes effectively under the company’s Pharmaceutical Quality System (PQS) with less need
for extensive regulatory oversight prior to implementation.

Latently, this guideline suggests that the process developers and designers should not
practice any continued improvement and innovation as they do not understand the im-
pact of changes. It is ironic that these are the same people who developed, designed,
and commercialized the process and product. Regulators have to recognize that no pro-
ducer will change or commercialize a product if the changed processing conditions
and raw materials will alter the established product quality. In addition, regulators can
stop the sale of the drug if process change impacts drug performance.

It is interesting that the regulators are pushing continuous manufacturing [19, 20]
when they do not understand the economics and the fundamental basis of such pro-
cess designs. Regulators have never developed, designed, or commercialized such
processes and have even altered the established definition to call a batch process a
continuous process. Basics of such processes are very different from batch processes.
They have established definitions [21, 22] and are discussed later in this chapter and
in different chapters. Regulators have shied away from giving their definition for a
continuous API and formulation process.

2.2.5 Process selection

Product demand is the basic building block of every process in any manufacturing
industry. In pharmaceuticals and fine/specialty chemicals, process chemistry and
its method of execution sway the type of process and technology used. Economics
is an important part of manufacturing process selection. These guide designers to
make sure that an optimum process is selected for the quality product and it can
fulfill the needed demand. This is not a new revelation.
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Selection processes in the chemical and petrochemical industry have been dis-
cussed and taught in chemical engineering curriculums as early as 1926 (just a few
are cited [23–26]). Since pharma is a subset of the specialty chemical industry, the
same selection criterion is applied. However, as explained later in this chapter,
pharma has its own process selection and business criterion model.

Processes used can be batch [27, 28] or continuous [21, 22] and they have estab-
lished definitions. It is beneficial to review these as they assist in explaining the
rationale for pharma’s preferred process selection. Batch manufacturing relates
to specified amount of product in a limited time. Continuous process relates to manu-
facturing a single product independent of time. Schematically, they are illustrated
in Figure 2.1 and Figure 2.2 respectively. Such processes will be discussed in other
chapters.

2.2.5.1 Batch process
Figure 2.1 is a simple schematic of a batch process. In batch processes, the product is
held after each process step and then processed. Thus, it is critical and necessary to
have storage space/tanks/vessels where intermediate products can be stored before the
next processing step. They are tested to assure that they meet the established specifica-
tions. Intermediates, if need be, are reworked for a quality product or disposed of if
they cannot be reworked. This can cost as much as much as 40% of sales of the final
product [29–35].

In batch manufacturing, laboratory processes are modified to fit in the available
equipment [36, 37]. This minimizes new capital investment and provides opera-
tional flexibility to companies to produce different products but results in asset uti-
lization of about 22–40% [38–42] for the pharmaceutical industry. Compared to the
chemical industry, these numbers are low. Any other industry would have difficulty
sustaining itself with such low asset utilization numbers. However, even with low
numbers, pharmaceuticals are profitable and it is due to its product pricing, dis-
cussed later.

Fig. 2.1: Schematic of a batch process: Intermediates held for further processing.
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Quality level of about 2–3 sigma [29–35], low asset utilization [39–43], and un-
optimized processes present pharmaceutical industry with tremendous opportunity
to improve profitability. These are discussed in later chapters.

2.2.5.2 Continuous process
Processes are selected on the basis of product demand, process chemistry, formulation
method, and financial justification process. Unlike batch process [27, 28], continuous
process [21, 22] is designed to produce a single product. This is the most critical aspect
of the process. Seldom an exactly similar product processing can be fitted in the same
equipment. This is another distinct difference between a batch process and a continu-
ous process. In continuous processes, flow of materials does not stop during the
operating year [24 × 7 × 50 = 8,400 hr.] except for the necessary downtime for planned
maintenance or unexpected shutdown, which generally is as short as possible to mini-
mize financial loss. Downtime is recognized in product cost structure. It is ironic that
the regulators [19, 20] have been promoting and pushing continuous manufacturing
for API manufacturing and their formulations, realm of operating companies who de-
cide the type of processes are used, when no regulator has ever developed, designed,
justified, or commercialized such processes. Figure 2.2 is a generic schematic of a con-
tinuous chemical synthesis process.

Figure 2.3 is a simple schematic of a solid dose continuous formulation process. It
is not different from batch formulation processes. The only difference is batch for-
mulation processes are replicate of batch API manufacturing processes, where in
the process material is processed, sampled, and tested after every process step to
assure quality. Necessary equipment and technology for continuous formulation
like continuous reactive process equipment and process control technologies have
been available for more than 60 years and used in many chemical manufacturing
and their formulation processes.

Pharma process design engineers, who are basically chemical engineers, have
also shied away from using them to design and commercialize automated processes
that can deliver quality. These have been successfully applied in other chemical

Fig. 2.2: Schematic of a continuous process: No intermediate product hold.
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operations. “Is it the fear of not being able to design a process which will not pro-
duce specification quality product on an ongoing basis for the ~ 7,140 h per year
production coming in the way?” Equipment for continuous formulations has ex-
isted but is not used. Could it be due to the same reasons as chemical synthesis or
due to traditions of mortar and pestle used in the early stages of dose dispensation?

Figure 2.4 is a schematic of a real continuous process. It operates about 7,500 h
per year producing same fine/specialty chemical. Again, we have to recognize that
chemistries of API are similar to their older cousin fine/specialty chemicals. The
only differentiation is: API have a disease-curing value, whereas fine/specialty chemi-
cals do not have a disease-curing value. They are used as additives to facilitate and
improve life.

As shown in Figure 2.4, process chemicals A, B, and C are introduced at a prede-
fined rate to produce a product in a pipe flow reactor, reacted, and continuously
pumped to reactors 1 and 2, where chemical D is introduced and reacted to produce
the product. Stoichiometry was precisely controlled using the existing commercially
available process controllers. Product D was withdrawn from the reaction system
continuously. Thus, continuous processing/manufacturing is not a new technology
but is being touted by many (FDA and others who are equipment suppliers rather
than actual practitioners) as a NEW technology.

Fig. 2.3: Continuous formulation process schematic.
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Fig. 2.4: Continuous synthesis process schematic.
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Unlike in batch processes, there is no intermediate product hold tank/space in
any continuous processes. Since the process is producing a product in every operat-
ing moment, the product quality cannot deviate outside the designed and estab-
lished upper and lower control limits at any instant, sine curve [44, 45] (Figure 2.5).
Deviation outside the control limits means the process is out of control and the
product is not meeting specs and will result in significant financial loss.

Process design of a continuous process is much more stringent than a batch pro-
cess. Process controls to manage every process parameter are well established and
have been used for over 50 years for respective processes. They are used to main-
tain quality regiment and have been improved. Since the process is time indepen-
dent, in-line testing gives an instant image of the process to assure that the product
quality is within the design parameters. Any properly designed feedback controls
assure that the process does not deviate out of the established control limits. This is
extremely critical in the API manufacturing and formulations.

2.2.5.3 Batch versus continuous process in pharmaceuticals
Like in any chemical and petrochemical manufacturing, pharmaceuticals also have a
choice of manufacturing processes. They are selected on the basis of economics and
product demand. Pharmaceuticals, even with low-quality performance (2–3 sigma) and
less than 50% asset utilization, have, as discussed earlier, opted to stay with batch pro-
cesses. It is necessary to understand why batch manufacturing is the preferred route
for the manufacture of APIs and their formulations. An alternate question could be

Fig. 2.5: Product quality range.
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“why pharma has shied away from better technologies and methods, for example,
process of continuous improvement and adopting and commercializing continu-
ous processes in the manufacture of API or their formulations?” As stated earlier,
these technologies and equipment are commercially available and are being used
in the manufacture of the same family of chemicals, fine/specialty included, and
their formulations.

There are plausible explanations and answers and they are reviewed. Could ei-
ther or combination of the following be contributing to the current decision making?
1. Profitability exceeding expectation with the current methods and technologies

even with known quality and asset utilization issues.
2. FDA/regulator’s practice to question and have the companies prove every

manufacturing technology innovation before they can be commercialized.
3. Fear of failure to achieve quality instilled by equipment vendors.
4. Lack of confidence and/or capabilities of engineers and chemists in their own

process development and design capabilities and need to prove to the regula-
tors every process technology innovation.

5. Excess idle capacity at operating sites has negated use of better technologies.
6. Lack of differential profitability analysis between existing operating mortar/

pestle model versus alternate model that could be combination of better batch/
continuous processes.

If some or all of the above questions can be addressed, it is possible that current
operating model could see a shift to higher profitability through larger customer
base that comes from use of better technologies [33].

2.3 Review of brand and generic drug API production

The current operating landscape, product demand, production methodology, and prof-
itability are reviewed. Small-molecule brand and generic drugs are fine/specialty chem-
icals that have disease-curing value. Due to disease-curing capabilities, manufacturing
and selling strategies of these chemicals are different from other chemicals. Analysis
presented in Table 2.1 applies to API manufacturing and formulations.

When a drug is under patent, brand companies generally produce API and its
formulations at limited sites. This is logical as the companies do not know a drug’s
potential need from the start. They cope up with the incremental demand through
batch API and formulation processes. These processes are designed using quality by
design principles to produce quality products, a fundamental trait every chemist and
chemical engineer is taught and practices. Since companies do not invest in new
equipment for these products, they are fitted in the available equipment [36, 37].
However, such product accommodation results in a quality by analysis behavior of
testing materials, an age-old practice of laboratory bench where after every process
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step samples are taken and analyzed, a hallmark of poor asset utilization and quality
by analysis even when the process is a quality by design process. This practice con-
tinues during a drug’s patent life (brand) and generic’s life.

Generics use their own or processes that are similar to brand processes to pro-
duce the API and their formulations once they have proven bioequivalence. They
have an opportunity to capitalize on economies of scale but generally do not. It
could be due to not having the right equipment.

Table 2.1 illustrates API production and formulation needs for 50,000,000
(0.06% of global population) patients requiring different dose tablets. Numbers in
the table can be factored to determine the API and tablet needs per year for differ-
ent population size. Companies can achieve certain economies of scale benefits if
they have large production volume. Very limited number of API can be produced
using continuous process per established definition [21, 22]. Even if some APIs
could be produced using continuous process, pharma companies due to imbedded
tradition and many others producing the same API, all opt for batch production.
Many APIs can be definitely formulated using continuous process but they are not.
This is due to some of the issues discussed earlier.

Brand or generic APIs (cases 1 and 2, Tab. 2.1) could be produced at a single plant.
However, brand companies expand manufacturing to produce at many plants to meet
the increasing demand. Brand companies do not consolidate production of these sites
mostly due to their focus on new patented drugs. They let the generics take over after
patent expiration. Since many generics apply for ANDA, they fit these products in their
existing equipment [36, 37]. These operations, due to the lack of economies of scale, do
not have optimum processes. Due to their profitability, 2–3 sigma quality level and less
than 50% asset utilization are acceptable. Quality by analysis is acceptable. API de-
mand of more than 1,500 metric ton per year could be produced using continuous

Tab. 2.1: Population, tablets/day, dose/day, API/year, and tablet rate, year and hour.

Case Population Tablets
/day

Milligram
/tablet

API,
kg/year

Tablets
needed/year

Tablets
needed/hour

 ,,   , ,,, ,,

 ,,   , ,,, ,,

 ,,   , ,,, ,,

 ,,   ,, ,,, ,,

 ,,   ,, ,,, ,,

 ,,   ,, ,,, ,,
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process at a single plant but most likely will be produced at multiple plants using
batch processes.

Since many companies have approved ANDA, they produce their API at their
own sites or use contract manufacturers. Annual API need is divided into multiple
plants. Table 2.2 is an illustration of division of numbers in Tab. 2.1.

2.4 Review of formulations

Due to their volume (Tab. 2.2) (tablets needed per year for different doses), formula-
tions could be produced using continuous processes. Technologies to formulate contin-
uously [46, 47] have existed but have not been commercialized. Current commercially
available tableting machines can operate to about ~230,000 tablets per hour. Tablet
production at this rate would be a continuous process. However, pharma has not taken
that route. Lack of confidence in engineering capabilities and easy mortar/pestle phi-
losophy, pharma has consistently used batch formulation methods. Costs due to low
(2–3) sigma quality [29–35] and low asset utilization [39–43] are built in product costs.
Mortar/pestle thinking and past practices prevail. Adoption and implementation of
continuous formulation will change the landscape. This is briefly reviewed but is not
part of the detailed discussion.

Table 2.3 is an extension of Table 2.2 to illustrate how many batch tableting
plants would be needed per API plant at two different tableting rates and at two dif-
ferent dosages. Metformin hydrochloride, a common diabetes drug, has about 158
ANDA companies listed in the FDA’s Orange Book and is just an illustration [48] of
such fragmentation. In addition, if a drug dose is a combination of multiple APIs

Tab. 2.2: API/year, number of API plants, and number of formulation plants for 50 million
population.

Case Milligram Kilogram needed/year Kilogram/plant No. of API plants Tablets/API plant

A  , ,  ,,,

B  , ,  ,,,

C  , ,  ,,

D  ,, ,  ,,

E  ,, ,  ,,

F  ,, ,  ,,

G  ,, ,  ,,

H  ,, ,  ,,

56 Chapter 2 Business model: brand versus generics, product

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ta
b.

2.
3:

N
um

be
r
of

fo
rm

ul
at
io
n
pl
an

ts
ne

ed
ed

at
di
ff
er
en

t
ta
bl
et

ra
te
s.

Ca
se

M
ill
ig
ra
m

K
ilo

gr
am

ne
ed

ed
/

ye
ar

K
ilo

gr
am

/
pl
an

t
N
o.

of
A
PI

pl
an

ts

Ta
bl
et
s/
A
PI

pl
an

t
N
o.

of
fo
rm

ul
at
io
n
pl
an

ts
ne

ed
ed

To
ta
ln

um
be

r
of

FD
F
ne

ed
ed

fo
r
A
PI

in
co

lu
m
n
no

.
at



,


ta
bl
et
s/
ho

ur

Ta
bl
et

ra
te




,


pe

r
ho

ur
op

er
at
in
g

,


h
pe

r
ye

ar

Ta
bl
et

ra
te



,


pe

r
ho

ur
op

er
at
in
g

,


h
pe

r
ye

ar

A






,





,







,


,


,



~


~


~



B






,





,







,


,


,



~


~


~




C






,





,









,


,



~


~


~



D




,


,





,









,


,



~


~


~




E





,


,





,









,


,



~


~


~



F





,


,





,









,


,



~


~


~




G





,


,





,









,


,



~


~


~



H





,


,






,









,


,



~


~


~




2.4 Review of formulations 57

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



(e.g., lisinopril/HCTZ, aspirin/paracetamol/caffeine, lisinopril/metformin, and
atorvastatin/metformin), they add complexity to formulations [49] and batch
manufacturing becomes a necessity.

Table 2.3 illustrates the number of dedicated formulation lines needed if tablet
rate of 230,000 per hour operated at 7,300 h per year or 75,000 per hour and 3,000 h
per year (<50% asset utilization), respectively. Number of formulation facilities for
continuous and batch production to fulfill the needs of 50 million population are il-
lustrated. Most batch pharma companies produce tablets at variable hourly (any-
where from 30,000 to 75,000 tablets per hour) rates.

Continuous formulation and tableting technologies (230,000 tablets per hour
operating at about 7,300 h per year) have existed [46, 47] but require absolute com-
mand of the process stoichiometry, process controls, and ultimate understanding of
involved unit processes and unit operations [50, 51].

Profitability achieved through the current technologies and the challenges
posed by the regulators have discouraged and intervened incorporation of efficient
technologies for API synthesis and formulations. Lack of confidence in design capa-
bilities and equipment performance should not be an issue in light of our capabili-
ties to send a man to the Moon and bring him back and of sending the Cassini
rocket around Saturn. Regulations are most likely the cause.

2.5 Manufacturing process technologies and their impact
on profitability

As indicated earlier, batch processes are the preferred processes for the manufacture of
APIs and their formulations. Sustained profitability from such processes is the reason.
If a fine/specialty chemical finds its use as a drug, the selling price of the API goes up
and profits go up. This prevents or comes in the way of incorporating any improved
manufacturing technology in existing processes. This can best be illustrated through
an example.

Dimethyl fumarate is used as one of the examples. Its initial use was as a biocide
for the furniture and shoe industry to prevent the growth of mold during shipments
in humid climate. Selling of dimethyl fumarate was low at this stage. Due to its aller-
gic reaction to the skin [52], its use was curtailed. Its use for multiple sclerosis was
discovered and approved by the US FDA. Selling price of the biocide increased as it
became an active ingredient (Table 2.4).

Review of Table 2.4 suggests that profits realized as a drug do not warrant signifi-
cant investment to improve the process, its yield, or reduce the effluent to have an in-
crease in profits at API level. Such situations apply across the board on pharma
landscape.

With US patent, expiring multiple companies will file ANDAs [45]. When the
brand drug becomes generic, API selling price will be lower than the current API
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price but will still be significantly higher compared to the selling price of the spe-
cialty chemical when it is being used as a biocide. This happened, as explained later.

Dimethyl fumarate’s US patent 8399514 has been held invalid [57] and as a result
its API price has dropped from $402.00/kg to about $210.00/kg [58]. Many other API
molecules fit similar price drop criterion.

With brand company’s profitability assured in a product’s short patent life, they
would not want to make changes in their approved manufacturing processes as they
might have to go to FDA for additional review and associated but necessary paper-
work and approvals. This is an expense (time and effort) that companies do not want
to have. With many companies filing for ANDA for the same drug, brand companies
let the generic companies use and commercialize their technologies to manufacture
the API and its formulation. A brand company move to new products is the tradition.

No one knows the real price of the API or their formulation. They can be gener-
ated through cost analysis using raw material prices, conversion costs, and profit
margins. This is standard cost analysis practice used in every industry. They are re-
viewed in later chapters.

Tables 2.5 and 2.6 are snapshot of prices of a few generic drugs in India and the
United States. These prices were collected by contacting pharmacies in these coun-
tries. Using API selling prices and guesstimating formulation costs and profits along
the supply chain, one can conjecture that companies (formulators and supply chain

Tab. 2.4: Comparison of selling price as a fine chemical versus an API and number formulation
plants needed.

Dimethyl fumarate (Tecfidera)

Fine chemical Active pharmaceutical ingredient

Sale price, $/kg $. [] $. []

Dose  mg/day

API cost per day per
 mg tablet

=( × )/,, = $. =( × )/,, =
$.

Formulated drug price,
$/tablet

It is assumed that the factory cost of the formulated drug will be ten
times the cost of active.

Factory cost of formulated tablet
= $. per  mg

Factory cost of formulated
tablet = $. per  mg

Selling price [] of dimethyl fumarate as brand drug (TECFIDERA = $. per day)

Global multiple sclerosis population [] ~. million

API Total need = , kg/year

Dose  mg; twice a day

Total tablet plants needed at , tablets per hour for , h per year = ~
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facilitators, and PBMs) have their profitability assured. Generics like brand compa-
nies have little or no incentive to make any continual improvements in their pro-
cesses. Paperwork necessary to update the regulators about improvements can be an
unnecessary encumbrance and an expense with not much financial return.

Actual selling prices of these drugs in the developed countries are not known as
they get camouflaged in mutually subsidized healthcare systems. However, they
can be estimated at different levels. Table 2.7 is an illustration [61].

Table 2.8 [45] is a snapshot of a few drugs illustrating the number of site where
the API is produced and formulated.

Most of these API can be produced at less than five sites using batch or continu-
ous processes to meet the global demand. Metformin hydrochloride and omeprazole
API could be produced using continuous process [62, 63]. The process for each API
and its formulation has to be on its own merit and financial justification. Process of

Tab. 2.5: Drug dose, API cost, and sell price per tablet [59].

Drug API selling price,
rupees per kg

Dose, mg API content, rupees
per tablet

Sell price, rupees per tablet

Lasix ,. . . .

Metformin . . . .

Atorvastatin ,. . . .

Levothyroxine ,. . . .

Nexium ,. . . .

Ciprofloxacin ,. . . .

Tab. 2.6: Sample of drug prices in the United States [60].

Drug API, $/kg Milligram/
tablet

Tablets/
kg

API,
$/tablet

$ per tablet,
× API

Price per tablet in the
United States, $

With health
coverage

With no
coverage

Ciprofloxacin   , . . . .

Atorvastatin
calcium

  , . . . .

Omeprazole   , . . . .

Metformin
HCl

  , . . . .
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continuous improvement can be beneficial for brand and generics if overall filing
and reporting processes can be improved [64, 65].

Tab. 2.7: Formulator drug selling price $/kg and patient purchase price.

Drug Metformin HCl Ciprofloxacin Levothyroxine Atorvastatin

API cost, $/kg [] . . ,. .

Inert excipients, $/kg
(@ % API cost)

. . ,. .

Conversion cost, $/kg (@ % API
cost)

. . ,. .

Profit (@ % above) . . ,. .

Total. $/kg . . ,. .

Average dose  mg  mg . µg  mg

Formulator sale price per tablet, $ . . . .

Patient purchase price, $/tablet

Walmart . . . .

Rite-Aid
With insurance

. . . .

Rite-Aid
Without insurance

. . . .

Tab. 2.8: Number of needed API and FDF sites.

Drug Number of API sites Number of FDF sites

Ciprofloxacin  

Atorvastatin calcium  

Omeprazole  

Modafinil  

Metformin HCl  

Metoprolol  

2.5 Manufacturing process technologies and their impact on profitability 61

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



2.6 Pharma’s business model

Pharma’s current business model, mortar/pestle model, is over 60 years old, which
has evolved and worked fine. It is serving the needs of patients with chronic and
acute diseases (diabetes, heart disease, high blood pressure, high cholesterol, obe-
sity, etc.) well. Significant portion (~6.2 billion = 80% of 7.8) of the global popula-
tion [66] does not have mutually subsidized healthcare system. They pay for the
drugs from their own pocket and at times have to make a choice between food and
drugs [67]. Patients even within the mutually subsidized system due to different ap-
prehensions do not take their medication on a regular basis [68].

Serving medicine needs of ~ 6.2 billion population at affordable prices is an un-
precedented opportunity that has not been offered to any industry on the planet
[63]. To serve the needs of this population, current manufacturing technologies and
practices that result in low asset utilization and low sigma quality will have to be
replaced by efficient technologies and methods which could include continuous or
modular API manufacturing and continuous formulations [69–83]. Rigorous finan-
cial analysis will have to be done to justify every investment, operational strategy,
supply chains, and distribution. Principles of chemistry and chemical engineering,
which have been applied to other chemical manufacturing, should be precisely ap-
plied. Profits from the large customer base will far exceed the current levels.

Continuous processes do not have constraints of equipment availability. Quality
can reach six sigma level on properly designed processes. In addition, production can
be ramped up and down to meet the market demand. Since continuous process tech-
nology is better than batch technology, the overall factory costs are generally lower.
Thus, the profitability is higher. Strategies and methods of how many of the APIs can
be manufactured using continuous processes are discussed in later chapters.

In this effort, pharma companies and the regulators will have to regroup and re-
view the current regulations, filing, and approval processes and simplify them. Effort
would be needed. Interests of many vested groups will have to be dealt with. Even
if the regulators change/simplify ANDA and NDA approval and cGMP processes and
pathways, industry still has to prove to itself that its innovations and better manu-
facturing practices are sustainable. Regulators will have to significantly curtail use of
483 citations [84] from their vocabulary. In addition, pharma companies have to pay
attention to their impact on global warming [85]. It has been totally ignored.

Drug distribution’s current model might also have to be revamped. As said ear-
lier, compared to sending a man to the Moon and bringing him back and landing
Cassini on Saturn, producing repeatable quality drugs with technologies that are
better than the current technologies and methodologies, reducing drug shortages,
improving drug availability and profitability of the companies would be much eas-
ier if principles of engineering, science, and economics are applied.

Practices reviewed in later chapters can revamp the supply chain and regula-
tory landscape.
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Chapter 3
Physical and chemical properties

Every raw material used in the manufacture of chemicals, pharmaceuticals, and
their formulations come in three forms. Each of these forms has their own charac-
teristics and nuances. It is best to review characteristics of each chemical’s physical
forms and how their mutual behavior can be exploited and used in reactive and
blending processes:
1. Liquid
2. Solid
3. Gas

Some are compatible with each other and others are not. Compatibility can be the
degree of miscibility (solubility) that can vary from none to completely soluble. Safe
handling of chemicals is necessary. Flammability is a characteristic of the chemi-
cals. This has to be extremely carefully addressed as most organic chemicals have
varying degrees of flammability. It is determined by the flash point of a material.
Flash point is the minimum temperature at which a liquid forms a vapor above its
surface in sufficient concentration that it can be ignited. Flammable liquids have a
flash point of less than 100 °F. Liquids with lower flash points ignite easier [1]. Each
chemical has certain toxicity and is discussed later in this chapter.

Process developers and designers have to know everything about the chemicals
used and produced in every reaction. Some of the needed physical properties are
listed in Tab. 3.1 [2]. Additional properties for specific need might also be needed. If
they are not readily available, they will have to be generated.

Properties [2] listed in Tab. 3.1 are of high value, and when used result in process
design that will produce quality products. It is not necessary that each of the property
mentioned may be needed or used in the design. Properties of raw materials used in
production of active pharmaceutical ingredients (APIs), produced intermediates and

Tab. 3.1: Chemical and physical properties of chemicals [2].

Physical properties Chemical properties

– Mass
– Density
– Melting/freezing point
– Boiling point
– Viscosity
– Solubility
– Azeotrope

– Heat of formation
– Heat of reaction
– pH
– Surface tension
– Flammability
– Toxicity
– Hygroscopic

https://doi.org/10.1515/9783110702842-003
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formulations that may not be commonly available. Their physical property data might
have to be generated theoretically and checked experimentally.

Before internet, many trade publications and companies published physical and
chemical property data. In 1960s and 1970s, chemical engineering [3] and hydrocarbon
processing [4] magazines published 24 and 44 articles, respectively, about physical and
thermodynamic properties of hydrocarbons. Other publications [5] detailing physical
properties are also available. Companies do provide physical properties and safe han-
dling procedures [6]. Most of this information is available to potential customers only.

With the advent of internet, physical and chemical property data can be accessed
from these sources [7–10]. Sometimes data needed for specific needs has to be gener-
ated by the user in the laboratory.

Most companies provide material safety data sheets (MSDS) that meet the regu-
latory requirements but do not have detailed properties which are needed and used
for meaningful and safe process design. If additional information is needed, it
might be available if one is a customer. Figure 3.1 shows parts of a typical safety
data sheet (SDS) [11]. Each supplier has to provide SDS.

There are companies that will provide excellent physical property, safety, and
handling data, for example, data for sodium hydroxide [6].

They can also be generated mathematically as has been illustrated in different jour-
nals of American Chemical Society [12–14] and Chemical Engineering Thermodynamics
book [15].

The need for all of physical and chemical properties might seem redundant or un-
necessary at the initial stages of chemistry development and process considerations.
However, as explained later and in different chapters, such information is necessary
for the process development and design and lets the process designers be creative and
imaginative in product development. It also lets the process engineers, operating per-
sonnel, and raw material buyers have total understanding and command of the pro-
cesses. This can be beneficial in troubleshooting process that needs attention. If data
such as solubility and viscosity are not available, it has to be internally generated.

3.1 Molecular weight

Molecular weight is not included in the property table as it is expected that each de-
veloper (chemist/chemical engineer) has to know the molecular formula and the mo-
lecular weight of each chemical that is used and/or produced in every reaction or the
blending process. They tell us everything about each chemical that will be produced
on our route to the final desired product and how they will be handled. Chemical
formula is a fingerprint of each chemical. They have their distinct numerical number,
and CAS number [16] can be used to know almost everything about the chemical.

Molecular weights are also used to mass balance the chemical reaction equations.
These in turn are used to calculate each reaction step yield. Reaction parameters
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Fig. 3.1: Parts of a typical MSDS.
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can be optimized to improve the process yield. Better yield means lower cost and
higher profits.

3.2 Physical state

Each chemical at room temperature has either of the three natural physical forms.
Each form has its value and they are reviewed:

Fig. 3.1 (continued)
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1. Liquid
2. Solid
3. Gas

If we understand and capitalize on mutual behavior of chemicals, we will have an
improved design. Learning and understanding physical and chemical properties of
chemicals that are used and produced (intermediates and final) in the process influ-
ence process unit processes and unit operations [17–20].

3.3 Liquid

Of the three forms, liquids are process developer’s best friend. Chemicals that flow
facilitate processing. Liquids also assist in the creation of other dispensable forms
such as tablets, ointments, drops, and injections. Flow of liquids can be precisely
controlled, a must for creating an excellent economic process. If need be, they can be
solidified and gasified. However, this transformation is rarely needed. Reaction inter-
mediates or final product creates processing opportunities. Generally, intermediates
will not be purified. However, the final liquid product will be purified using single or
combination of different unit operations [18]. Each has to be dealt accordingly.

3.4 Solid

Chemicals that are solid at room temperature can be handled in their natural state
but compared to liquids, they present handling challenges. Solids are easier to han-
dle in solutions. Solubility of the solid in different solvents at different temperatures
is extremely useful information. Most of the time, solubility information is not avail-
able. It would have to be generated in the laboratory. Solids can be charged to the
reactors and would necessitate proper solid handling measures. These depend on the
process. Economics and solid toxicity dictate the method of handling and respective
investment. Other alternate to handle solid is the molten form, but as discussed later,
melting point, product demand, supply, logistics, equipment design, and economics
are major considerations for this route.

Solids that are formed during the reaction could be filtered, if they are a prod-
uct and purified. If further processing to a product is needed, proper unit operations
and processes have to be used to convert to the desired product. Physical properties
such as melting point and solubility come into play. Since most of the reactions are
at elevated temperatures and solvents are present, viscosity of the mixture seldom
interferes the reaction progress.

3.4 Solid 73

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.5 Gas

Gases are best handled in their compressed liquid form. They can be handled as
solution but, discussed later, they have their own challenges.

3.6 Material handling

Melting, boiling, and freezing points determine the physical state of each chemical.
At room temperature, each chemical comes in either of the three states: solid, liq-
uid, or gas. This sets how each material will be handled for batch and continuous
processes. Irrespective of the state of the chemical and quantity used, it is abso-
lutely necessary that each chemical, intermediate and by-product be handled with
respect. Toxicity of many chemicals is documented [21–24].

It is still possible that long-term toxicity impact of many chemicals or their mix-
tures on aquatic, human, and bird life may not be known for an extended time. Toxic-
ity of chemicals can have significant ecotoxicological and environmental impact [25,
26]. It is necessary that an effort to improve the process yields be part of the continuous
process improvement regimen. In addition, adequate care be taken to properly design
and care for waste disposal and treatment. It is most important that the products and
by-products of API, solvents, and their formulated mixtures be respected [27].

The method of handling materials in small quantities in the laboratory is signifi-
cantly different from the ways for larger quantities for a batch or a continuous pro-
cess. Raw materials that are liquid at room temperature can be pumped and metered
precisely in scale-up and for a commercial process. They are the easiest to handle.

Raw materials that are solid at room temperature in the laboratory are handled
in the laboratory hood or a similar enclosure following the suggested safety guide-
lines. They can be slurried or dissolved in a liquid and added to the reaction vessel.
Since solids in the laboratory are dissolved or directly added to the reactor, develop-
ers generally do not consider how they would be added to the reactors on a commer-
cial scale. Their addition methods change for scale-up experiments to commercial
operations. Scale-up methods, if commercial operation emulates, can be extremely
beneficial as they can be used as a proving ground.

Figure 3.2 reviews considerations for handling gas, liquid, and solid raw materi-
als on a commercial scale. Each raw material state besides presenting challenges
also have value if handled properly.
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3.6.1 Gas as a raw material

In every commercial reaction, if a gas is used as a raw material, it will be generally
fed as a liquid. Its flow rate can be precisely controlled and managed. Gas, fed as
a liquid, is also an asset as it absorbs the heat of reaction/exotherm that is gener-
ated during reaction and essentially speeds the reaction rate. Reduced reaction
time can reduce the size of the equipment, that is, capital investment. In labora-
tory, ammonia can be used as ammonium hydroxide but on a commercial scale, it
is best used as 100% liquid. Reaction productivity loss is significant if it is used as

Fig. 3.2: Gas, liquid, and solid raw material handling options.
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ammonium hydroxide solution. In special cases, use of ammonium hydroxide so-
lution might be necessary but such cases would be an exception.

3.6.2 Solids as a raw material

Since different solid raw materials are going to be used in process reactions and for-
mulations, they will have to have their separate feed and dust control systems. If
the same feed and dust control equipment is to be used, it will have to be cleaned
in between uses to avoid cross-contamination. This practice will extend batch cycle
times, lower asset utilization, and will also lower return on investment. During pro-
cess design, judicious manufacturing planning has to be done to maximize asset
utilization. Batch and continuous processes have different process requirements
and have to be addressed.

Generally, raw materials for laboratory development are acquired from spe-
cialty chemical supply houses. This practice has the benefit of immediate acquisi-
tion but has significant drawbacks. Of them, biggest is that this raw material will
not be used in a commercial operation as it will be expensive. It is best to acquire
the material from commercial supplier. Its benefits are competitive pricing, and the
actual material will be used for process development. Since many of the raw materi-
als are used to produce other nondrug products, one should consider these sources
for better quality, pricing, and customer service.

Solid raw materials can be solubilized or slurried in a solvent/liquid for a batch
or a continuous process and fed to the reaction system. Figure 3.3 is a simple illus-
tration. Solid would be metered in a circulating liquid/solvent stream and added to
the reactor. Feed systems that meter solids accurately are available. Advantage of
such a system can be solubilizing the solid in a reaction solvent or reactant so that
the reaction time can be reduced for a batch process. Such a system would become
an integral part of the continuous process. Heat exchanger (plate and frame or shell
and tube) could be used. Of advances in heat exchange technology, electrically
heated [28] can be of extreme value as they are simpler compared to conventional
heat transfer fluid technologies. Conventional heat exchangers use Dowtherm [29]
and Therminol [30]. Electrically heated heat exchangers can significantly reduce
the investment, and their modular portability can be of value.

If a single-feed system similar to Fig. 3.3 is going to be used for many different
API products, cross-contamination, safety, waste disposal, and economics will have
to be considered. Such systems will work for continuous API manufacturing but
there are not too many products on the pharma landscape that will require large
single product slurry and solution making processes.

For formulations (batch and semicontinuous), commercially available pneu-
matic and screw feeders that can control the solid flow and feed rates would be useful.
Cleaning between products can result in significant downtime and will be a major
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investment consideration. Investing in dedicated product feed, dust handling, and dis-
posal systems committed for single solid feed (single product batch processes) would
be an expensive investment since such systems are not going to be used 100% of the
time. However, these issues do not matter if the process is a single product process.

For API processes, process designers can come up with ways by which solid
feed for batch processes can be simplified and improved. They will improve batch
cycle time, improve product quality, improve asset utilization, and lower costs.
However, many different process design and business considerations will have to
fall in place, including company’s business plan (short and long term), manufactur-
ing strategies, process design, and supplier logistics.

3.6.2.1 Solid feed for batch processes
Schematic suggested in Fig. 3.3 can be of value if API batch campaigns of the same
product are of significant length (large production volume). If the solid can be brought
to the manufacturing site using trucks that can pneumatically off-load the product to
manufacturer’s solid holding vessel, there would be advantages. Supplier’s truck could
also be used by the manufacturer as the holding vessel during product’s campaign.

Another option would be for the supplier bringing the API solid raw material/s
as a melt in heated trucks or tank cars that would hook up with the buyer’s process.
Such systems have been and are used for continuous processes for more than 60 years.

However, under pharma’s current business model, use of solid feed as melt
may not be feasible. This is due to the fact that many companies are producing the
same products [31]. The value of economies of scale is lost as the processes are fitted
in the existing equipment [32, 33], and the opportunities to use better and more effi-
cient technologies are also lost.

Another reason for not using solid as a melt is due to the fact that there are not
too many products that have the volume requirement to be used as molten raw ma-
terials. Suppliers are also not prepared for supplying solid raw material as a melt.
Consolidation, which is highly unlikely, might create limited number of plants for
certain API but lack of assurance of continued raw material supply might interfere

Fig. 3.3: Solid slurry or dissolution flow diagram.
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commercialization of such plants. There are few APIs (Tab. 3.2) that have the volume
where raw material/s can be used as a melt. Since these are produced using a batch
process, a different business model would be necessary for molten raw materials.

3.6.3 Liquid as a raw material and as a solvent

Liquids as a raw material are the easiest to handle even if they are corrosive, danger-
ous, and hazardous. Proper handling systems have been developed and are commer-
cially available. Necessary material technologies exist for safely handling, storing,
and transporting liquids. However, still adequate safety measures have to be incorpo-
rated in the process design.

3.6.4 Density

Density of raw materials involved in chemical reactions and formulations is of great
value. Since density changes with temperature, it is important to know its value at
different temperatures. Since liquids have different densities, it can be effectively
used to separate immiscible liquids. This difference can be very effectively used in
chemical reactive processes.

It is important to have density data for each chemicals involved, used, and pro-
duced in pharmaceutical manufacturing. Various sources are available. Vendors of
different chemicals can be an excellent resource [6]. National Institute of Science
and Technology [34] is also an excellent source. If the density data is not available,
chemistry specific data will have to be generated internally.

3.6.5 Viscosity

Viscosity can be mathematically estimated [35] but would have to be verified in the lab-
oratory. Chemists and chemical engineers have choices on how to use such liquids.

Tab. 3.2: Key raw materials and their melting points.

Product Key raw material/s Melting point (°C)

Paracetamol/acetaminophen para-Aminophenol ~

Metformin hydrochloride Dicyandiamide .

Dimethylamine hydrochloride 

Omeprazole and isomers Pyrmethyl alcohol ~
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They can dissolve the viscous liquid in the solvent being used in the process or heat
the liquid to an acceptable temperature where the liquid can be easily pumped.

3.6.6 Solubility

Solubility of chemicals is an important property in many ways. Mutual solubility or
lack of it is useful in reactive chemical processes. It is extremely important to have
solubility information for reactions as this property can be exploited to simplify and
create excellent processes. Water or organic chemicals are used as solvents. We
have to recognize that solvents are a process facilitator. Methods to predict solubil-
ity of organic compounds in organic solvents [36] have been proposed. However,
there is no substitute for actual data.

If reactants and reaction products dissolve in the solvent used in the reaction,
the reaction rate can improve through improved mass transfer. Process productivity
can be improved if the reactants can be used at their highest solution concentra-
tion. Solubility of chemicals is used in purification, separation of products, and
crystallization.

Basis of crystallization unit operation is solubility, a very important unit opera-
tion in pharmaceutical manufacturing. Lack of or lower solubility, through easier
phase separation, can be exploited to create excellent processes. Overall, it is ex-
tremely beneficial that mutual solubility or lack of it is determined for the solvents
and reactants at the initial process development stage as this knowledge can be
used in process design. Combined use of lack of solubility and difference in densi-
ties has been illustrated later in this chapter.

3.6.7 Specific heat

Specific heat of chemicals [37, 38] is an important property. This information is re-
quired for the developer and process designer to control the process heat and de-
sign the necessary process equipment. This property is used in the design of heat
exchangers, crystallizers, evaporators, and distillation equipment needed for the
process, basically to control the heat needs of every process. The value of specific
heat impacts the size of the equipment, that is, the investment.

3.6.8 Azeotrope behavior

Azeotropic behavior [39] of chemicals might not look to be of value but it is important.
Minimum boiling point azeotropes have significant value in chemical processing.
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Simply, they are a mixture of two or more liquids that have the lowest boiling point of
the mixture than of any pure liquid. Azeotropic behavior of chemicals can be used
very creatively in manipulating reaction processes. This is especially true when the
two liquids of the azeotrope are immiscible or have low solubility. Imagine a reaction
process where the liquid mix has two components: organic and aqueous and they
form an azeotrope. Combination of this property and density difference as explained
later, can be very effectively used to improve the reaction exotherm, reaction rate, and
yield.

3.6.9 Heat of formation/reaction

The heat of reaction is an important property for every chemical reaction. For every
reaction, it is necessary that we know it. Similarly, it is important to know the heat
capacity of the reactants and reaction products. They are of value in the process
equipment design. The difference between the heat of formation of products and
heat of reactants suggests the amount of heat that has to be removed. This can be
calculated and determined [15, 40–42]:

ΔH of reaction=
X

ΔH of ðproductsÞ−
X

ΔH of ðreactantsÞ (3:1)

Most reactive processes are either endothermic or exothermic. How heat of reaction
is controlled can significantly impact the rate of reaction and size of the equipment.
Heat of formation is also influenced and controlled by the method and sequence of
raw material addition. It is critical to control the heat of reaction. If the heat of reac-
tion is not controlled adequately, the reaction temperature can rapidly rise and can
result in explosive and/or hazardous situations. If the heat of formation can be ef-
fectively controlled, it can reduce the reaction residence time, that is, the size of the
equipment (i.e., investment).

3.6.10 Flammability

Flammability [1, 43] of chemicals is important in every chemical process for process
safety. One has to make sure that chemicals, individually and collectively, do not
have the conditions where they will ignite and lead to explosion.

3.7 Exploitation of chemical and physical properties

Physical properties are of great value to the process developer and designer as s/he
can use them to simplify and create excellent processes. Combining and exploiting
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different physical properties to create a simple process can be a challenge [44–46]. In
the end, how the process is executed in a commercial scenario does matter [47–52] as
it results in a process that has highest consistent quality and profitability. It is exhila-
rating and has its winning moments along with moments of “agony of defeat” [53].
However, there are no failures but learning experiences that allow us to use our
knowledge for other applications.

Process developers should exploit and incorporate anything and everything
they can imagine. Imagination and creativity allow us to exploit unique properties
of chemicals and how they behave with each other, and the result would be an
excellent process. This is very similar to creation of an excellent musical composi-
tion. Some of the examples of how physical properties can be manipulated are
reviewed.

3.7.1 Exploitation of solvents

Solvents have multiple values. Most are generally known but are not used collec-
tively and selectively. These values come from their density, boiling or freezing
point, and mutual solubilities and their behavior when multiple chemicals are pres-
ent. They do not get exploited to the fullest for lack of recognition, lack of develop-
er’s imagination, and possibilities.

3.7.2 Solubility and solubility differences

Solvents, including water, solubilize chemicals to different degrees. Mutual solu-
bility of chemicals has a large impact on the process design and economics. If the
data is not available for the chemicals involved, it has to be generated in the
laboratory.

For example, in USP 7078524 [54], the reaction produces two isomers. One iso-
mer is processed further to produce the desired product. Second isomer does not
produce the desired product. These isomers have different solubilities. Their differ-
ence is used by the inventors to recycle the second isomer and improve the yield of
the desired isomer. Having the knowledge of solubility was used to simplify pro-
cesses and improve yield.

3.7.3 Density differences (phase separation)

In a reactive process, density differences are a process facilitator, especially when
liquids are immiscible as is the case in organic and aqueous liquids, and the desir-
able and undesirable products need to be separated. Properly designed equipment,
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called decanter, separates two liquids without any elaborate process control and in-
strumentation. Figure 3.4 is a schematic of a decanter design [19]. This is also called
a gravity decanter. Although this decanter is generally used for continuous pro-
cesses but also work for batch processes. Careful process design is necessary.

A hydrostatic balance between heavy liquid (density ρA) and light liquid (density ρB) is
expressed as follows:

HB.ρB + HA1.ρA = HA2.ρA. (3:2)

With Ht =HA1 +HB, the height of interface can be calculated:

HA1 = ½HA2 −HtðρB=ρAÞ�=ð1− ρB=ρA� (3:3)

The overflow leg is made movable so that the adjustment for separation can be
done, if necessary. The movable leg gives manufacturing personnel an additional
advantage to use this process equipment in many different processes. These can fit
extremely well in modular plants.

Density and solubility difference between liquids can be used to optimize pro-
cesses. An illustration is given as follows. This concept can be adopted for any reac-
tive process where such a need exists.

A chemical process described in Fig. 3.5 shows the solubility and density differ-
ences used in an ingenious way to improve the process yield. If the described process

Fig. 3.4: Decanter design.
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was not used, the reaction yield would have been about ~50%. By using the scheme
as described, the reaction yield improved to about 90%. This is a continuous process.

Step #1 is a total aqueous phase reaction. In step #2, a solvent is added with a reac-
tant and a catalyst. Reaction produces two products, a product and a precursor that
needs to be converted to the product. Solvent extracts the product and allows reac-
tant Re in step #3, to convert the precursor from step #2 to the product which is
then dissolved in the solvent. Organic and aqueous phases are separated. Organic
phase which contains the desired product is processed further to produce the fin-
ished product. A combination of dissolution and extraction improves the process
yield. Aqueous phase is treated to recover and recycle the catalyst. Similar strate-
gies can be exploited and used for batch processes also. However, complete under-
standing of process chemistry and physical properties is necessary.

3.7.4 Exotherm/heat of reaction

It is well known that the rate of reaction doubles when the reaction temperature is
increased by 10 °C [55]. This phenomenon can be used to improve the reaction
rate, that is, improve/reduce the conversion time. This is of extreme value for
batch as well as continuous processes. Many of the reactions are exothermic and
need to be controlled to prevent a runaway reaction which can be hazardous if
not managed.

In a batch reaction, it is a common practice that the components are generally
added directly to the reactors. However, if the addition results in a localized exo-
therm, it can have less than the desirable impact on product quality. Localized heat-
ing can impart unwanted color to the product or could produce an unwanted
product. There are ways to control the addition and the exotherm. One of the ways
is to add the exotherm imparting chemical to the suction of the pump and recircu-
late the reactor contents followed by an inline heat exchanger or add the pumped
liquid appropriately so that the heat of exotherm due to dilution is dispersed and
used to speed the reaction [20].

Fig. 3.5: Schematic reaction scheme.
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3.7.5 Melting point

Melting point is one of the least exploited properties. There is a reason and good
rationale for it. Majority of the time at the initial process development stage do not
have sufficient information about the chemicals that will be used. As has been
suggested earlier, it is necessary to gather and review every physical and chemi-
cal properties of each chemical and intermediate produced. There is good reason
and rationale for it. Information collected here will be useful for the laboratory
process development to scale up, commercialization, and raw material handling
and storage.

Generally, in the first reaction step, there will be two solids or two liquids or their
combination that will be reacted to produce an intermediate or a product. Most likely
in a solid–liquid reaction, the solid concentration would be ~20% to <40%. This
range is influenced by solubility, solid’s melt point, and reaction temperature. This is
a common practice due to limitations of the laboratory equipment. If the reaction
product’s melting point is not too far from the reaction temperature, raising the reac-
tion temperature closer to the reaction product’s melting point can improve the reac-
tion rate, as discussed earlier [54]. This can lower production costs. The value of
exploitation of melting point is further discussed in later chapters.

3.8 Toxicity

With time, toxicity and carcinogenicity of fine/specialty chemicals and its subset’s
APIs have been recognized. Improved handling and undue exposure of these chem-
icals have become part of the daily handling. Data about carcinogenicity of many
chemicals is available [21–23]. How chemicals impact soil, human, and aquatic and
bird life are not known and not readily available, especially for the API. Knowing
the ecotoxicology of the chemicals involved and generated is important as it assists
in designing an eco-friendly process and chemistry from the start of the process
development.

As discussed in this chapter, combination (mutual behavior of chemicals or soci-
ochemicology) of melting/boiling point, solubility, manipulation of heat of reaction/
exotherms, azeotropic behavior, and use of no solvent or one additional solvent be-
sides water can lead to improved productivity (reduced solvent use), better yield
(lower waste), and lower cost (higher profits) products. Chemists and chemical engi-
neers can also use US EPA’s EPI suite [56] for estimation of physical/chemical and
environmental fate estimation program for their process development.

All these are not a speculation or wishful thinking but achievable in the synthe-
sis of fine/specialty chemicals that have APIs as their subsets. Chemists and chemi-
cal engineers use these in different unit processes [17] and unit operations [18] to
produce a consistent quality product.
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Abbreviations

MSDS Material safety data sheet

SDS Safety data sheet

EC No. European Community No.

CAS Chemical Abstract Service

API Active pharmaceutical ingredient

EPA Environmental Protection Agency

EPI Estimation Programs Interface
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Chapter 4
Pharma chemistry/chemical development

Fundamentally, the difference between active pharmaceutical ingredients (API)
and fine/specialty chemicals lies in how they are used. Each is produced using the
same or similar synthesis chemistries (unit processes [1]), same chemicals, and same
process equipment (unit operations [2]) to create the desired molecule. The same or
nearly similar synthesis methods create disease-curing chemicals (API), flavors and
fragrances, additives for rubber and plastics, food colorants, preservatives, chemicals
for the electronic industry, dyes for textiles, printing inks, cosmetics, and coatings.
The difference between APIs and other chemicals besides use is their quality and
manufacturing standards. APIs and their formulations have to abide by the standards
established by the respective drug regulatory bodies.

Chemical process development has a streamlined methodology, which, if fol-
lowed, leads to the development of simple and economic processes for the API and
their formulations. APIs are dispensed in multiple finished dosage forms [3]. APIs
dosage is generally in milligrams. They are converted to an oral dosage for the re-
quired consumption. Each tablet is a blend of inert organic and inorganic excipients
[binders, disintegrant, fillers, lubricants, dyes, sweeteners, preservatives, antioxi-
dants, dispersants, and coating materials] [4–7]. Other inert excipients can be cal-
cium carbonate, titanium di oxide, and binders (cellulose derivatives: hydroxy
propyl, hydroxyl propyl methyl) [8, 9], to name a few.

Like API, every inert excipient has its own established manufacturing process
and is produced under its own repeatable quality standards [7, 10].

Manufacturing processes of organic inert excipients are similar to the synthesis
of fine chemicals, which are the same as or similar to API synthesis methods. Unit
processes and unit operations used to manufacture API and organic excipients are
also the same or similar [1, 2, 11, 12].

APIs are mixed with inert excipients and converted to respective tablets – one
of the finished dosage forms, FDF [3]. Currently, FDA has good manufacturing prac-
tice regulations that need to be followed and practiced in the production [13] of
every drug.

4.1 Examples of organic excipients

Saccharin [14] and BHT (butylated hydroxy toluene) [15] are selected just as exam-
ples. They are fine/specialty chemicals. If either of them had disease-curing value,
they would be called API. The following are illustrations of their synthesis.

https://doi.org/10.1515/9783110702842-004
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4.1.1 Saccharin

Saccharin, an artificial sweetener, is used as an excipient in some tablets. One of
the ways it can be produced is from methyl anthranilate. Methyl anthranilate is also
an artificial grape flavor that is added to drug tablets, chewing gum, candy, and
soft drinks as a flavoring agent. It has another unique application, too. It is used as
a bird repellent on golf courses. Both of these products are produced from phthalic
anhydride, a commodity chemical. Figure 4.1 illustrates the process.

Table 4.1 is a brief description of the production of saccharin from phthalic anhydride.

Phthalic Isatoic Methyl Saccharin
Anhydride Anhydride Anthranilate

Fig. 4.1: Phthalic anhydride and its derivatives.

Tab. 4.1: Simple process description of phthalic anhydride to its derivatives.

Process description

Phthalic anhydride to isatoic
anhydride

Isatoic anhydride to methyl
anthranilate

Methyl anthranilate to
saccharin []

USP  [] is one of the
ways. There are other process
patents. Phthalic anhydride is
reacted with ammonia and
bleach to produce the product.
Isatoic anhydride is a solid. For
its continuous production,
drum filtration and spray drying
are used.

USP [] Conversion of
isatoic anhydride to methyl
anthranilate is a simple process
of reaction with methanol in
alkali media and purification by
distillation. Depending on
product demand, it can be a
batch or continuous process.
Methyl anthranilate is an
artificial grape flavor and a bird
repellant [].

Saccharin is produced by
continuous diazotization,
sulfation, chlorination,
amidation, and precipitation,
filtration, crystallization, and
drying using vacuum or spray
drier.

Each of the products above is generally produced using continuous processes, operating for about
, h/year.
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4.1.2 Butylated hydroxy toluene

BHT, an antioxidant, is used in formulated tablets. It is a fine/specialty chemical
that is produced by butylation of o-cresol (Fig. 4.2), which can be produced from
phenol and its catalytic methylation or sulfonation of toluene, two widely available
commodity chemicals. BHT is also an additive for various foods, fuels, oils, and
plastics.

Microcrystalline silica, calcium carbonate, and titanium dioxide [21] and other
inorganics are used as inert excipients [9] in tablets. The characteristics and the
manufacturing processes of the inorganic excipients are not part of the discus-
sion in this book.

4.2 Chemical synthesis product/processes/development

Branded and generic drugs are similar, but there are differences in their process de-
velopment methods. Once a new molecule is identified for its disease-curing value
and efficacy, process development starts in earnest, in order to have a viable, safe
and economic manufacturing process that will produce a quality product.

The thrust of companies with brands is to get a product of defined acceptable
quality and performance approved by the regulators as quickly as possible. Gener-
ally, process economics is not a consideration but speed to market is. It needs to
be recognized that the unit processes and unit operations used to produce the dis-
ease-curing molecule are exactly the same as used in fine/specialty chemical
manufacturing.

Most of the work is done by a team of chemist/s and chemical engineer/s. The
mindset of the process developer and the designer involved in the development of a

Toluene

Isobutylene

Phenol

p-Cresol

Butylated 
Hydroxy
Toluene

Catalytic 
Methylation

Sulfonation

Fig. 4.2: Alternate routes [19, 20] for p-cresol and conversion to butylated hydroxy toluene [15].
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pharmaceutical API and its FDF from the “get go” has to be that their product/pro-
cess will be commercialized. It has to produce a quality product that meets estab-
lished regulatory standards and customer needs. In addition, the process has to be
safe and meet the prevailing safety and environmental standards.

Methods and plans for the development of a process for a fine/specialty chemi-
cal and its cousin, API), are taught in most chemistry and chemical engineering cur-
riculums. There are publications discussing these techniques [22, 23]. Development
teams at different companies have their own favored procedures. Practitioners can
modify and create their own methods to develop an optimum process.

Steps outlined in Tab. 4.2 are generally followed, but other sequences that achieve
the same end result are acceptable.

Chemists generally use published articles, their knowledge, and experience, along
with the global patent base to consider relevant process chemistry. Synthetic routes
for many chemicals are elaborated in the United States [24], World Intellectual
Property Organization [25], and published literature are a treasure trove. For crea-
tive chemists and chemical engineers, they are an opportunity to exploit previously
developed methods and processes to develop their own processes. Value of litera-
ture and patent search is very important, as it teaches many alternate processes.
They also show competitors how to use the teachings to create better processes.

Since each brand product eventually becomes generic, generic companies that
are interested in producing the brand products start their process development
work as soon as they find out about the new drug molecule. Thus, the processes
discussed here are applicable to every API developer and producer.

The conceptual phase of process development involves identification of the
chemistry and potential synthesis routes. Most likely, one or more synthesis routes
could be identified. Based on experience, knowledge, raw material cost informa-
tion, and preliminary process route/s, a cost analysis should be performed to select
the most economic route. In parallel, safety and toxicity evaluation, ease of process-
ing, material handling, and environmental considerations should begin. Some
might consider this too early, but it is best to know all the issues (toxicity, material
handling, storage, etc.) as soon as possible. Knowledge and familiarity with raw

Tab. 4.2: Steps for new chemical entity evaluation.

– Chemistry of the product
– Mutual behavior of chemicals
– All potential synthesis routes
– Commercial availability of raw materials
– Laboratory experiments
– Process scheme
– Process economic and product cost
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materials and intermediates are useful in creating a safe and environmentally eco-
nomic process. Regulatory filing processes are facilitated. Replacements or redesign
later cost more money.

The process of developing a synthesis route starts with the route selection pro-
cess, their feasibility, and economics. Generally, chemists start the process develop-
ment, but it is helpful and best if the chemical engineers, who are well versed in
costing processes, scale-up, and commercialization get involved from the initial
process development stage. This consideration is helpful, as process simplification
starts from the inception of the process development and scale-up. The team’s
knowledge is very helpful in resolving any processing issue.

Irrespective of methods used, the ultimate goal of the process developer and
the designer involved in the development of a pharmaceutical API and its FDF,
from the “onset,” has to be that their process/product will be commercialized. It
has to produce a quality product that the customer needs and has to be optimum.
In addition, the process has to be safe and meet the prevailing safety and environ-
mental standards.

Paper synthesis route/s should be reviewed and costed. It is important that for
costs, commercial raw material prices be used in every cost estimate. Costs based on
prices from the chemical supply house are useless, as they will not give realistic esti-
mates. Costing of the product using the respective synthesis methods and product
volume illustrate the impact of yield, stoichiometry, and manufacturing-related costs
on the factory cost of the product. This is further discussed later in this chapter.

It is equally important to get the cost accountants (if the chemist and the chemical
engineer are not familiar or well-versed in costing products) and the purchasing team
involved in the process, at the earliest. This could be considered premature, but in
this process, besides team building, there is value in considering different processing
and operating options. Using the best source of the lowest priced quality raw materials
is important. A chemist who is familiar with the process and a chemical engineer who
is familiar with the equipment and manufacturing will be able to review different op-
tions that will result in the best and the lowest cost process for commercialization.

Pharma companies do not invest in new process equipment for every product,
and they use the existing equipment to produce new products [26, 27]. While the
process selection and its costing is being done, engineers need to review how the
process for the new product will fit in, meet the cGMP requirements, and abide by
all of the necessary safety practices. For this, it is necessary that the chemists and
chemical engineers have a thorough understanding of chemical and physical prop-
erties, and their mutual behavior, and be capable of exploiting them to create and
design an optimum commercial process.

Solvent selection plays an important part in the process development and sim-
plification. Process development and their commercialization is a combination of
our teachings at the universities, personal experiences at chemical and pharmaceu-
tical manufacturing facilities, creativity, and imagination.
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Knowledge and understanding of process chemistry, stoichiometry, process
yield, reaction products, and raw materials would lead to capitalizing on mutual
behavior of chemicals. This is essential. They are the tools and means by which pro-
cesses can be simplified. Mutual behavior of raw materials and reaction products
and by-products (sociochemicology) [28] has to be understood, manipulated, and
exploited to create excellent processes.

A review of various patents for the APIs indicates that besides water, additional
different solvents are used in the synthesis of a single molecule. This may be neces-
sary, and an increased number of solvents in the laboratory may be acceptable in
demonstrating the viability of a process and product, but such processes, when
translated for commercial production of a product, add complexity to the whole
process, in multiple ways. This can be through inventory management, recovery
and reuse of solvents, and product yield loss through solubility of process inter-
mediates and the final product.

Process yields directly impact the product costs. Efforts are made to maximize
the yield in each process step, so that the cumulative yield for the process is the
highest. Table 4.3 illustrates the relationship of different process steps and cumula-
tive yield of the whole process. Lower yields per step result in higher product costs,
not only due to reduced amount of product produced compared to theoretical yield,
but also due to disposal/recovery of the generated waste.

In pharmaceutical API and FDF product and process development, and their com-
mercialization, stringent requirements of toxicity have to be recognized and ad-
dressed, as the products are consumed to cure diseases. Ecotoxicology is equally
important, as the impact of effluents from the pharmaceutical plants on humans
that includes other mammals, aquatic, and bird life is increasingly recognized. Ef-
forts have to be made to minimize the impact [29–31]. Table 4.3 presents opportuni-
ties to improve yields. Higher yields result in higher profits, as the monies are not
needed for remediation.

Tab. 4.3: Yield and number of reaction steps correlation.

Overall yield

Steps

Yield per step     

% % % % % %

% % % % % %

% % % % % %

% % % % % %
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For every product’s development, chemists’ and engineers’ understanding of
the process and product demand are crucial. At brand stage, generally, selling pri-
ces can be high, thereby keeping the real demand volume (API Kilos needed) low,
till the time the drug becomes generic or affordable. This generally results in the
product being manufactured in equipment that is not specifically designed for the
product. Such processes [26, 27] are not optimum.

Table 4.4 illustrates the relationship among the API demand, population, and
number of tablets needed. Mathematically, at 100% conversion, 1 kg can produce
1 million 1 mg tablets. Basically, it suggests that small quantities of API, depending
on the dose, can serve a large population. It needs to be recognized that the number
of tablets used per day can vary and accordingly change FDF demand for the total
API and drugs.

Globally, drug selling price is independent of the API sale price. API cost is part of
the drug price, and any process improvement or cost reduction at API level may or
may not influence the final drug dose sale price unless the API sale price is increased.
Table 4.5 illustrates the monetary contribution of different priced APIs at different
dosages. Sale price of API has financial value to the API producer, but to the finished
drug dose seller, its contribution could be in single digits.

Tab. 4.4: API demand, population, and tablets needed per year.

Case Dose
(mg)

Tablets
per day

Days
per year

Population Kilogram API
need per year

Tablets needed/year

One kg produces  million of  mg tablet

A    ,, , ,,,

B    ,, , ,,,

C    ,, , ,,,,

D    ,, ,, ,,,,

Tab. 4.5: API content cost contribution to different dose drugs.

API selling price ($/kg)    

Dose (mg) API content cost ($/tablet)

 . . . .

 . . . .

 . . . .

 . . . .
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On review of Tab. 4.5, one can speculate that the profitability of a 10-mg tablet
selling at ten cents per tablet would not affect the drug seller’s profitability in any
way, even if the API content cost doubles. It is important to recognize and under-
stand that the selling prices of the tablets are independent of API manufacturing
costs or their selling price.

The API manufacturer/seller has to carefully evaluate its own effort for any cost
reduction. Each API producer has to justify its own return on investment for such
investment. Due to limited patent life, brand API producers do not want to invest in
any cost reduction efforts. For such an effort, they may have to get regulatory ap-
proval, which costs additional money, too. Similarly, every generic API producer
will evaluate cost reduction advantage of its patent-protected process and compli-
ance costs. Table 4.6 illustrates the value of such effort.

All of the above that has been discussed applies to branded and generic products. It
is well known that almost all branded products move to generic products. Safety
and consistent product quality from the very beginning are the price drivers.

The following are brief reviews of some selected products. Review of these patents
suggests that inventors of the processes have progressively improved and simplified
processes and made efforts to reduce manufacturing cost, using improved chemistries
and processes, and reduce use and production of toxic chemicals in the chemistries.

The purpose of this is to emphasize that significant chemistry and processing
information is available that can be used to create better chemistries/processes at
lower costs.

4.2.1 Mycophenolate mofetil

Mycophenolate mofetil is sold under the brand name Cellcept. Once it became ge-
neric, many companies filed patents for it. USP 7019133 B2 [32] and US 2010/029560
A1 [33] are two alternate methods of manufacture of mycophenolate mofetil.

Tab. 4.6: Months for return and revenue.

API volume (kg/
year/site)

API factory selling price
($/kg)

API revenue ($) Savings % Savings ($) Return
months

, $. $,. $. $,. 

, $. $,. $. $,. 

, $. $,. $. $,. 

, $. $,,. $. $,. 

Arbitrary R&D effort cost, $,
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It is important that the chemist and chemical engineer in the process develop-
ment be familiar with chemical and physical properties of each chemical (Tab. 4.7)
involved and produced. These are not only needed for safe process design but are
also used in manipulating and improving productivity, and can be used in lowering
of cost of each product.

In USP 7019133 B2 [32], mycophenolate mofetil is manufactured by transesterifica-
tion of methyl mycophenolate in the presence of a catalyst. In US 2010/0298560 A1
[33], mycophenolic acid is reacted with an aliphatic or aromatic amine to produce
an amine salt. Amine salt is halogenated to an acid halide, which is esterified to
produce the desired product.

Syntheses in the above patents are the inventors’ perspective and their attempt
to simplify manufacture, using the mutual behavior of each chemical used and pro-
duced. Tables 4.8 and 4.9 illustrate manufacturing costs of two different chemistries
[32, 33] of mycophenolate mofetil. S&E (service and expense) costs relate to conver-
sion costs, which include hourly and salaried labor, utilities, depreciation, and
other fixed and variable charges that companies allocate to each product. Most
companies use their own ways to calculate factory cost of each product.

Tab. 4.7: Physical and chemical properties of reactants used in USP 7019133 B2 [32] and US 2010/
0298560 A1 [33].

Chemical CAS # Formula Mol. wt Melting point (°C) Boiling point (°C)

Methyl mycophenolate ,-- CHO   

-Morpholinoethanol -- CHNO  − 

Dibutyltin oxide -- CHOSn   .

Toluene -- CH  .

Ethyl acetate -- CHO  − .

Hydrochloric acid -- HCl . − 

Caustic soda -- NaOH  

Mycophenolic acid ,-- CHO   

Thionyl chloride -- SOCl  − 

Triethylamine -- CHN  − 

MMF -- CHNO   

The corresponding chemical and physical properties of intermediates can be gathered from the
literature and Chemical Abstract Services once the compounds are defined.
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Tables 4.8 and 4.9 are an illustration of a product cost using USP 7109133 [32]
and US 2010/0298560 A1 [33]. These costs are based on synthesis examples from
respective patents and are not optimized.

Process for the manufacture of mycophenolate mofetil described in US 2010/
0298560 A1 [33] can be further simplified and improved, and the global API need
can be produced in a single plant. It is currently produced by 41 producers and sold
at $232/kg [34]. Factory cost of mycophenolate mofetil based on USP 7019133 B2 [32]
(Tab. 4.2) is about $165.09/kg and per US 2010/0298560 A1 [33] is about $133.31/kg.
Each cost was calculated by getting the prices of each raw material from their ven-
dors. Both processes are not optimized. In addition, cost of solvents used in the pro-
cess is not included.

In the above cost estimates, S&E (service and expense) charge of 30% of the
raw material cost is used. S&E is, essentially, conversion cost to cover hourly, sala-
ried labor, utility cost, maintenance charges, depreciation, etc. This number could
be considered a low number, by some. If the process is complex, S&E can be in-
creased, based on each company’s norms.

Costing of products from the paper chemistry stage to the laboratory chemistry
stage is necessary. Such an exercise makes the chemistry developers aware of how
the complexity of process can impact the factory cost. It gives them an opportunity
to improve processing. Brand and generic API developers can create excellent pro-
cesses, as they progress. Costing would include material recovery and disposal cost
of toxic and nontoxic materials. These are also reviewed in Chapter 5.

Other APIs and fine/specialty chemicals are also reviewed. The purpose is to
emphasize that significant processing and chemistry information, along with physi-
cal properties, can be used to develop excellent processes at lower costs.

+

Fig. 4.3: Mycophenolate mofetil USP 7109133 B2 [32].
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Tab. 4.9: Factory cost of mycophenolate mofetil US 2010/0298560 A1 [33].

US / A [] CAS # Mol. wt Kilogram Cost ($/kg) $, total

Mycophenolic acid --  . . .

Thionyl chloride --  . . .

Triethylamine --  . . .

-Morpholinoethanol --  . . .

Ethyl acetate --   . .

Hydrochloric acid -- . . . .

Caustic soda --  . . .

MMF --   ,.

Yield .% $/kg .

S&E .

Factory cost $/kg .

Tab. 4.8: Mycophenolate mofetil factory costs USP 7109133 B2 [32].

USP  B [] CAS # Mol. wt Kilogram Cost ($/kg) $

Methyl mycophenolate ,--  . . ,.

-Morpholinoethanol --  . . .

Dibutyltin oxide --  . . .

Toluene --   . .

Ethyl acetate --   . .

Hydrochloric acid -- . . . .

Caustic soda --  . . .

MMF --   ,.

Yield .% .

S&E .

Factory cost $/kilo .
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4.2.2 Nevirapine

The following patents discuss the manufacture of Nevirapine. These patents give a
telltale story of how process developers recognize complexities of preceding synthe-
sis and toxicity of the chemicals used and produced.
1. USP 5366972 (1994) Boehringer Ingelheim [35]
2. USP 5569760 (1996) Boehringer Ingelheim [36]
3. USP 6680383 (2004) and EP 1 519 936 B1 (2008) Boehringer Ingelheim [37]
4. WO 2007/010352 A1 (2007) Emcure Pharmaceuticals [38]
5. WO 2012/168949 A2 (2012) Laurus Labs [39]
6. USP 8212025 [40]

Figure 4.5 is illustration of USP 5366972 [35] for the preparation of nevirapine.
The process described in USP 5366972 [35] is complex. It would have low pro-

ductivity if commercialized as developed in the laboratory. The overall yield of the
four steps in Example 1 is about 40%. The shortcomings of this patent are acknowl-
edged in subsequent patents. If this process is commercialized as is, most likely,
the processing costs to recover solvents and disposal of waste would be as much as,
or more than, the actual product cost from this step. This would also be due to low
productivity of the process. Example 1 of USP 5366972 [35] is as follows.

Example 1
5,11-Dihydro-6H-dipyrido[3,2-b:2ʹ,3ʹ-e][1,4]diazepin-6-one (Nevirapine)

There are four steps. The overall yield of the following is about 40%.

Fig. 4.5: Nevirapine synthesis in USP 5366972 [35].
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Step a) 2-Chloro-N-(2-chloro-3-pyridinyl)-3-pyridinecarboxamide
In a three-necked round-bottomed flask, fitted with an efficient reflux condenser, mechanical stirrer
and dropping funnel were placed 215 g (1.672 mol) of 3-amino-2-chloropyridine dissolved in a mix-
ture of 400 mL dioxane, 500 mL cyclohexane, and 130 mL pyridine. The solution of 299.2 g
(1.7 mol) of freshly prepared 2-chloro-3-pyridinecarboxylic acid chloride in 200 mL dioxane was
added at such a rate as to keep the vigorous reaction under control. Thereafter, the reaction mix-
ture was allowed to cool to room temperature, and the resulting crystalline precipitate was filtered
off and washed successively with cyclohexane and ether.

The dark brown product was dissolved in 5 L of a 3% aqueous solution of sodium hydroxide. The
resulting solution was treated with charcoal, suction filtered, and the filtrate was acidified by addi-
tion of 50% aqueous acetic acid. The resulting precipitate was collected by filtration and thoroughly
washed with water. After being dried overnight in a stream of nitrogen at room temperature, the al-
most colorless product had an m.p. of 156–159 °C and was sufficiently pure for further reactions. The
yield was 376.0 g (84% of theory).

Step b) N-(2-Chloro-3-pyridinyl)-2-[[(4-methoxyphenyl)methyl]amino]-3-pyridinecarb oxamide
13.4 g (0.05 mol) of the product obtained in step a) was dissolved in 20 mL of xylene, and the re-
sulting solution was admixed with 13.8 g (0.1 mol) of p-methoxybenzylamine. Thereafter, the mix-
ture was refluxed for 2 h. The reaction mixture was then evaporated in vacuo, and the residue was
purified by column chromatography on silica gel (0.2–0.5 mm), using dichloromethane/ethyl ace-
tate 10/1 (v/v) as an eluent. Concentration afforded colorless crystals, melting at 122–124 °C (after
recrystallization from acetonitrile). The yield was 17.2 g (93% of theory).

Step c) 5,11-Dihydro-11-[(4-methoxyphenyl)methyl]-6H-dipyrido[3,2-b:2ʹ,3ʹ-e][1,4]d iazepin-6-one
16.7 g (0.0453 mol) of the product obtained in step b) was dissolved in 150 mL of absolute dioxane,
and the resulting solution was admixed with 6.7 g (0.14 mol) of a 50% dispersion of sodium hydride
in mineral oil. Thereafter, the mixture – while protected against the external atmosphere by a low flow
of nitrogen – was refluxed until no starting material could be detected by TLC. The surplus of sodium
hydride was decomposed by cautious addition of 10 mL of a mixture of methanol and tetrahydrofuran
(50/50 v/v). The reaction mixture was neutralized by addition of acetic acid and then was evaporated
in vacuo. The residue was purified by column chromatography on silica gel (0.2–0.5 mm), using suc-
cessively dichloromethane/ethyl acetate 10/1 (v/v) and dichloromethane/ethyl acetate 1/1 (v/v) as
eluents. The crystalline product obtained by evaporation of suitable fractions was recrystallized from
acetonitrile and 2-propanol. The product had an m.p. of 213–215 °C and was identified as 5,11-dihydro
-11-[(4-methoxyphenyl)-methyl]-6H-dipyrido[3,2-b:2ʹ,3ʹ-e][1,4]diazepin-6-one. The yield was 10.3 g
(68% of theory).

Step d) 5,11-Dihydro-6H-dipyrido[3,2-b:2ʹ,3ʹ-e][1,4]diazepin-6-one
10.0 g (0.3 mol) of the product obtained in step c) was dissolved in 50 mL of trifluoroacetic acid,
whereby the mixture became slightly warm. Thereafter, the reaction mixture was stirred at 60 °C
for 1 h. No starting material could be detected by TLC at that time. The mixture was then evaporated
in vacuo. The residue thus obtained was thoroughly stirred with 0.5% aqueous ammonia and then,
was filtered by suction. The raw product was recrystallized from 150 ml of dimethyl sulfoxide to
provide colorless crystals of m.p. >340 °C. The yield was 4.8 g (75% of theory). The product was
identified as 5,11-dihydro-6H-dipyrido[3,2-b:2ʹ,3ʹ-e][1,4]diazepin-6-one.

Patentee in its USP 5569760 [36] acknowledges complexities of USP 5366972 [35].
If the process of ’760 [36] is commercialized as is, most likely, the processing costs

to recover solvents and disposal of waste would be as much as, or more than, the ac-
tual product from this step. This would also be due to low productivity of the process.
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Table 4.10 is an illustration of Step 1 of Example 1 of USP 5366972 [35]. Similar
information must be generated for each reaction step. This process step uses multi-
ple solvents and the solid concentration is less than 30%. Such an exercise might
look unnecessary and complicated, but it is needed, as it would lead to the develop-
ment of an economic process that will produce a quality product from the get go.
Table 4.10 does not illustrate stoichiometry. It is discussed later in this chapter.

WO 2007/010352 A1 [38] very well reviews scheme 1 and the shortcomings of the
USP 5366972 [35] for the preparation of nevirapine.
– Reduction of 2-chloro-4-methyl-3-nitro pyridine with stannic chloride, employ-

ing acetic acid as a solvent to give 3-amino-2-chloro-4-methyl pyridine. The re-
action is characterized by long reaction times of at least about 12 h and utilizes
a hazardous reagent like stannic chloride, which is difficult to handle on an in-
dustrial scale due to its fuming and corrosive nature. Further, the process is not
environment friendly, since there is considerable load on the effluent treatment
plant for removal of sludge material formed during work up. The preparation of
3-amino-2-chloro-4-methyl pyridine is the first step of the reaction. This has to
be prepared in large quantity, and this proportionately creates a large volume
of the sludge, which becomes difficult to remove on a commercial scale.

– Acylation of 3-amino-2-chloro-4-methyl pyridine with 2-chloronicotinoyl chlo-
ride in the presence of a base like pyridine, and in a mixture of solvents like
cyclohexane and dioxane to yield 2-chloro-N-(2-chloro-4-methyl-3-pyridinyl)-3-
pyridine carboxamide. The reaction employs a solvent like dioxane, which is
highly toxic for inhalation, and hence, cannot be utilized on an industrial
scale. Further, dioxane needs elaborate safety precautions during storage and
handling in view of its explosive nature. Further, the yield of the compound of
formula obtained is only about 10%, which is very low for commercial utiliza-
tion. Also, dioxane solvent present in the effluent, if released into soil, is diffi-
cult to remove, as dioxane is not biodegradable.

Tab. 4.10: Step 1 of Example 1 of USP 5366972 [35].

CAS Formula Mol. wt Melting
point (°C)

Boiling point
(°C)

-Amino--chloropyridine -- CHClN  –

Cyclohexane -- CH  . .

Pyridine -- CHN  − .

-Chloro--pyridinecarboxylic acid
chloride

-- CHClNO 

Dioxane -- CHO  .
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– Reaction of 2-chloro-N-(2-chloro-4-methyl-3-pyridinyl)-3 -pyridine carboxamide
with cyclopropyl amine to give 2-N’-cyclopropyl amino-N-(2-chloro-4-methyl- 3-
ρyridinyi)-3-pyridine carboxamide.

– Cyclization of 2-N’-cyclopropylamino-N-(2-chloro-4-methyl-3-pyridinyl)-3-pyridine
carboxamide of formula by employing a strong base like sodium hydride in di-
methyl formamide as solvent, to give nevirapine. Further, this method mentions
that isolation of nevirapine involves quenching with water, which is quite danger-
ous, especially when a reagent like sodium hydride is used, as sodium hydride
reacts violently and explosively with water and is highly flammable.

WO 2007/010352 [38] also reviews USP ‘760 [36]. It suggests that USP ‘760 [36] is a
time-consuming, complex process requiring multiple reactors. It discloses an improved
method for preparing 2-N‘-cyclopropylamino-N-(2-chloro-4-methyl-3-pyridinyl)-3-
pyridine carboxamide, wherein the reaction of 2-chloro-N-(2-chloro-4-methyl-3-
pyridinyl)-3-pyridine carboxamide with cyclopropyl amine is carried out in the
presence of an oxide or hydroxide of an element of the second group of the peri-
odic table, with diglyme as solvent. Further, 2-N’-cyclopropylamino-N-(2-chloro-4-
methyl-3-pyridinyl)-3-pyridine carboxamide, thus formed is not isolated but is
converted after removal of the inorganic base to nevirapine.

According to the inventors of WO 2007/010352 [38], USP ‘760 [36] suffers from
the following drawbacks:
– 2-N’-Cyclopropylamino-N-(2-chloro-4-methyl-3-pyridinyl)-3-pyridine carboxa-

mide formed by reaction with cyclopropyl amine is not isolated; therefore, it is
very likely that an impurity of formula (VIII) disclosed in US 5569760 [36] and
likely to be formed in this reaction will be carried forward to the final stage and
would be isolated along with nevirapine, thereby affecting its purity profile.

– Uses a strong base like sodium hydride, which is difficult to handle on an in-
dustrial scale and also requires stringent conditions such as careful quenching
with water.

Figure 4.6 describes Scheme-II of US 6680383 [37] for the preparation of nevirapine.
This process utilizes a costly base such as sodium hexamethyl disilazane (HMDS)
for the production of nevirapine.

The method disclosed in Scheme-II USP ‘383 [37] is slightly different from that
disclosed in Scheme-I of USP 5366972 [35], but this route also utilizes a fuming and
costly base such as sodium hexamethyl disilazane in the final step, for preparation
of nevirapine.

In addition, USP 6680383 [37] utilizes a very toxic and hazardous raw material
like 2-halo-3-cyano pyridine, compound IX (Fig. 4.6), which is difficult to handle on
a large scale due to its high toxicity, since compound IX contains a cyano func-
tional group.
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In view of the above shortcomings, there is a need for a method for preparing
nevirapine, which would not only make the process safe and environment friendly,
but would also be simple and cost-effective for commercial utilization.

Patent WO 2007/010352 [38] describes its process in Fig. 4.7. It claims the
following:

Fig. 4.6: Scheme-ll: Method for the preparation of nevirapine USP 6680383 [37].

Fig. 4.7: Method of preparation of nevirapine per patent WO 2007/010352 [38].
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1. An aspect of the invention relates to a cost-effective method for the preparation
of 3-amino-2-chloro-4-methyl pyridine of formula (III), which comprises reduc-
tion of 2-chloro-4-methyl-3-nitro pyridine of formula (II) with iron powder, in
the presence of an acid, either organic or inorganic.

2. Another aspect of the invention relates to an alternate method for preparing 3-
amino-2-chloro-4-methyl pyridine, which comprises reduction of 2-chloro-4-
methyl-3-nitro pyridine of formula with sodium dithionite, utilizing an organic
solvent.

3. Another aspect of the invention relates to the use of safer environment-friendly
reagents like a carbonate of an alkali metal as base and an alkyl acetate or an
aromatic hydrocarbon as solvent, for preparation of 2-chloro-N-(2-chloro-4-
methyl-3-pyridinyl)-3-pyridine carboxamide, avoiding the use of hazardous sol-
vents like dioxane and pyridine.

4. Another aspect of the invention relates to preparation of nevirapine, comprising
cyclization of 2-N’-cyclopropylamino-N-(2-chloro-4-methyl-3-pyridinyl)-3-pyridine
carboxamide of formula in the presence of an alkali metal alkoxide and in an
inert organic solvent, followed by neutralization with an acid and isolation of ne-
virapine by crystallization from an organic solvent.

5. Utilization of a single solvent for the preparation of nevirapine, thereby provid-
ing a cost-effective process.

Patent WO 2007/010352 [38] claims to overcome the following shortcomings with
respect to prior art:
– Avoids use of stannic chloride for reduction of the nitro group in the first step

of preparation of 3-amino-2-chloro-4-methyl pyridine.
– Aqueous medium is used during the process of the invention, and use of organic

solvent is avoided during the preparation of 2-chloro-4-methyl-3-amino pyridine,
making the process cost-effective and reducing load on effluent treatment.

– Circumvents utilization of pyridine and dioxane in the second step of prepara-
tion 2-chloro-N-(2-chloro-4-methyl-3-pyridinyl)-3-puridine carboxamide.

– Avoids use of strong bases like sodium hexamethyl disilazane and sodium hy-
dride used in prior art, for preparation of nevirapine, thereby making the pro-
cess safe, cost-effective, and environment-friendly.

– Avoids load on the effluent treatment plant.
– Does not utilize dioxane as solvent, thereby making the process environment-

friendly.
– Provides a process, which utilizes toluene as solvent in Step-II, Step-III, and

Step-IV. The advantages accrued, therefore, would be low inventory of solvents,
easy recovery, and recycling of toluene. These factor, make the process of the
instant invention more cost-effective.

– Provides an API with acceptable limits of impurity profile.
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WO 2012/168949 A2 [39] claims to use less of expensive cyclopropylamine, if the re-
action is carried out with cheaper bases. The same claim is made in USP 8281025
[40]. Reaction time can also be optimized and it yields higher purity product.

USP 8212025 [40] is a further improvement on earlier processes through reduc-
tion of excessive amounts of cyclopropylamine, if the reaction is carried out in po-
tassium fluoride or trisodium dodecahydrate.

It is interesting to note that Gates Foundation funded an effort [41] to lower ne-
virapine manufacturing cost, even after 40 years. This work resulted in patent WO
2016/118586 A1 [42].

Generally, any cost reduction work, as stated earlier, in any company that is
producing the product would not be funded, due to two reasons: 1) too many com-
panies producing the same API [43]; and 2) extremely low return on investment
(ROI) per site, as shown in Tab. 4.6.

At the time of Gates funding, nevirapine demand was projected to be around
1,000+metric ton per year [44]. However, due to better combination of other HIV
drugs, the demand for nevirapine has significantly reduced. In addition, as there are
many nevirapine manufacturing sites [45], the benefits of better process, most likely,
will not be fully realized.

Patent WO 2016/118586 A1 [42] illustrates nevirapine synthesis Fig. 4.8.

Compared to other patents chemistry used in WO 2016/118586 A1 [42] is significantly
improved. However, even with chemistry improvements, productivity of the overall
process can be improved further, if the solvent use could be reduced. This can hap-
pen in different ways and depends on the selected solvent and the equipment used.
Again, since the chemistry could be practiced at many plants, every plant may not
offer this advantage that is offered by WO 2016/118586 A1 [42].

As has been stated earlier, especially in the manufacture of APIs, stoichiometry
and process optimization done on the laboratory scale unlike other fine/specialty
chemicals is the best and, may be, the only opportunity for the brand company
commercializing the product. Any drug that gets in the clinical trials can make

CAPIC + CYCLOPROPYLAMINONICOTINATE CYCLOR NEPIRAVINE

CAPIC = 2-chloro-3-amilo-4-picoline

CYCLOR = 2-(cyclopropylamino) nicotinamido-3’-amino-2’=chloro-4’-methylpyridine

Fig. 4.8: Nevirapine synthesis [42].
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optimization a challenge. Generic companies will improve the chemistry to maxi-
mize their profits. They only have to prove the bioequivalence and watch the prod-
uct impurity profile.

All of the above examples suggest that the chemistries developed for every new
API are continuously improved as they transition from brand (patent-protected) syn-
thesis to a generic drug. In addition to chemistry, how their physical properties are
exploited to simplify processing is also important. This combination directly impacts
the product’s manufactured cost. Metformin hydrochloride is used as an illustration
in later chapters.

4.2.3 Chlorosulfonylation reaction

The following is a comparison of two chlorosulfonylation reactions, As suggested
earlier, it is important that developers review the literature and issued patents, as
they develop economic processes. Stoichiometry of two chlorosulfonylation reac-
tions is compared in Tab. 4.11.

USP 7109203 [46] suggests use of acetic acid as a solvent. Unless acetic acid is
used further in any downstream reaction, it will be lost as waste. Use of a re-usable
solvent could be beneficial. This patent uses more-than-needed sulfur dioxide. Un-
reacted sulfur dioxide will have to be neutralized, and its salt would be disposed as
waste. USP 4464537 [14], on the other hand, suggests more economical stoichiome-
try with a reusable solvent. Thus, it is necessary for a laboratory development pro-
cess to consider the scenario “does the process developed in the laboratory has
minimum waste and is economic?”

Review of each of Tab. 4.11 chemistries illustrates that stoichiometry and sol-
vent use in the processes are significantly higher than needed. In USP 4464537 [14],
aqueous phase diazotization (step #1) can be easily controlled at 30–35 °C. A
chloro-hydrocarbon is used as a solvent in the second reaction step. This process
can be a batch or a continuous process. The reaction illustrated in Tab. 4.11 (syn-
thetic route of methyl 2-(chlorosulfonyl) benzoate) [14] has been practiced commer-
cially for the continuous manufacture of saccharin, since the early 1970s.

The same could be done for USP 7109203 [46], and a higher reaction tempera-
ture could accelerate the process. This is definitely feasible with today’s process
control technologies and equipment.

It is important to understand and recognize how sociochemicological [28] be-
havior of chemicals can be exploited to simplify manufacturing processes.

The following information, from the 1940s, is to illustrate that chemistry and
manufacturing technologies to produce drugs useful in treating various diseases had a
strong foundation. Process developers were cognizant of yield, quality, toxic and haz-
ardous nature of chemicals, materials of construction, and different unit operations.
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4.2.4 8-Hydroxyquinoline

Figure 4.9 represents 8-hydroxyquinoline and Figure 4.10 is its synthesis procedure
practiced by I. G. Eiberfeld Wuppertal. German process description and its English
translation are presented.

Tab. 4.11: Example comparing two similar chlorosulfonylation chemistries.

USP  [] USP  []

4-Bromo-2-chloroaniline

Diazotization Methyl Anthranilate

Diazotization

Chlorosulfonylation

Mole ratio

Key: amine . .

HCl . .

NaNO . .

SO . .

Solvent Acetic acid ,-Dichloroethane

CuCl . .

Key: chemical -Bromo--chloroaniline Methyl anthranilate

Properties

Mol. wt . 

Melting point (°C) ~ 

Boiling point (°C) 

Reaction product,
MP (°C)

– –

Fig. 4.9: 8-Hydroxyquinoline.
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Fig. 4.10: Hydroxyquinoline synthesis in German.
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Fig. 4.10 (continued)
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Fig. 4.10 (continued)
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Fig. 4.10 (continued)
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Synthesis of 8-hydroxyquinoline, Figure 4.9, is a simple reaction between O-
aminophenol and O-nitrophenol. Synthesis developed and commercialized by I. G.
Elberfeld Wuppertal is detailed in FIAT Final Report 940, September 30, 1946 [47].
Figure 4.10 is a copy of the synthesis in German. Its English translation, best effort, is
included. Work illustrated here tells us the extent of chemical technology development
in the era. It is produced by reacting O-aminophenol with O-nitrophenol using glyc-
erin as a solvent, in the presence of 94–96% sulfuric acid with glycerin as a solvent.

The process briefly described in this publication is a reaction of ortho nitrophe-
nol with ortho aminophenol, in the presence of concentrated sulfuric acid, with
glycerin acting as a solvent.

Translation of 8-hydroxyquinoline process

Oxychin 8-hydroxyquinoline (C9H7ON)

Procedure from I. G. Elberfeld Wuppertal October 1941
Production possibility 1,000 kg per month
Molecular weight 145 MP 72–74 °C soluble in dipropyl ether, benzene, acetone, methanol
According to Skraup’s quinoline synthesis, o-amido phenol becomes glycerin conc. sulfuric acid
and o-nitrophenol produced 8-oxyquinoline. The sulfuric acid is neutralized with sodium hydroxide
solution and soda, the oxyquinoline is suctioned off and purified by distillation.

Necessary raw materials
100 kg 8-hydroxyquinoline needs:
57.6 kg o-nitrophenol
229.5 kg glycerin
224 kg sulfuric acid 94–96%
90 kg o-amido phenol
900 kg ICE
600 kg caustic soda
52 kg sodium carbonate
Skraup apparatus (Geb. 18 B)
For production of 8-hydroxyquinoline
500 L reaction vessel with steam jacket reaction vessel
100 L iron measuring vessel with built-in smaller measuring vessel
3 sq. m. aluminum and V2A, and reserve cooler of same type
1,000 L reaction kettle fall boiler?
600 L iron measuring vessel for caustic soda
300 L iron measuring vessel for water
2 m2 Nutsche lined with stones
2,000 L bricked iron template
4 L getro dryers
Enclosed apparatus
1,000 L reaction vessel with steam jacket
1,000 L reaction vessel with water bath
Aluminum cooler 2 sq. m. cooling surface
Aluminum nutsche of 1 meter diameter
1,000 L template
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Manufacturing:

1) Condensation:

36.3 kg o-nitrophenol
143.4 kg glycerin
155.5 kg sulfuric acid 94–96%
56.25 kg o-amido phenol
36.3 kg o-nitrophenol and 143.4 kg glycerin
These were placed in a reaction kettle and heated to 118–120 °C. Then 12.5 L = 23 kg sulfuric acid
was added, the temperature rising to 130–133 °C. Now o-amido phenol 0.94 kg and sulfuric acid
1.2 L are added alternately 60 times over three hours. The temperature rose to 144–147 °C, and
was achieved by adding longer or faster portions maintained at this temperature. Higher temper-
atures result in lower yields. When everything had been entered, the batch was kept at the boiling
temperature for another 4 h. As a result of the elimination of water, the temperature drops back to
130–133 °C.

2) Processing of the condensation products

600 kg ice
About 300–400 kg of caustic soda
26–27 kg sodium carbonate
600 kg of ice are presented and enough water is added that can be left at rest (approx. 100 L).
While stirring, the portion that has cooled to 40–50 °C is pressed onto the ice and made slightly
acidic with about 300–400 kg of 30% sodium hydroxide solution. The last remainder of the acid is
bound with soda. The reaction must finally be soda alkaline (mtron alkaline poorly absorbable).
The temperature must not exceed 40 °C, otherwise the precipitated oxyquin (e. p. of pure oxychine:
73 °C) falls out in lumps and includes too much water and soda. The area is vacuumed, washed
with water and vacuumed dry.

3) Distillation

Apparatus:
1 1,000 L iron distillation kettle with direct gas firing and descending iron cooler
2 100 L iron templates with sight glass
1 100 L iron safety templates with water bath (collecting vessel for over sublimated oxyquin)
The distillation cannot be carried out for the time being; the distillate from the iron kettle is not
pure enough, and the small copper distillate in geb. 82 is completely worn out.

Commitment:
2 lots of raw hydroxyquine
Working method:
First, the water is distilled off without vacuum up to an internal temperature of 130 °C. Now, the
vacuum is connected and the oxyquin is distilled at 25 mm between 165 and 180 °C for 7–8 h. The
interior temperature is finally over 360 °C.
Yield 90–100 kg
45–50 kg per batch = 50–56% d. theoretical, based on amido u. nitrophenol = 75–83% of theory th.
only related to amido phenol. About 100 kg of o-amidophenol give 111 kg of 8-oxyquinoline

USP 4044011 [48] suggests the use of acrolein [49], a highly toxic material for the
synthesis of 8-hydroxyquinoline as a solvent. Due to acrolein’s toxicity, most pro-
cess developers, most likely, will use alternate solvents. Use of acrolein, a toxic
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chemical, as a solvent, needs to be avoided. Alternate manufacturing processes can
be developed by using some of the processing equipment reviewed in Chapter 8
and exploiting physical properties of the raw materials.

Preparation of phthalimide from phthalic anhydride is a simple reaction [50–53].
However, a patent review suggests that it can be synthesized in different ways lead-
ing to different end results. The simplest method would be feeding molten phthalic
anhydride and bubbling very slight excess of liquid ammonia in a small reactor
within a reactor, to give sufficient residence time for reaction completion Figure 4.11.
Liquid ammonia also reacts as the heat sink for this exothermic reaction, and melt
temperature accelerates the reaction rate.

4.3 Green process development

Based on the review of brand and generic company API patents earlier in this chap-
ter, a conclusion can be drawn that additional effort is needed to create environ-
ment-friendly processes. Effort has been applied to many chemistries/processes
that have been developed and commercialized. They are classified as “green chem-
istry and/or green manufacturing processes.” Such processes are simple and have
significant financial benefit [54, 55]. However, an effort to improve yield and solvent
use can be made as soon as the excessive use of solvent and less-than-expected
yield are recognized in the laboratory.

The process of using chemical reactants and solvents that are environment-
friendly begins in the laboratory from the very beginning of the development process.
This is a must for branded drugs as the opportunity to improve their process after the
molecule has entered drug trials seldom comes and can be a challenge, as the
changes might alter the molecule’s efficacy and performance. Process changes might
require regulatory review and that can be an expensive and cumbersome course.

Green processes might not be considered critical for the brand drug chemis-
tries, as the objective is to get the developed molecule to clinical trials and to the
market, as soon as possible. If an effort is not put in for environment-friendly pro-
cesses from the inception, the impact of lack of “green processes” on our environ-
ment can be significant. There will be consequences if such processes are practiced
[29–31]. Being “green” is not an ill-conceived mission but a noble cause. Such efforts

+ NH3 + H2O

Phthalimide + waterPhthalic Anhydride + NH3

Fig. 4.11: Single step conversion of Phthalic anhydride to Phthalimide.
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have been practiced by some, since toxicity and environmental impact of chemicals
have been recognized. They were nor labeled “green” but were called conservation
and yield improvements. Creation of a “green process” will be the legacy chemists
and chemical engineers leave behind, even if some are skeptical about the impact of
effluents on water, air, soil, animals and aquatic life. Road maps are discussed in the
following chapters.

Compared to brand drug producers, generic manufacturers have a much bigger
opportunity to create green processes. They have an advantage as well as a disad-
vantage. The advantage comes in the way of time in which they have to create an
environment-friendly process compared to the brand producers. Their manufactur-
ing cost will be lower than the brand molecule producer costs. The disadvantage
comes from the fact that there can be many producers of the same molecule, and
they cannot capitalize on economies of scale to take full advantage of their effort
[43]. Still, many generic companies strive to create better processes than brand API
producers. We see this scenario with the spade of patents that are filed with better
and economic chemistries. Generics can capitalize on the opportunity of economies
of scale. This is further discussed in Chapter 8 Road Map.

Being green requires dedicated thinking and application of fundamentals of
science and engineering, which are taught in most chemistry and chemical engi-
neering curricula. It also requires creativity and imagination to manipulate/mod-
ify unit processes [1] and unit operations [2] that are needed to create or simplify
chemical processes.

As was stated earlier, developers have to think that every chemistry and the
corresponding process will be a commercial success. If a process is developed with
such a mindset, most of the processes will be environment-friendly. A road map for
green API process development is outlined. The fundamentals of the map to green
(environment-friendly) chemistry will stay the same in most situations, though they
can certainly be modified to suit different process development needs.

4.3.1 Unit processes and unit operations

In the development of a “green manufacturing process” every unit process [1] and
unit operation [2] of a chemical process is crucial. We have to be cognizant of the
development work in the laboratory. Every reaction step in the development of a
chemical product has to be simple, so that each unit process [1] and unit operation
[2] is the simplest and results in the highest yield. It is all right to check the progress
of laboratory chemistry and process development by monitoring the conversion of
each reaction step and testing product quality.

However, this does not mean that one has to follow the same practice to monitor
commercial processes. If frequent process analysis has to be relied on for each step in
a commercial operation to produce a quality product, then it shows that developers
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did not completely understand the process and do not have command over the pro-
cess. There are opportunities to improve the process. Referenced articles [56–62] dis-
cuss some of the dos and don’ts of process development and improvement.

For establishing simple and efficient processes, I learnt that a basic rule of
thumb is that majority of the non-optimized multiple reaction processes will have a
yield of about 60–68%. This yield range might seem odd, but I came across this,
over and over. We were able to improve yields of such processes. Table 4.3 shows a
relationship of number of steps and their yields. Lower yields suggest that pro-
cesses are overly complex and need revised chemistries, conditions, and methods.
They present an opportunity to improve processes and their yields.

Lower yield means that the key raw material and associated reactants are pro-
ducing undesirable products that have to be properly treated and disposed. This
also suggests that the process stoichiometry needs to be reviewed and corrected.
Since chemicals have different levels of toxicity, their proper disposal becomes im-
portant, as they can harm the environment.

Reaction steps of a synthesis need to be reviewed individually and collectively
to develop a green process. Items listed in Tab. 4.12 can be used for such a review.
These are not necessarily in any order and are to be used as a guideline, not as a
rule. These have been discussed in Chapter 3 but are reviewed again, as they facili-
tate process development.

Tab. 4.12: Considerations for chemical process development.

1. Do we have the physical properties of each reactant and intermediate? Collection of this
information can be difficult. However, these are necessary for the design of every unit process
and operation.

2. Do we understand the total process feasibility? To do so, each unit process step has to be
reviewed individually and collectively.

3. Do we know the solubility of our chemicals? This applies to raw materials used and chemicals
produced in every reaction. It is an important processing criterion and can influence
separation and cycle times, significantly.

4. Is the stoichiometry optimized? This can be difficult initially, but with experience,
becomes second nature. Product cost and profitability are reflection of stoichiometry.

5. Is the heat and mass balance known? Again, this is necessary, as they will be used to design
respective unit operations. We can use the heat of reaction (exothermic and/or endothermic)
in the reaction process and the subsequent unit operation.

6. Are the reaction kinetics understood and applied to simplify the process? Our effort should be
to achieve zero-order reaction. It will reduce reaction time and improve conversion yield.

7. Can a single solvent in addition to water be used for the whole process? This economizes
solvent recovery and the related investment. Relative physical properties of the solvent and
water can facilitate the separation process.
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4.3.2 Mass balance

Mass balance is the landscape of the process and gives the developers and engi-
neers the fundamental information that is needed for process commercialization.
Table 4.13 is a typical example. This information is necessary for every process and
is needed to simplify, create, and design an economic process. It is also needed for
product cost and waste disposal information.

Tab. 4.12 (continued)

8. Can we eliminate the isolation of intermediates?

9. Are the raw materials to be used easy to handle? Liquids are easy to handle, and if solid raw
materials can be solubilized, batch or continuous processing will improve. Ref: Chapter 3.

10. Are the safety requirements met, and is the process safe?

11. Does the process meet all environmental standards?

12. If the process developers were operating the process, what process modifications and/or
additions would be included to make it the simplest? This may seem to be an unnecessary
exercise, but it is important. Simplicity of processing is critical and allows us to reduce
processing time and have an environment-friendly process. Having hands-on experiences in
scaling up processes that are developed in our laboratories can be the most educative
experience in process simplification and commercialization of a chemical synthesis.

Tab. 4.13: Typical mass balance.
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4.3.3 Solvent selection

As discussed in Chapter 3, solvents are a necessary part of every reaction. They are
facilitators of every process. Efforts have to be made to minimize the solvent use in
every reaction. This can happen if the solubility of every solid raw material and re-
action product/s in the used solvents is known. Completely dissolved/solubilized
chemicals facilitate thorough mixing and highest reaction conversion.

Water is the most obvious choice but, generally, in the development of API pro-
cesses more than one solvent in addition to water are used. Patents reviewed [35–
39, 46] are a typical illustration. If processes based on these patents were to be com-
mercialized, they will, most likely, be the “ungreen” processes.

In order to have a “green process” in addition to water, every effort has to be
made to use no more than one additional organic solvent. It may be considered a
Herculean task, but is doable. To have a green process, it is not only necessary but
should be demanded that the developers know, use, and capitalize on mutual be-
havior of solvents to minimize their number and variety. As discussed in Chapter 3,
by having a complete understanding of chemical’s mutual behavior, chemists and
chemical engineers can simplify the manufacture of APIs. In Chapter 8, alternate
processes/methods to lower the solvent use are reviewed.

Solvent selection also depends on how the used solvent will be recovered/re-
cycled. There are three ways, and they are:
1. Filtration of solid products
2. Azeotropic distillation
3. Density-based separation

As stated earlier, solvents are reaction facilitators, and thus, their selection impacts
the API manufacturing process.

4.3.4 Stoichiometry

Every reaction has a theoretical and actual mass balance. Actual mass balance tells
us the real status of every manufacturing process. It is necessary to review the two
to see how the process chemistry can be simplified. Certain excesses of raw materi-
als are necessary to maximize the reaction step yield. However, too much excess of
materials means that there will be unwanted byproducts that would have to be
removed from the process to ensure that the desired product meets its quality
expectations.

Sometimes rationale for excessive use of participating reactants is not known
or understood. However, too much excess can add undue processing complexity.
Comparison of USP ‘203 [46] and USP ‘537 [14] suggests excessive use of hydro-
chloric acid and sulfur dioxide. Excessive hydrochloric acid and sulfur dioxide used
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in USP ‘203 [46] would have to be neutralized and would be part of effluent. USP
‘203 [46] uses acetic acid as a solvent and would have to be neutralized and end up
as part of the process waste. USP ‘537 [14] uses 1,2-dichloroethane as a solvent. Its
solubility [63] in water is low, and it can be separated from the reaction mass easily,
due to its density difference.

It is interesting to compare the theoretical and actual use of reactants in the
first two steps of USP ‘203 [46]. Theoretical moles of hydrochloric acid, NaNO2, and
sulfur dioxide used in USP ‘203 are 2.0, 1.0, and 1.0. However, in the patent, the
respective moles used are 14.0, 0.97, and 25.9, suggesting opportunities to simplify
the process. In addition, comparison of two similar reactions, ‘USP ‘537 [14] and
‘203 [46] suggests that ‘USP ‘537 [14] is definitely an eco-friendlier process than USP
‘203 [46]. Such analysis and review of every single processing step individually and
collectively is necessary. They suggest how the processes can be simplified.

Creating a “green chemistry/process” is not just about having knowledge, un-
derstanding, and command over mutual behavior of chemicals and their interaction
to produce APIs. All these have to be applied to have green chemistry or green pro-
cess. Effort, creativity, and imagination are needed to apply them in combination
for a green process. An observation that cannot be missed is that most of the chem-
istry patents developed by generics for the brand drugs have progressively moved
to using less toxic and environment-friendly solvents. Such efforts have to con-
tinue. In addition, the chemistry has to be such that it can be easily translated in to
a viable economic manufacturing process. Translation of the chemistry to a “green
process” requires creativity and imagination besides having application knowledge
of chemical engineering principles.

Abbreviations

FDF Finished dosage form

BHT Butylated hydroxy toluene

S&E Service and expense

MMF Mycophenolate mofetil

TLC Thin-layer chromatography

HMDS Hexamethyl disilazane
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Chapter 5
Manufacturing process development
and case studies

It takes a whole village for an innovation to be developed, launched, and adopted.
— Edmund (Ned) Phelps, Nobel Laureate

In earlier chapters, the value of capitalizing on physical and chemical properties of
raw materials and chemistries of different intermediates and manufactured prod-
ucts have been emphasized. In this chapter, discussion is about how different unit
operations [1, 2] which through exploitation of physical and chemical properties of
the reactants that are used and produced in different unit processes [1, 3] can create
viable, economic, and green processes. Each chemistry must be optimized to be eco-
nomic and green and must result in process that will produce the desired quality prod-
uct. Reaction steps give us clues about how to simplify the manufacturing processes.
These clues are also explored. APIs (active pharmaceutical ingredients) are fine/spe-
cialty chemicals that are used to cure diseases and dispensed in solid (tablet), liquid, or
ointment form.

Theoretically, brand and generic API manufacturing processes should be opti-
mized to have the highest yield, that is, be green. However, laboratory synthesis
processes for the brand molecules, most of the time due to the need for speed to
market, are not optimized. Yields as low as 10% are not out of the realm of reality
[4]. This is due to brand API’s monopoly for the length of the patent and their finan-
cial contribution to the drug’s selling price (Tab. 5.1). Generic APIs, compared to
brand APIs, are relatively more optimized and greener but not to the extent that is
possible. Like brand API, generic API’s financial influence on the generic drug sell-
ing price is minimal. Table 5.1 is an illustration of generic drug prices. Later, in this
chapter, API and the formulated cost for Tecfidera (dimethyl fumarate) versus its
list price are reviewed (Tab. 5.20). Similar cost estimates can be done for every API
and their formulations.

Due to API’s miniscule financial contribution on the drug selling price, illus-
trated in Tabs. 5.1, 4.5, and 2.4, it is not necessary to optimize their chemistries and
manufacturing processes. This is also true for brand drugs with a priority to get to the
market. However, many generic API producers generally commercialize their own de-
veloped process for the same API after the API patent has expired or lost its patent-
ability. Since generic producers compete with other API producers, their processes
must be optimized for the selected chemistry and have to be profitable. High yields
and waste minimization are an excellent way to stay in business. Continuous process
improvement is necessary and beneficial.
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Brand API producers, like generic producers, due to environmental and safety
considerations may make an effort to optimize their processes, make them green,
but that is not a priority. However, as stated earlier getting to the market is. Since
the cost of API, as stated earlier, does not have much influence on the drug’s selling
price, most consider that process economics is not a factor in process development
and optimization. In addition, it is well known that once the NDA (new drug appli-
cation) application has been submitted to the regulators, it is expensive to make
any changes to the process to economize or make the synthesis green [6]. Since
companies have to prove that any change made to the process has not changed
product’s efficacy and performance, this becomes a deterrent for improvements.

5.1 Commercialization of APIs

Independent of who produces the brand or the generic drug API, to have an eco-
nomic and green process (a new way of saying that the process has to have the
highest yield and minimum waste) that will produce repeatable quality product, it

Tab. 5.1: Relationship of API prices to generic drug’s selling prices [5].

Drug Metformin
HCl

Ciprofloxacin Generic
levothyroxine

Atorvastatin

API cost, $/kg [] . . . .

Inert excipients, $/kg (@%API
cost)

. . . .

Conversion cost, $/kg (@%API
cost)

. . . .

Profit (@ % above) . . . .

Total, $/kg . . ,. .

Average dose  mg  mg . µg  mg

Formulator sale price per tablet, $ . . . .

Patient purchase price ($/tablet )

Walmart . . . .

Rite-Aid
With insurance

. . . *** .

Rite-Aid
Without insurance

. . . .

Brand Levothyroxine with co-pay  µg price ≅$. per  µg tablet.
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takes a “VILLAGE” [7, 8] to master, exploit, and capitalize on every interaction and
property of each chemical and translate them to viable and economic process.

“VILLAGE” includes a team of chemists and chemical engineers, financial ana-
lysts (accounting), supply chain professionals, quality control, maintenance, compli-
ance/regulatory, and manufacturing at a company to think about and commercialize
manufacturing processes. Chemical engineers and chemists are the Picasso, the Mi-
chelangelo, the Zaha Hadid, the Gaudi, or other artisans of their process development
and designs. Their designs are emblematic of their learning, creativity, and imagina-
tion. They use their training including their capabilities to exploit mutual behavior of
chemicals and creatively extend equipment performance to design excellent eco-
nomic processes [9] that will produce quality products.

In addition, each development chemist from the onset has to consider that their
developed process will be commercialized even when it is well known that most of
the laboratory developed processes will need to be reconfigured for a commercial
process. The process of continuous improvement gets instilled. For commercializa-
tion, necessary process engineering principles will have to be applied for scale up.
Process centricity must be the focus [10, 11]. Some may not agree with this perspec-
tive and also might not agree that such an effort is necessary. However, such an effort
is not only essential but critical as it expedites product commercialization and facili-
tates compliance with cGMP [12] and every other regulation. Members of the “VIL-
LAGE” have to challenge the stoichiometry and unit operations from the start. This
results in process optimization and simplification. Such an effort will also result in
process that will produce good quality products repeatedly.

Review of drug molecule chemistries in Chapter 4 and elsewhere [4, 6, 13, 14] rein-
forces that most of the API syntheses as developed in the laboratory are complex and
without simplification, and they will be cumbersome to scale up and commercialize.
Many a times, the laboratory process will have to be modified to fit in the existing
equipment [15, 16] that is not designed for the process. Use of the existing equipment
can happen for any of the following reasons:
1. Most APIs have the production volume that can be produced at a single site to

meet global patient needs (Tab. 4.4) but they are produced at many sites [17, 18].
Companies producing these products must modify their process and thus will
lack the value of economies of scale. In addition, as stated earlier, API selling
price does not have any impact on the drug selling price, preventing capitalizing
on such values.

2. With the current industry overcapacity [19–22] and <50% asset utilization, no
company wants to invest in dedicated equipment for a single API process that
will operate for only a few moths per year. If they did, equipment would be idle
as it would not be suitable for any other products. Alternates are available and
discussed later.
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Since the chemistries are fitted in the existing equipment [15, 16], they pose addi-
tional challenges for scale-up. These challenges can come from not having the most
fitting or suitable unit operations (proper equipment, reactor type (size, materials of
construction), heat exchange capacity, drying including spray drying, distillation,
crystallization, etc.) needed for the production. Inventiveness, as explained later,
can lead to consolidation and efficient manufacturing and can become the norm.

Involvement of chemists and chemical engineers, as suggested earlier, in the lab-
oratory development can also facilitate continuous improvement processes for the
API manufacturers as they know every nuance of the equipment used [6, 8, 23, 24].
Their expertise is of extreme value when there are manufacturing upsets or issues.
The process of continuous improvement could also be used by the brand APIs, if reg-
ulators hold producers accountable for every improvement [25]. For this to happen,
stricter regulatory measures would be necessary.

It is possible that the brand companies might not be interested in “continuous
improvement process” due to the limited time left in the patent life after the drug
has been approved for which they may have to spend additional money to assure
regulators that the product efficacy has not changed.

Engineers and chemists involved in the process have to understand every reac-
tion step, physical properties of the reactants and products produced, and translate
them from the lab scale (grams per batch) to kilograms per batch or kilograms
per hour scale. Many in the pharmaceutical industry might not agree. Development
of small-molecule API starts and does not finish with the development chemistry at
the lab bench. Only in rare cases this may not be true. In reality, the commercializa-
tion process just begins with the thought of synthesizing a new molecule. It contin-
ues till the final manufacturing process is commercialized.

Pathway and elements reviewed in Fig. 5.1 illustrate the laboratory to commer-
cialization process. Each of the following elements is generally incorporated in
product and process development, scale-up, commercialization, and simplification.
Again, to reiterate these elements work in parallel to reduce production time, im-
prove yield (reduce waste) and product quality, and lower product cost. Companies
also have to be proactive to changes but on the pharmaceutical landscape the re-
lated costs can be a deterrent. Elements outlined in Fig. 5.1 can be modified to suit
individual company needs.

5.2 Considerations for scale-up

There are considerations that are used in scaling up every chemical reaction product
to the final product. Many books have been written on the subject [2, 3]. Engineers
are taught to take their learning from the laboratory to commercial-scale production
through scale-up exercises. Books do not teach how to exploit physical and chemical
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properties and mutual behavior of chemicals. This interaction is learned through ex-
perience and inference [7, 24]. Many other resources are available.

5.2.1 Role of process equipment and mutual interaction of chemicals
in pharmaceuticals

Process equipment and chemicals used and produced in API manufacturing have
their selective roles in the manufacture of API and each influences manufacturing.
Similarly, chemicals used and produced in every reaction have mutual behavior
that influences processing steps [2, 3, 8, 24]. It is necessary that the process devel-
opers understand and exploit mutual and collective behavior of chemicals and the
processing equipment to create optimum cost-effective processes. Overemphasis is
necessary.

Fig. 5.1: Steps involved in API commercialization.
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5.2.2 Role of process equipment

Processing equipment evolution began over 200 years ago when liquids and solids
had to be mixed and reacted to produce chemical products that had values. Most
likely it all started with laboratory glassware. As explained in Chapter 1, many API
producers and their formulators started as fine/specialty chemical companies.
Some became pharmaceuticals and others remained chemical producers that facili-
tated lifestyles. Since the equipment and chemicals used in both industries are sim-
ilar, commonalities of manufacturing have remained.

Evolution of metallurgy, glass technologies, and mechanical engineering led to
better processing equipment for chemical production which has significantly im-
proved manufacturing. Better understanding of physical properties, for example,
boiling point, melting point, viscosities, solubilities along with agitation, heating,
cooling, and other behaviors such as heat of reaction and reaction rates led to the
creation of unit operations [1–3]. These have facilitated production of different
chemicals. Even with these advances, transition from laboratory to a commercial
manufacturing still requires understanding of mutual behavior of chemicals and
how best to incorporate them to create economic and eco-friendly processes.

Once the chemical reaction mass balance equations are prepared, laboratory glass-
ware is the first place where the chemistry and the reactions can be tested and experi-
mented. This practice started over 150 years ago by fine/specialty chemical companies
still is the way chemical syntheses are developed. Since most small-molecule APIs are
fine/specialty chemicals, their synthesis chemistries and manufacturing methods are
also similar. Due to this similarity, processing equipment that was developed and
used in the fine/specialty chemical industry is also used in the pharmaceutical
API manufacturing and their formulations.

Glassware used in the laboratory gives developers clues about the processing
steps. They are an excellent place to explore possibilities but are the last place to cre-
ate an excellent process. After proving feasibility, laboratory developed synthesis
must be married with the process equipment to create an economic and eco-friendly
process. Unit processes [1, 3] and unit operations [1, 2] used in the fine/specialty
chemical industry are also used for the pharmaceutical ingredients also.

Since the unit operations/processes used in fine/specialty chemical manufacturing
technology have been successfully worked in the manufacture of APIs, their use has
continued. Pharma’s focus has been to assure and retain product quality. Not much
effort has been made by the pharmaceutical industry to develop or improve any of the
established practices. In addition, once the product is commercialized, a need for con-
tinued process improvement leading to any cost reduction in API manufacturing and
their formulations, as explained in earlier chapters, is not considered necessary.

Another reason for lack of manufacturing technology innovation in the pharma-
ceutical industry has been the excess of idle capacity that is available at various ge-
neric API manufacturing sites throughout the world [19, 20]. Not many companies
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want to invest in capital equipment that does not have adequate return on invest-
ment. Thus, the processes are fitted [15, 16] in the existing equipment. Many a times,
such processes are not the most productive. As said earlier, API manufacturing costs
do not have much influence on the drug selling price. As a consequence, investment
in appropriate technology is difficult to justify for the brand and the generic API pro-
ducers. However, there are opportunities that are discussed later in this chapter.

5.2.3 Stoichiometry, mutual interaction of chemicals, and reaction mechanism

Since the laboratory experiments are on milligram to kilogram scale, equipment
used in the laboratory, depending on chemistry, does not give sufficient informa-
tion to exploit reaction mechanism/s, physical and chemical properties, and mutual
behavior of chemicals. Stoichiometry that makes the basis of a process also outlines
the reaction mechanism which gives the developers and designers clues on how the
commercial process should be executed. These do need to be tested in the labora-
tory. As suggested earlier, all of the interactions have to be understood, learned,
translated, and extrapolated to create excellent commercial processes that produce
quality products. Experience of chemical engineers and chemists is of high value,
as they begin the scale-up process. Application of principles of organic, inorganic,
physical chemistry and interactive behavior of chemicals is necessary.

Every chemical reaction has its own nuances which are not clearly obvious to
everyone who is not associated with the reaction chemistry and its development. At
times, even the experienced chemists and chemical engineers can miss subtle
clues. As discussed in Chapter 3, fundamental to chemistry is the changes occurring
when chemicals interact. Reaction mechanisms tell us how each reaction should be
conducted. They also suggests the sequence of raw material addition. Their recogni-
tion and exploitation is of value. They also tell us where the chemicals are added
and/or removed in a reaction process. This knowledge facilitates and simplifies
manufacturing processes. Such nuances get augmented by mutual solubility or the
lack of it. Even the reaction processing temperatures influence their behavior. All of
the information generated can be exploited in the scale-up process only.

In the laboratory experiments, raw materials are added to the glassware and
feasibility of reaction and approximate yields are determined. This is an excellent
start. However, the sequential raw material addition which can be done in a pilot
plant or a production plant cannot be tested in the laboratory glassware. Labora-
tory-developed stoichiometry has to be translated and scaled up to a real process. It
is necessary to compare the laboratory stoichiometry to an optimized stoichiometry
and costs to evaluate the real results are quantified when the process is designed,
scaled up, and commercialized. Following are examples of reactions where the re-
action mechanism tells us how to take advantage of the reaction mechanism but
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the size or methods emulate the laboratory glassware and it is not easy to replicate
the reaction mechanism.

In most of the reactions, either of the following can happen. Concepts discussed
here are applicable to the production of every API. One of the basic considerations
must be how the liquid/solvent used in the process can be minimized. Some of the
options are as follows:
1. Reactant/s acting as a solvent at room temperature
2. Reactant/s acting as a solvent at its melting point
3. Sequential addition of reactants to capitalize on reaction mechanism
4. Using reaction product/by-product as a solvent
5. Catalysts can be solid or liquid but need an appropriate liquid media for mixing

Melting points and mutual solubilities can be used to facilitate production. If their
value is not recognized and not incorporated in the processes properly, the reaction
yields can be significantly lower and reaction times significantly longer. Mastering
and using the information give the process designers an opportunity to create sim-
ple and eco-friendly processes. Since many of the same APIs are produced by many
companies, value of economies of scale is lost and many cannot fully [18, 26] ex-
ploit all of the nuances discussed.

Every reaction is carried out in liquid media. Solvents (water or organic) are the
facilitator. Raw materials are either all liquid or solubilized or slurried solids. In
scale-up from laboratory to larger scale, use of liquids, as a reactant or solvent, has
a major impact on the reaction productivity and process. In most of the laboratory
processes, solvent use generally ranges from 25% to 45%. This level of use in the
laboratory is to prove feasibility of the process. Having proven reaction feasibility,
it is scale-up chemist’s or engineer’s job to minimize or eliminate solvent use while
maximizing productivity. Their use can be reduced and/or eliminated if the reac-
tants can be used as a melt and the products are liquid also. This is discussed later.
Laboratories do not have the right and/or the necessary equipment to explore and
show value of physical properties of the chemicals involved. Engineers and chemists
involved in the scale-up have to exploit these. How these get exploited depends on
product volume, raw material melt temperature, its supply, and use methodology.

Water should be the preferred solvent [27]. If this is not possible, every attempt
needs to be made to limit the use of organic solvents to one additional solvent be-
sides water. Such an effort reduces effluent and minimizes environmental impact. If
the reaction needs an organic solvent besides water, its separation methods (azeo-
tropic distillation and water insolubility and separation as discussed in earlier
chapters) should also be part of the selection process. Solvent selection due to phar-
maceutical product quality can be a challenge.

Addition of reactants has a certain safe mixing sequence. Adverse consequences
can result if the sequence is not followed. Simplest example is dilution of concentrated
inorganic acid. Acid is added to water that is under agitation not the other way around.
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Water added to concentrated acid due to the generated exotherm can lead to localized
heat and eruption. If the localized exotherm is not dissipated or controlled, it can dis-
color the product. Runaway reactions can result in explosions. Each chemical reaction
and addition sequence give us clues that we have to respect for safe process design.

Melting point of products can be of value if the reaction temperature is above
the melting point of the products. An example is reviewed later in this chapter.

How the designers use and manipulate each of the above characteristics im-
pacts the process design. These are extremely critical factors in the process selec-
tion and the process design. API production volume influences the process design.

Synthesis of a few API are reviewed to understand what they tell us and how
the information discussed above can be used to simplify the scale-up and commer-
cialization process. Some of these are high volume products but since many compa-
nies produce them, value of economies of scale is lost [18, 26]. Chemical engineers
and chemists well versed in scale-up can further refine, design, and commercialize
processes that are economic. Analysis done here can be extended to other products.
The purpose of review is not to be critical of any method(s) but to remind ourselves
that every chemical reaction has to be conducted safely.

5.3 Dimethyl fumarate

As reviewed in Chapter 1, dimethyl fumarate was initially used as a fungicide in
Germany and now it is also used for psoriasis. Process chemistry and design for this
product is a classical chemical engineering exercise that requires application of
principles of chemistry, chemical engineering, and process control.

National Psoriasis Foundation estimates [28] that about 2–3% of the global pop-
ulation suffers from psoriasis, a skin disease. Using this one can guesstimate the
global need for the API, illustrated in Tab. 5.2. Table 5.2 is a calculation of the di-
methyl fumarate API volume needed per year to serve the needs of about 10% (pure
speculation) of the global population suffering from psoriasis, provided it is afford-
able. With about 1.35 million kg/year market, the global demand can be produced
at one or maximum two plants. However, based on traditions of the pharmaceutical
industry, dimethyl fumarate is being produced in multiple plants [29].

Synthesis and stoichiometry outlined in patents and literature [30–34] using
maleic anhydride or fumaric acid are reviewed. Each route is simple. Maleic anhy-
dride (Fig. 5.2) and fumaric acid (Fig. 5.3) are converted to monomethyl fumarate
which is subsequently converted to dimethyl fumarate. Either of the routes can be
used in a continuous or a batch process. Fig. 5.4 is the stepwise reaction mechanism
of fumaric acid to dimethyl fumarate conversion.

Table 5.3 illustrates physical properties of the major chemicals used and pro-
duced in either routes to the final product.
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Two maleic anhydride-based chemistries are illustrated in Figs. 5.5 [31] and 5.6
[34] and show their reaction mechanisms.

Anyone knowledgeable and experienced can capitalize on physical properties
to create a simple process. Fumaric acid route generates an extra mole of water

Fig. 5.2: Maleic anhydride to dimethyl fumarate.
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Fig. 5.4: Fumaric acid to dimethyl fumarate [30].

Tab. 5.2: Global dimethyl fumarate market size.
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Fig. 5.3: Fumaric acid to dimethyl fumarate.
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than the maleic anhydride process. Additional water has to be properly disposed
and would add cost to the process.

Methanol and sulfuric acid are common in either route. Price difference and availabil-
ity between maleic anhydride and fumaric acid would be the cost driver. Since maleic
anhydride is a widely used commodity chemical, one can speculate that its price will
be lower significantly than fumaric acid, giving it a cost advantage.

In their respective laboratory processes, formic acid and maleic anhydride are
slurried and converted to the product and purified to yield the final, desired material.
Maleic anhydride due to much lower melting point offers the option of use as a melt

Tab. 5.3: Physical properties of chemicals for dimethyl fumarate.
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Fig. 5.5: Maleic anhydride to dimethyl fumarate [31].
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Fig. 5.6: Maleic anhydride route [34].
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but still requires specialized setup in the lab or the pilot plant to test the concept. Due
to limitations of the laboratory equipment, this can be a challenge. It is possible that the
suppliers would not have this information and it would have to be generated. Solubility
of maleic anhydride in methanol would give this route a distinct process advantage.

Cost analysis of dimethyl fumarate based on maleic anhydride route [34] is il-
lustrated in Tab. 5.4. Service and expense is the conversion cost that includes
hourly and salaried labor, utilities, maintenance, and allocated charges. Cost of sol-
vent per kilo is not included. Minimal and optimized use will not add significant
cost. Selling price in Tab. 5.4 is the price if dimethyl fumarate was a fine/specialty
chemical. Similar analysis can be done for the alternate routes considered for any
API. Such analyses facilitate process selection choice. Actual selling price of di-
methyl fumarate is much higher, Chapter Two [35] than shown in Tab. 5.4.

Chemistry and processing of Fig. 5.5 can be simplified by substituting sulfuric acid
for thionyl chloride Fig. 5.6 [34] to produce dimethyl fumarate. This process elimi-
nates handling of aluminum chloride (AlCl3), a significantly more hazardous and
challenging material to handle compared to sulfuric acid. A choice might have to
be made between AlCl3 and thiourea for the conversion of maleic anhydride to
methyl hydrogen fumarate, Fig. 5.5 and Fig. 5.6.

Based on tradition, the process would be scaled up using the available reactors.
For scale-up and commercialization, chemical engineers will recommend/choose the
best process to meet the market need. Reaction kinetics will clearly define the process
and the needed equipment. Process controls are available to control stoichiometry

Tab. 5.4: Cost analysis of dimethyl fumarate.

Mol. wt Moles Kilogram Price ($/kg) $/kg

Maleic anhydride   . . .

Methanol  . . . .

Thio urea  . . . .

Sulfuric acid  . . . .

Dimethyl fumarate  Yield %  .

Service and
expense

% .

Total .

$/kg .

Profit % .

Selling price .
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and operating conditions. Batch manufacturing process instructions would be pre-
pared based on the selected chemistry. These would have to be tested on the selected
equipment and may have to be modified for the desired yield and assure product
quality.

Based on global API requirement (Tab. 5.2), all of the needed dimethyl fumarate
can be produced at a single plant using a continuous process. Multiple sites would
be needed for its formulation. Figure 5.7 is a schematic diagram of a potential com-
mercial process.

Separate and concentrated slurries of maleic anhydride and methanol and thio-
urea and methanol [36] can be produced continuously. They will be metered in the
stoichiometric ratios to reactor 1. Separately, methanol and sulfuric acid mixture is
prepared and reacted with monomethyl fumarate from reactor 1 to produce di-
methyl fumarate. Kinetics of each reaction step has to be determined in the labora-
tory and tested in the pilot plant to see how the reaction can be accelerated.

Reactors 1 and 2 can be recirculating back mix pipeline reactors that have the
needed residence time along with inline regular shell and tube or plate and frame
or electrically heated heat exchangers to maintain the desired reaction temperature.
Inline static mixers can be effectively used. The needed residence time will dictate
the size. Such reaction schemes have been used since the mid-1960s for many reac-
tions for many products.

The concept presented here is not new and can be refined, scaled up and commer-
cialized. As stated earlier, the scale-up process begins in the laboratory and use of
smaller scale process equipment due to significantly lower API volume needs can be
used to produce most products. This concept will be further discussed in this and later
chapters.

Fig. 5.7: Schematic flow diagram for continuous dimethyl fumarate.
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5.4 Hydrochlorothiazide

Hydrochlorothiazide (HCTZ) is another fine/specialty chemical that prevents body
from absorbing too much salt, which can cause fluid retention. It is a high-volume
diuretic drug that makes the top 20 drug list [37].

HCTZ synthesis is classical organic chemistry illustrated in Fig. 5.8. Physical
properties of the chemicals used in the synthesis are illustrated in Tab. 5.5.

Fig. 5.8: Synthesis of hydrochlorothiazide [38].

Tab. 5.5: Physical properties of chemicals for hydrochlorothiazide.

Chemical CAS Chemical
formula

Mol. wt. MP (°C) BP (°C)

-Chloroaniline -- CHClN . −. –

Chlorosulfonic acid -- ClHOS . − –

-Amino--chlorobenzene-,
disulfonyl dichloride

-- CHClNOS . – 

Ammonia -- NH  − −

-Amino--chlorobenzene-,-
disulfonamide

-- CHClNOS . –

p-Formaldehyde -- OH(CHO)nH
(n = –)

 

Hydrochlorothiazide -- CHClNOS . 
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In Step 1 of the hydrochlorothiazide synthesis, theoretically 2 mol of chlorosul-
fonic acid reacted with 3-chloroaniline to produce 4-amino-6-chlorobenzene-1,3 di-
sulfonyl dichloride. First, two reactants are liquids and result in the formation of a
solid product (4-amino-6-chlorobenzene-1,3 disulfonyl dichloride). USP 2965675
[39] points to conducting the reaction at high temperature. This can be beneficial as
it can minimize the solvent use. USP 3161675 [40] issued to Merck & Co. issued in
1964 and USP 3326908 [41] issued to Schering Corp. outline additional methods for
the production of sulfonamide. A solvent might be necessary to assure a slurry for
the reaction with liquid ammonia. In step 2, as the liquid ammonia evaporates, its
feed rate can be metered to control the heat of exotherm and the reaction tempera-
ture. Step 3 may require a solvent [42, 43]. Chemists well versed in different synthe-
ses can optimize the process. Testing of reactions at higher temperatures than
suggested in the literature and patents needs to be explored as it can define better
reaction conditions.

Since hydrochlorothiazide is a high-use product [37], it is of value to estimate
its global need. Table 5.6 is an illustration. To meet the global needs of about 2%
population, a single plant using a continuous process would suffice.

If the demand increases, the single plant can be optimized to meet the needs or an
additional plant can be used. Currently, about 50 plants [44] are producing the API.
None of them benefit from any economies of scale.

5.5 Benchmarking of chemistries

Benchmarking of similar chemistries is an excellent tool for the development of eco-
nomic processes. It also implants various ideas and concepts that can be incorpo-
rated by chemists and chemical engineers in developing new chemistries. Two
different chemistries that involve diazotization and SO2 reaction steps for the pro-
duction of sulfonyl chloride-type molecules are reviewed.

Tab. 5.6: Yearly HCTZ (API) need.

Global population

Dose, mg

Days/yr.

Total API, Kg./yr.

% using HCTZ

7,800,000,000

2.00

12.5

365

711,750.00
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5.5.1 USP 7109203

USP 7109203’s [45] chemistry is reviewed and compared to a similar reaction chem-
istry. Partial reaction of Example 1 of USP ‘203 is as follows and Fig. 5.8 describes
the theoretical stoichiometry. Table 5.7 lists physical properties of chemicals used
in step 1 of example 1.

A stirred solution of 4-bromo-2-chloroaniline (3.99 g) in acetic acid (90 mL) at 15 °C is
treated with concentrated hydrochloric acid (22 mL), followed by a solution of sodium
nitrite (1.29 g) in water (4.5 mL) at 10 °C. After 30 min, the mixture is added to a
stirred solution of sulfur dioxide (32 g) and copper II chloride (1.3 g) in acetic acid
(128 mL) and water (6.4 mL), also at 10 °C. After stirring for a further 16 h, the mixture
is diluted with ice-cold water (500 mL) and extracted with ethyl acetate (4× 100 mL).
The combined extracts are washed successively with water (4× 100 mL) and then
brine, dried over magnesium sulfate, filtered, and evaporated to give crude 2-chloro
-4-bromobenzenesulfonyl chloride [CAS# 351003-52-6].

Tab. 5.7: Physical properties of chemicals for step 1 of Example 1.

Chemical CAS Chemical formula Mol. wt MP (°C) BP (°C)

-Bromo--chloroaniline -- CHBrClN . – .

Hydrochloric acid, % -- HCl . − 

Sodium nitrite, % -- NaNO  − 

Sulfur dioxide -- SO  − −

Copper II chloride -- CuCl .

Fig. 5.9: Partial chemistry of Example 1 of USP 7109203.
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A review of the stoichiometry mentioned in USP ‘203 suggests that large stoichio-
metric excess of sodium nitrite, hydrochloric acid, sulfur di oxide, and copper(II) chlo-
ride are being used. In addition, acetic acid is being used as a solvent. It has no value
in the reaction. If the process, as defined, is to be commercialized, a significant effort
to redefine the chemistry would be needed. As is, there will be significant cost added
due to acetic acid that adds no value to the reaction. It also adds cost to the process as
it has to be disposed. Catalytic amount of copper(II) chloride is needed. Copper salt
can be recovered and reused, provided the product warrants such recovery.

Stoichiometry of USP ‘203 can be compared with stoichiometry of USP ‘537 Tab.5.9.

5.5.2 USP 4464537 [46]

About 76 g (0.5 mol) of methyl anthranilate and 135 g of an aqueous sodium nitrite
solution (containing 0.5 mol of NaNO2) were added gradually in the course of
30 min to 196 g of 30% strength by weight aqueous hydrochloric acid (=1.61 mol of
HCl) from −5 to +10 °C. The diazonium salt solution was then brought into contact
with a solution of 200 mL of 1,2-dichloroethane and 42 g (0.65 mol) of SO2 for
10 min at 20 °C, with vigorous stirring.

About 5 g of an aqueous CuCl2 solution (containing 0.9 g of Cu = 0.014 mol) was
added to the reaction mixture, which was then heated to 50 °C, in the course of
which a vigorous stream of N2 was evolved. This process step required 80 min, after
which the aqueous phase was separated off.

Tab. 5.8: Stoichiometry of step 1 of USP 7109203.

Chemical Chemical formula Mol. wt Grams Moles Mole ratio Theoretical

-Bromo--chloroaniline CHBrClN . . . . .

Hydrochloric acid, % HCl . . . . .

Sodium nitrite, % NaNO  . . . .

Sulfur dioxide SO   . . .

Copper II chloride CuCl . . . . ??

CO–OR CO–OR CO–OR

NaNO2, Cl

SO2, Cu2Cl2

SO2Cl

Diazotization
Acetic acid

NH2 N N Cl

Fig. 5.10: Partial chemistry of Example 1 of USP ‘537.
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Tab. 5.9 lists the stoichiometry of USP ‘537 is compares it against its theoretical
use. Chemistry of the two patents ‘203 and ‘537 has been compared, and diazotization
and sulfation process of ‘203 could have been significantly simplified and improved.
Use of acetic acid and excessive use of hydrochloric acid could have been curtailed
or eliminated and the process significantly simplified. Productivity of ‘203 process
could be further simplified through other methods such slurring the chloroaniline in
water or a solvent rather than acetic acid as suggested which can be recovered and
reused.

The purpose of such literature and patent [47, 48] search and their review not
only facilitates process development but teaches how processes can be simplified.

5.6 Metformin hydrochloride

Metformin hydrochloride is an important drug widely used by significant number of
global diabetic population for type 2 diabetes. History of metformin is an interesting
read [49]. With rising global diabetic population, 700 million by 2045 [50] demand for
this drug will increase. Table 5.10 estimates global metformin API annual demand.

Tab. 5.9: Stoichiometry of step 1 of USP 4464537.

Chemical Chemical formula Mol. wt Grams Moles Mole ratio Theoretical

Methyl anthranilate CHNO   . . .

Hydrochloric acid, % HCl . @% . . .

Sodium nitrite, % NaNO  . . . .

Sulfur dioxide SO   . . .

Copper II chloride CuCl . . . . ??

Tab. 5.10: Projected demand for metformin [50].

Projected diabetic population , million 

% type  million 

Only % of type  take metformin, million 

Daily dose , mg

Total API needed, MT per year ,
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Due to the high API volume need, metformin can be produced using a continuous
process; however, the large number of plants, about 81 plants [51], suggests that it is
produced using a batch process, a tradition in pharmaceutical manufacturing. If all of
the global population with type 2 diabetes decides to take metformin, their demand
cannot be met due to shortage of necessary raw materials and plant capacities. Pricing
and selling price of formulated metformin hydrochloride is reviewed in Tab. 5.1.

Synthesis of metformin hydrochloride illustrated in Fig. 5.11 is a classical chem-
istry. Its melt synthesis process was first published in 1922 [52].

Theoretically, synthesis of metformin hydrochloride is a molar addition of the two
chemicals. Some stoichiometric excess of dimethylamine hydrochloride is necessary
for the reaction. This has to be precisely managed as the residual concentration of
dimethylamine in the final product is critical. Most of the patented processes relate to
its purification [53–55]. Different solvents, for example, xylene/toluene or n-butanol
are used in the reaction, purification, and crystallization.

There are similar fusion chemistries that are commercial using continuous pro-
cess. An example is production of phthalimide by reacting liquid ammonia with
molten phthalic anhydride. Besides reacting to produce the product, heat of the
exotherm evaporates liquid ammonia, and the evaporation of gas with liquid phthalic
anhydride improves the reaction rate [56–58]. Metformin could be similarly produced
but not much effort has been made for manufacturing technology innovation. Reason
for this could be lack of equipment in the laboratory or imagination or the need for
developing efficient drug processes.

Supply of raw materials for certain synthesis can be an encumbrance for its com-
mercial production. Companies have to investigate alternate sources. In the case of met-
formin [59, 60], use of dimethyl amine gas and hydrochloric acid solution to produce
dimethyl amine hydrochloride is very feasible. They are reacted with 2-cyanoguanidine
to produce metformin. In certain cases, producing onsite dimethyl amine hydrochloride
could be economic than buying dimethyl amine hydrochloride. Each company has to
do its own cost analysis. Such analysis are routinely done at fine/specialty chemical
manufacturing companies for every product they develop and commercialize.

There are three options available to produce metformin manufacturing. Either
route can be a continuous process. Since the global need for metformin is among
highest API volumes, such an opportunity should be considered:

Fig. 5.11: Metformin synthesis.
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1. Use of traditional solvent process followed by crystallization has been discussed
earlier. Use of wiped film dryer [61] is an excellent alternate to traditional drying.
It can simplify the manufacturing process. Technologies are commercially avail-
able [62, 63]. Use of wiped film evaporators and other unit operations are not
part of the laboratory process development exercise. They can come into play at
any progressive companies who want to excel and are a manufacturing tech-
nology innovator. Development work would be needed. Properly designed wiped
film evaporator is ideal for a continuous process and it fits the bill for metformin
hydrochloride.

2. Production of dimethyl amine hydrochloride by reacting with dimethyl amine
and commercially available hydrochloric acid to produce dimethylamine hydro-
chloride which reacted with 2-cyanoguanidine followed by traditional drying or
using wiped film evaporator mentioned above. Such process would have to be
developed and scaled up. Figure 5.12 is a schematic of this process.

In the reaction of molten dimethylamine hydrochloride and cyanoguanidine produced
metformin that can be flaked and ground. This will eliminate use of any solvent. This
would require complete control of the process stoichiometry. This particular process
will pose a challenge of ready availability of the two raw materials. Molten delivery
would be ideal but solid delivery would be acceptable and require melt production and
the necessary handling equipment. Figure 5.13 is a schematic of such a process. Alter-
nate process schemes starting with dimethyl amine are discussed in Chapter 7.

Tab. 5.11: Physical properties of chemicals for metformin hydrochloride.

Chemical CAS Chemical formula Mol. wt MP (°C) BP (°C)

Dimethyl amine hydrochloride -- CHClN . 

-Cyanoguanidine -- CHN  . 

Metformin hydrochloride -- CHN.HCl . –

Dimethyl amine -- CHN  − 

Hydrochloric acid, % -- HCl . 

Fig. 5.12: Schematic of continuous metformin hydrochloride process.
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Each of the above process schemes can be a continuous process. In either of the
processes instead of using reactors, reactions can be conducted in pipes with static
mixers or similar devices that can enhance mixing and have necessary provisions for
heat control. Process control instrumentation that is reliable and will control it to pro-
duce quality products that has been available for over 50 years can be used. Each will
be a dedicated production process and will have to be carefully tested and designed.

The biggest challenge for a continuous metformin hydrochloride process lies in
the raw material supply chain. Production from each continuous manufacturing
plant would necessitate multiple formulation plants which will have to operate con-
tinuously as multiple parallel lines producing different dosage tablets.

5.7 Omeprazole

Omeprazole is a drug used to alleviate acid reflux and is widely used. Over the
years, it has made the top drug lists [64–66].

Omeprazole synthesis (Fig. 5.14) is a classical chemistry and the product can be
manufactured easily in a properly designed plant.

A review of the related US patents presents interesting processing strategies
[67–76].

A review of these patents brings out the efforts that have been made to improve
the process. USP ‘024 [75] is for step 1 of the synthesis. It is an interesting patent as
it simplifies and promotes the use of recovered wet toluene. Since toluene/water
mixtures have an azeotrope, use of wet toluene simplifies solvent recovery and low-
ers the manufacturing cost. Such simplifications are of value for every synthesis.
Properties of reactants and intermediates are of value in simplifying the process.

These [67–76] and additional patent [77] review chemistries can be used in step #3
to improve oxidation. An effort to optimize synthesis of omeprazole has continued
[78, 79]. Tab. 5.12 catalogs physical properties of the raw materials, intermediates
and the final product of omeprazole chemistry.

An estimate of 14% of the global population [80] in need of omeprazole is used to
illustrate total API need (Tab. 5.13). About 90 plants [81] produce it. They most likely

Fig. 5.13: Schematic of continuous metformin hydrochloride process.
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Fig. 5.14: Omeprazole synthesis.

Tab. 5.12: Properties of the chemicals involved in the production of omeprazole.

Chemical CAS no. Chemical formula Mol. wt MP (°C) BP (°C)

Pyrmethyl alcohol -- CHNO . − 

Thionyl chloride -- SOCl  −. .

Toluene -- CH  − .

Pyrmethyl chloride -- CHNOCl  –

Caustic % -- NaOH  

Metmercazole -- CHNOS  – .

Pyrmetazole -- CHNOS  Solid @ RT

m-Chloroperoxybenzoic acid -- CHClO . – 

Omeprazole -- CHNOS  
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use batch processes even when the demand is high enough (Tab. 5.13) to produce it
using a continuous process.

If the global demand for Nexium (esomeprazole sodium, the s-enantiomer of
omeprazole) is included with omeprazole demand, the overall demand for omepra-
zole far exceeds the demand illustrated in Tab. 5.13. Concept and process scheme of
a continuous omeprazole process are reviewed [82].

A well-trained chemical engineer or chemist can take teachings of the referenced pat-
ents [67–76, 83] and physical and chemical properties to create an excellent continu-
ous process. However, most likely they may use traditional design of new reactors
ranging from 1,500 to 5,000 L and/or most likely use existing reactors to their process
in the available equipment [15, 16]. There are alternate manufacturing technologies
and strategies that are available but have not been considered for commercial pro-
duction. They are discussed later in this chapter.

5.8 Metoprolol

Metoprolol is another drug that makes the top 20 drug list [37]. Using US demand,
this drug’s global demand is extrapolated. With one prescription per person about
20% of the US population [84] uses this drug. This number cannot be applied to the
global population, and it is assumed that only 1% the global population uses this
drug at 50 mg per day [Tab. 5.14].

API metoprolol’s global demand [Tab. 5.14] is large enough to have a very effi-
cient continuous process. Synthesis of metoprolol is a classical fine/specialty chemis-
try that is simple and can be easily executed. Figure 5.15 is the illustration of the
chemical reaction.

Manufacturing process of metoprolol [85] is reviewed further. Tab. 5.15 lists
physical properties of the chemicals involved in Metoprolol synthesis.

1-(2,3-Epoxypropoxy)-4-(2-methoxyethyl) benzene p-(2-methoxyethyl)phenol
(A, ~ 6.6 mol), epichlorohydrin (B, 1.45 equiv.), and water (~2 kg) were combined and
the mixture is heated to ~ 50 °C.

Tab. 5.13: Global annual omeprazole API demand.

Global population ,,,

Population in need of omeprazole %

Dose,  mg/day ,,,

@  Days per patient, total milligrams ,,,,

API, kg ,,
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Sodium hydroxide solution (50%; 1.4 equiv.) was added during 3 h and the tem-
perature was elevated to reach approximately 60 °C. during the addition. Formation
of the title compound occurred during this period.

The batch was stirred for another hour at approximately 60 °C, then cooled to
approximately 50 °C, and the phases were separated and the product washed with
water.

Tab. 5.14: Global metoprolol API demand.

Global population ,,,

% using metoprolol %

Dose, mg/day 

Days/year 

API needed kg/year ,,

Fig. 5.15: Metoprolol synthesis.

Tab. 5.15: Physical and chemical properties of metoprolol chemicals.

Chemical CAS no. Chemical
formula

Mol.
wt

MP (°C) BP (°C)

p-(-Methoxyethyl) phenol ,-- CHO   @
 mm Hg

Epichlorohydrin -- CHClO . −. 

Caustic, % -- NaOH   

[-(-Methoxyethyl)phenoxy]methyl]oxirane ,-- CHO   

Isopropyl amine -- CHN  − 

Metoprolol [-[-(-methoxyethyl)-phenoxy]
--(isopropylamino)--propanol]

,-- CHNO   
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The residue was distilled at ≤190 °C, and a pressure of ≤20 mm Hg and the dis-
tillate was collected. The yield of the title compound was 80% of theory and the
purity was 98% according to GC analysis.

1-(2,3-Epoxypropoxy)-4-(2-methoxyethyl)benzene (1 kg, 4.8 mol), isopropyl al-
cohol (~0.9 kg), and isopropylamine (0.8–1.7 kg, 3–6 equiv.) were mixed and re-
acted for 2–5 h at reflux. Formation of metoprolol base occurred during this period.

The reaction mixture was then concentrated at atmospheric pressure until the
inner temperature reached ~100 °C. Water was added to the batch and then distilled
off in vacuo until the inner temperature reached ~100 °C to form a concentrate.

The resulting concentrate was diluted with isobutyl methyl ketone (~0.6 kg) and
water (~2.2 kg), and concentrated sulfuric acid was added to adjust the pH to 4–6.

After separation, isobutyl methyl ketone (~1 kg) was added to the water layer,
and concentrated sodium hydroxide solution was added to adjust the pH to 13.

The organic layer was concentrated in vacuo at ≤80 °C, until distillation ceased,
and the concentrated batch was redissolved in acetone (~1.6 kg) and filtered, to
yield metoprolol base solution. The assay of metoprolol base in the solution was
determined by titration. Yield: ~1.2 kg metoprolol base (100%) ~95% of theory. The
purity of the metoprolol base was 96%.

In this process, reactants are added sequentially per the reaction mechanism to
create a good process. This has to be translated to a commercial process similarly.
Additional optimization and improvements are possible. No suggestions are made as
they can be best reviewed and implemented by the scale-up team. Table 5.16 reviews
the theoretical and patent-suggested stoichiometry. In the patent compared to a
molar need for isopropyl amine, a large excess is used.

Theoretically, 1 mol of p-(2-methoxyethyl) phenol is reacted with a mole of alkali to
produce the sodium salt which is then reacted with epichlorohydrin. The resulting
oxirane compound is reacted with isopropyl amine to produce the desired product.
Schematically, Fig. 5.16 is an illustration of the reaction and its mechanism.

Tab. 5.16: Theoretical and actual mole ratio comparison.

Patent US / A []

Chemical Theoretical Actual

p-(-Methoxyethyl) phenol . .

Epichlorohydrin . .

KOH . .

Isopropyl amine . .

5.8 Metoprolol 149

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



There are other synthesis methods disclosed [86–88]. They can be reviewed
and their teachings used to design and commercialize excellent process.

Traditionally, manufacturing of metoprolol like other fine/specialty chemicals
is produced in commercially available equipment. Due to the simplicity and the vol-
ume of the needed product, this can also be produced using a continuous process.
This is reviewed later in the chapter.

5.9 Modafinil

Modafinil synthesis is reviewed here. It was a blockbuster drug in around 2010–2012. It
was categorized that way due to its yearly sales being over 1 billion dollar per year
rather than high consumption. Five million patients using the drug are estimated at
0.06% of the global population (Tab. 5.17). This could be considered as a conservative
number.

Its process chemistry [89, 90] is a classical organic chemistry that is illustrated in
Fig. 5.17. Many other patents have been filed for modafinil manufacturing processes
[91–101]. Additional synthesis methods have also been published [102–105]. These

Fig. 5.16: Metoprolol reaction mechanism.

Tab. 5.17: Global modafinil API need, kg/year.

Global population ,,,

% Global patients .%

Patients number ,,

Dose,  mg/day 

Days/year 

Yearly API need, kg ,
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teach different approaches and synthesis methods and are of value. Figure 5.17
illustrates the theoretical reaction chemistry.

Purpose of this discussion is to review how the nuances of the reaction mechanism,
chemistry and physical and chemical properties of a synthesis can be exploited to
create a simple manufacturing process. It is difficult to say if these are exploited to
the fullest with the current manufacturing practices. Since it is being produced at
multiple sites [106], most likely they are not. Companies are also not able to capitalize
on economies of scale and the product is being produced using existing process
equipment [15, 16] that is too large for the process. This is generally the case when a
process is fitted in the existing equipment.

Table 5.18 illustrates some of the chemical and physical properties of the reac-
tion components.

Benzhydrol + Thiourea + HBr S-benzhydrylthiouronium bromide + H2O
S-benzhydrylthiouronium bromide + KOH Benzhydrylthiol + Potassium bromide +Urea
Benzhydrylthiol + chloroacetamide 2-diphenylmethyl thio acetamide + HCl
2-(benzhydrylthiol) acetamide + Acetic acid +H2O2 2-[(Diphenylmethyl)sulfinyl]-acetamide [Modafinil]

Fig. 5.17: Modafinil chemistry.
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An example of laboratory modafinil synthesis outlined in USP ‘893 [89] is as
follows and is analyzed further.

To a suspension of benzhydrol (35.00 g, 0.188 mol, 1 equiv.) and thiourea
(17.40 g, 0.226 mol, 1.20 equiv.) in tetrahydrofuran (THF)/water (35.5 mL/52.5 mL),
an aqueous 48% HBr solution (25.3 mL, 0.226 mol, 1.2 equiv.) over a 10 min period
was added. During the addition, the reaction mixture is heated to 70 °C. After 3 h
stirring at 70 °C, the uronium intermediate was hydrolyzed by addition of an aque-
ous 9.3 N potassium hydroxide solution (58 mL, 0.542 mol, 2.88 equiv.) over a
55 min period. After 1.5 h stirring at 70 °C, chloroacetamide (26.6 g, 0.282 mol, 1.5
equiv.) in a THF/water (80 mL/79 mL) solution was added over 15 min. After 1 h
stirring at 70 °C, the reaction mixture was cooled down to 55 °C and the stirring was
stopped. The lower aqueous phase was removed, and the reaction mixture was
again stirred. Acetic acid (34.7 mL, 0.601 mol, 3.2 equiv.) was added. Hydrogen per-
oxide 30% (38.4 mL, 0.376 mol, 2 equiv.) was slowly added over 30 min. After 1 h
stirring, the reaction mixture was cooled to 20 °C and water (263 mL) was added.
The resultant suspension was stirred at 0 °C overnight. The suspension was then
filtered, and the solid was washed with water and dried to yield modafinil (47.9 g,
80.4%). The crude modafinil was purified by recrystallization in methanol.

Table 5.19 compares the theoretical and laboratory mole ratios. Such comparison
and review is of value and indicates the potential for process optimization. THF/
water mix is used as a solvent. Sodium hydroxide can be an alternate for KOH [94].

Modafinil reaction chemistry and physical properties offer opportunities to ex-
ploit and simplify the process. Benzhydrol is solid at room temperature. By tradition,

Tab. 5.18: Physical and chemical properties of modafinil reactants.

Chemical Formula CAS no. Mol. wt MP (°C) BP (°C)

Benzhydrol CHO --   

Hydrobromic acid HBr ,--  − 

Bromodiphenylmethane CHBr --  ~  ºC ( mm Hg)

Tetrahydrofuran (CH)O --  − 

Thiourea CHNS --  

KOH KOH --  − 

Diphenylmethanethiol CHS --  

Chloroacetamide CHClNO -- .  

Acetic acid CH₃COOH --   

Hydrogen peroxide HO --  −. .

Modafinil CHNOS ,--   
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a solvent is used in the laboratory to facilitate the reaction. This is an acceptable
practice. This would also be followed in scale-up in a pilot plant and on a commercial
scale. Generally, between 25% and 40% solvent is used if a solid reactant is involved.
This is also necessary for 1,500 L or above volume reactors. Solvent facilitates mixing
and heat transfer but contributes to lower productivity. For higher productivity, their
use has to be minimized.

In step 1 of Modafinil synthesis, a slurry of benzhydrol and urea in THF/water
and hydrobromic acid are heated to 70 °C. An alternate [97] could be solubilizing
thiourea in an appropriate solvent [35, 107, 108] with hydrobromic acid and reacting
the mixture with benzhydrol to produce S-benzhydrylthiouronium bromide which
is processed further to produce the modafinil.

Another alternate for step 1 (Fig. 5.18) is reacting benzhydrol as a melt with hydrobro-
mic acid to produce bromodiphenyl methane which is reacted with thiourea to produce

Tab. 5.19: Modafinil stoichiometry comparison.

Chemical Theoretical Actual

Benzhydrol . 

Thio urea . .

KOH . .

Chloroacetamide . .

Acetic acid . .

HO . .

Fig. 5.18: Step 1 alternate process.
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S-benzhydrylthiouronium bromide (Fig. 5.18). Since bromodiphenyl methane’s melting
point is about 35 °C, this can be used as a fluid in the process to reduce or minimize
the use of THF/water or any other solvent in this step. Formation of bromodiphenyl
methane also generates a mole of water. Thus, the solvent use can be reduced.

Reviewed alternates could significantly reduce the reactor size. The overall re-
action time can be reduced if the reaction temperature is raised. In the annals of
chemistry this is well known that raising the reaction temperature by 10 °C doubles
the reaction rate [109].

5.10 Levothyroxine

Levothyroxine is an important drug for hypothyroidism. It is estimated that there
are approximately 1 billion users globally. An average use of 112 µg/day per person
would require about 41,000 kg to satisfy the global need. USP ‘295 [110] is reviewed.

This chemistry is an application of iodization processes developed using bleach
and sodium iodide [111–113].

Step 1 of Example 1 of USP ‘295 [110] is as follows.
3,5-Diiodo thyronine (50 g, 0.095 mol) was added in methanolic methyl amine

(250 mL) at 20–30 °C followed by addition of sodium iodide (49.99 g, 0.333 mol),
and reaction mixture was stirred to get a clear solution. Aqueous solution of sodium
hypochlorite [preparation: sodium hypochlorite (464 mL, 0.333 mol) in water
(193 mL)] was slowly added in the reaction mixture and the mixture was stirred for
2–4 h. After completion of the reaction, the mixture was cooled at 5–10 °C and acidi-
fied to pH 4.0–5.0 using 50% hydrochloric acid (~22 mL). The reaction mixture was
stirred for 30 min at 25–30 °C. The resultant solid was filtered and spray washed
with methanol (50 mL). The obtained solid was dried at 50 °C under reduced pres-
sure to get title compound (weight: 72 g, yield 97%).

In this step, it would be worth reviewing the sequence of addition of sodium
iodide and bleach. It could improve the reaction and reduce the excessive use of
iodide and bleach.

Fig. 5.19: Levothyroxine synthesis USP ‘295 [110].
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5.11 Status of the current manufacturing technologies

The history of pharmaceuticals discussed in Chapter 1 indicates that the development
and commercialization of many small-molecule drugs had their origin in the late nine-
teenth and early twentieth centuries at fine/specialty chemical companies. Since there
were/are chemistry and manufacturing similarities, equipment available at these com-
panies was used to manufacture these APIs. The need to change manufacturing prac-
tices has not been considered necessary. As a result, manufacturing technologies
between API and fine/specialty chemical manufacturing practices besides quality
considerations have not changed much in over 100 years.

Another factor influencing lack of innovation is the price differential between
API manufacturing cost and sale price illustrated in Tab. 5.20 and the drug selling
price (Tab. 5.1). Innovation might be beneficial to the API manufacturers resulting
in cost reduction: however, the average patient will never see any impact.

With many companies producing the same API at low volumes, there is lack of
economies of scale. This prevents innovation [114].

The resulting lack of economies of scale benefits neither manufacturer nor user.
Despite the lack of economies of scale and production inefficiencies, profits from API
sales remain high compared to “average” fine/specialty chemical (~$2–10/kg). In-
deed, so high that there is no driver for innovation in many/most cases.

Under the current business scenario, brand API manufacturers have no price bench-
mark for their new molecules. Their drug selling prices are set to maximize their prof-
its. The API price component of the drug selling remains low (Tab. 5.1). Thus, having
efficient chemistry and excellent manufacturing technology does not matter to an
average patient. It is up to each company to optimize the chemistry and commer-
cialize the most economic manufacturing. Getting the product approved and to
the market is the highest priority. Due to availability of the equipment and com-
pany’s ability to fit the process in the existing equipment [15, 16], a need for inno-
vation does not arise.

Generic API producers attempt to develop better chemistries and manufacturing
technologies than the brand API. They have the time and they must compete against
other generic companies. This is evident by many patents that are filed by the generic

Tab. 5.20: Factory cost and selling price of selected APIs.

API Factory cost ($/kg) Selling price ($/kg)

Mycophenolate mofetil  [] 

Dimethyl fumarate (Tecfidera) . (Tab. .)  []

Modafinil . []  []
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companies for the same drug. However, they still fit the chemistries in the existing
equipment [15, 16], that is, lack of manufacturing technology innovation remains.
This generally happens as it is difficult to justify investment for the new equipment
for the better process. Production volumes also influence the justification [117].

Lack of manufacturing technology innovation begins from the onset of chemistry
development. This happens at the brand as well as generic API producers as no one
challenges the developed chemistry and the processing methods before the process is
considered for scale-up and commercialization. Unchallenged processes result in
translation of the developed chemistries to commercial processes even if they are in-
efficient and they will generally have high emissions for every kilo of product.

A chemist or chemical engineer on a scale-up team, after reviewing the chemistry
and the process, assesses the available equipment in their organization and their ca-
pabilities so that the laboratory process after it has been scaled-up and tweaked in
the pilot plant can be commercialized. Tradition of chemistry status quo and using
the available process equipment continues.

The fine/specialty chemical sector from the start of a product commercializa-
tion uses batch processing as its preferred manufacturing practice until the product
volume warrants a continuous process.

In the fine/specialty chemical industry, a robust process design is essential.
This is due to competitive pressures. Producers cannot tolerate rework and disposal
costs as they lower profitability. Every effort is made to minimize rework and waste.
Process perfection is expected from the onset.

In pharma API, due to stringent product quality requirement, rework is avoided
and the off-spec material is disposed. Repeat quality testing (quality by analysis,
“QbA”) even after a robust design due to batch processing is a normal practice. Test-
ing, rework, and disposal costs are absorbed and passed on to the patients. This is
obvious from the API factory cost and their selling price differentials (Tab. 5.20).

5.12 Innovation opportunities for API manufacturing

Reaction mechanism, physical properties, and chemical properties and their mutual
behavior give us clues about how the reaction takes place. This information can be
used for process design and simplification. Chemists and chemical engineers, as
has been mentioned in earlier chapters, must understand the chemistry, value of
physical and chemical properties of chemicals used and produced in the reaction,
and their mutual behavior. Due to limitations of the available laboratory equipment,
much of the aforementioned cannot be explored prior to pilot or production scale,
although each has to be tested before it can be applied in a commercial process.

Their exploitation can result in using equipment of the appropriate scale and
can improve the profitability of API producers. Such practices have been used in
commercial operations by the fine/specialty chemical industry. With much lower
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profit margins, process optimization is mandatory to remain viable. Process opti-
mization needs to be explored and incorporated in the API manufacturing sector
also. All this has to be done before filing of NDA or abbreviated NDA documentation.
Incorporation of any process changes can be a challenge especially after regulatory
documents have been submitted.

Herein lies a major difference between specialty/fine and API manufacturing.
Regulatory filing is required globally for production and sale of any chemical includ-
ing an API. The cost of regulatory filing for a typical, non-API chemical is a small
fraction of the cost for an API. Any process change in API manufacturing will require
a reexamination of the drug’s performance and efficacy with substantial added cost.
This could also trigger the need to refile regulatory documentation with substantial
added cost and time. Unless there is a large profit driver, API manufacturers will be
reluctant to implement any process changes after an API is approved by government
agencies. Without a profit-driver there is little motivation for innovation.

One of the biggest drawbacks or it could be called hesitation for inclusion of con-
tinuous improvement in API manufacturing is potential change in the performance
and efficacy of the final product which can come about due to the process changes.
Money needed to prove or assure that there is no change in the efficacy could negate
any benefit. Since the API volume at each site is small, the need of process improve-
ment is not considered a necessity. Thus, status quo is acceptable.

5.13 Nondestructive creation [118, 119] in API manufacturing

For innovation in pharma API manufacturing, it is necessary to look at the chemis-
tries and their execution differently from the current practices. They get overlooked
due to smallness of the needed API volume necessary to fulfill the demand (each
kilogram API on 100% basis produces 1 million tablets at 1 mg). Currently available
equipment gets used even when the equipment is inadequate for the process. Many
companies producing the same API also suggests that inefficient processes are used
for API manufacturing and they are most decidedly profitable.

This presents an opportunity to review the current practices and select the best
alternate. A paradigm shift or some may call it “out of the box thinking” is needed.
Nondestructive creation [118, 119] needs to be considered for API manufacturing.
Pharma needs to shed its old ways [120]. If it happens, automatic consolidation of
API manufacturing segment could result.

The concepts outlined here will have to be tested by the API manufacturers. Like
any other change, considerations for alternate manufacturing methods and configura-
tions could meet significant internal resistance [121]. “Not invented here syndrome”
[122] can prevent any suggested change as the chemists and chemical engineers would
be stepping out of their comfort zone. It is possible that companies, in the name of
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investment and without evaluating their benefits, may shrug from exploring alter-
nate concepts.

Elements for nondestructive creation [118, 119] for the API manufacturing technol-
ogy innovation exist but with the limitations of glassware, they are not recognized, re-
viewed, or tested. Speed to market and profitability of the current manufacturing
methods also hinder. In the suggested methodologies, principles of science and engi-
neering of mutual behavior of chemicals will still be used. They might be applied dif-
ferently. Every change is science and engineering based. Ensuing results will be higher
productivity, profitability, quality, and waste minimization.

A closer review of the reaction chemistry along with the physical properties of
each reactant and intermediates suggest that one can capitalize on them and it is
possible to simplify and create excellent manufacturing processes. Discussion here
can be applied to every chemical synthesis. However, there are bottlenecks. They
are the traditions, limitations of the labware to exploit physical and chemical prop-
erties and inability to manipulate the process unit operations. Speed to market and
ready availability of the scale-up equipment are also a hindrance to innovation in
API manufacturing and their formulations. With the exploitation of properties of
the chemicals, it is possible to carry out reactions differently and thereby improve
their productivity.

Unless there is a justification, no company will invest in any new equipment
for every new or existing product. This is due to underutilization of the current as-
sets [19–22] and as a result processes are fitted in the existing equipment [15, 16].
This is a norm in pharma API and fine/specialty chemical manufacturing.

Since the concepts outlined here are different from the current practices, they
will need rigorous evaluation and they can be tested using the existing pilot plant
equipment. Success would lead to adoption across other products and processes.
Testing these alternates is not a waste of time but a learning opportunity for future
use and ensuing value.

Pitfalls of the existing equipment need to be recognized:
– Too large for the process
– Same equipment is used for multiple products
– May not be the right equipment for the unit process and unit operation
– Auxiliary equipment and that includes utilities may not be the right size for the

process

With the equipment that is available in the commercial operations, fitting the labo-
ratory processes is a challenge. However, it is still used even when the equipment
might not be adequate and not have adequate process controls and utilities. Pro-
cesses musts be managed and can pose manufacturing challenges. Every such ef-
fort is not productive and can result in commercialization delays.
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Commonly available equipment commercial equipment in API and fine/specialty
for batch manufacturing can range from 1,500 to 30,000 L. Pilot plant equipment in
API and fine/specialty chemical facilities varies between 100 and 300 L or smaller.

Some nondestructive creation [118, 119] ideas are presented. In the later chap-
ter, how some of the discussed concepts can lead to continuous manufacturing of
APIs are reviewed. They can be exploited and expanded to create simpler and eco-
nomic processes. They can be easily tested in the current process development and
manufacturing environment and applied to simplify commercial-scale manufactur-
ing. Such exploitation might avoid any new investment, dreaded by most companies.

For “nondestructive creation” [118, 119], it is necessary to emphasize the fact
that 1 kg of API can produce 1 million tablets, thus limited quantities of the product
can serve the needs of many. In addition, the current practices besides having the
drawbacks mentioned earlier have additional drawbacks. They are:
– Too much waste is generated and the long-term toxicological impact of the

waste is not known [123, 124]
– Low asset utilization [19–22]
– Lack of manufacturing technology innovation

5.14 Modular plants

Productivity and efficacy of any product can be improved by carrying out the re-
action differently. Modular plants offer that “out of the box” opportunity for
pharmaceutical API manufacturing instead of the current sized commercial fixed
equipment needs to be considered [125–129]. Their design is not different than the
conventional plants. These plants would be like the erector sets [130] which can
be assembled for the given process. Companies offer preassembled plants but the
ideal would be that the companies assemble their own from the components. Prin-
ciples of process equipment design that apply to conventional chemical plants
will still apply, except the equipment would be smaller in size and can be conve-
niently used in multiple processing situations. Such plants are used in food proc-
essing industry. Modular processes are used in huge scale such as milk collection
from dairy cows: 1 cow + 1 milking fixture = profit; 100 cows + 100 milking fixtures =
more profit; 1 cow + 100 milking fixtures = less profit.

Since the modular plants are not in pharmaceutical companies’ routine vocabu-
lary, pilot plant equipment could be used initially to emulate “modular plants.” An
inventory of the existing pilot plant will assist in initial application and testing of
“modular plant” concept in pharma. Once successful, the concept could be ex-
panded. Every company will have to assess their own needs. Modular plants and
their considerations are discussed in Chapter 6. Furthermore, there is an array of
available simulation software to test modular concept in silico.
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In this alternate process design, the equipment size would be between labware
and an actual commercial plant currently being used. It may be very much like the
size of pilot plant equipment. Actual size and process will depend on product de-
mand and designer’s creativity and imagination and how they exploit reaction
mechanism and physical and chemical properties. Chemicals would move very
quickly between the reactors and associated equipment. The actual process would
become similar to continuous flow of materials, a continuous process. Schemati-
cally, the process could look like each block of Fig. 5.20.

For such a process to happen, one needs to consider that the chemistry of each
reaction step is being executed separately, each reaction step product is the final
product and that will be used immediately for the next reaction step. There will be
no separation or purification of each product after each reaction.

Solvents used in various patents suggest that there are possibilities to simplify
the process. When the process is scaled up, each reaction step must be reviewed
individually but the solvent selection must be done collectively, limiting to one ad-
ditional solvent besides water. Any solvent, other than water, will have regulatory,
environmental, storage, and disposal concerns and associated costs. Recycling of
solvent must be a necessary selection criterion.

The range of reactor and accessory tank size determination will depend on the pro-
cess designers. Such plants and their quick assembly can give any operation the
needed flexibility and efficiency. Such modular equipment would have ways so that
they can be assembled for flexible manufacturing. Instead of being the fixed equip-
ment dedicated to certain processes, as is the case with the current equipment, the
biggest advantage of such equipment and configuration would be the “right sizing”
of equipment for different products.

The choice of modular reactors of optimum volume and size would have better
mixing along with proper concentration of reactants and could increase the reac-
tion rates. Better temperature control (heating/cooling) will also accelerate process-
ing. Right sized equipment would also lead to reduction in solvent use. Since the
reactants will move quickly between the reactors, under the right circumstances,
this could lead to continuous manufacturing of APIs. Creativity and imagination of
the chemical engineers and chemists would be put to test to create excellent pro-
cesses. All this could improve throughput.

Static mixers [131] and plate and frame heat exchangers [132] have been used in
the chemical industry to facilitate and improve mixing, augment process design, and

Fig. 5.20: Schematic of a simplified sequential process.
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improve reaction rates and mixing. These have been used for over 50 years in the
fine/specialty chemical industry and can also be used in API manufacturing as the
process equipment designs are same. Piping with static mixers can be part of the pro-
cess design.

Microreactors [133] are also available. They are extremely high priced compared
to static mixers and off-the-shelf available plate and frame heat exchangers or the
electrically heated heat exchangers. Investment in these has to be justified on a
cost/performance basis. In addition, compared to regular reactors their use may be
limited making their justification difficult for across the board use.

The current “QbA” modus operandi to produce quality product could become
history and “quality by design” could finally take hold for API manufacture. It is
well known that continuous processes compared to batch processes have higher
yield, lower cost, and better quality products. It is highly likely that continuous API
manufacturing that has eluded pharma could finally take hold.

All of the above will give the companies advantages of economies of scale and
using the right equipment to minimize excessive solvent use that is predominant in
the current API manufacturing. Waste would also be reduced. Another benefit
would be lower inventory of raw materials, in-process materials, and finished prod-
ucts. These result in significant financial gains from better inventory management,
working capital, and cash flow.

5.14.1 Process design considerations

Modular plants will also provide the designers an opportunity to exploit the reac-
tion mechanism and mutual behavior of chemicals to create excellent processes. In
the current plants, their exploitation and incorporation can be a challenge. Each
opportunity will have to be tested in the lab and pilot plant.

5.14.1.1 Solvent use/selection
Solvents act as a process facilitator. They function as thermal transfer fluids and by
bringing reactants into reactive proximity. The optimum volume utilization of a typ-
ical reactor is 40–75% for proper mixing and thermal management. In a tradition
inherited from fine/specialty manufacturing, API manufacturers will use existing
reactors that are often too large based on reactant loading. With the 40–75% reactor
filling requirement, this practice results in using more solvent than required.

At times, commercial processes also replicate laboratory experiments. Such sit-
uations, due to the time needed for heating and cooling the volume of liquid, can
prolong the batch cycle time and generate more than necessary waste. If the solvent
volume can be lowered for any reaction, process productivity will be improved.
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Soluble and insoluble solvents along with their density difference and azeotropic
behavior with water are of immense value. They have been reviewed in Chapter 3. It is
necessary to understand the stability of the reaction intermediates. Many intermediates
do not have long shelf life. Thus, their processing of the next reaction becomes timely.
These result in short product cycles, that is, quick turnover of the equipment for better
asset utilization. Every chemist and chemical engineer is familiar with these situations
but their incorporation in a process still requires creativity and imagination.

In many of the API patents, intermediates are isolated at times, dried, and proc-
essed for the next step. Intermediate isolation may be acceptable for the laboratory
but need to be totally eliminated in scale-up and definitely in a commercial process.
Solvent selection should be such that the solid is soluble in the selected solvent. This
will significantly lower the processing time if it is a batch process. For a continuous
process, solid intermediate suspended in a solvent would be used immediately in the
next step. Emphasis is to review and keep in mind how the reaction time can be low-
ered. The purpose of every process is to produce a saleable quality product versus
have a process where intermediates become part of the in-process inventory.

5.14.1.2 Reaction mechanism and order of addition
Attention has to be paid to the reaction mechanisms. Every chemist knows that
each reaction tells us how the reaction proceeds. If the reactants are not added to
the equipment in the sequence suggested by the mechanism, the expected yields/
results will not be achieved. A simple example is: acid added to water versus water
added to acid. Results of addition, acid to water, can be controlled and temperature
maintained versus water added to acid can result in dangerous eruption of the mix-
ture due to an uncontrolled exotherm.

Some of the chemistries are reviewed. No process reviewed uses reaction vessels
that are larger than 500 L. In each process step, physical and chemical properties of
reactants and intermediates are incorporated. Stoichiometry and temperatures are
precisely controlled. Chemical engineers, who are well versed in process design, will
totally understand the value of the processes described.

In diazo reactions, an amine reacts with hydrochloric acid to produce the
amine hydrochloride that reacts with sodium nitrite to produce the diazonium salt
which is reacted further (Fig. 5.9). In USP ‘203 [45] and USP ‘537 [46], the diazo salt
reacted with sulfur dioxide to produce chloro sulfonyl. This is insoluble in water.
Generally, the suggested practice is to isolate it as solid for further reaction.

Alternate consideration would be to use a suitable solvent that will dissolve the
sulfonyl chloride. The selected solvent should be such that it is water insoluble and
its density is sufficiently different from water. The water phase would be decanted
to reduce the volume of the reaction mass for the subsequent reaction. This works
as it is used in commercial processes. Decantation might look like an extra step and it
is, but is definitely faster than filtration, isolating the solid and subsequent dissolution.
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Solvent can be added to the sulfation reactor and the mix pumped to the decanter.
This significantly lowers the processing time. Figure 5.21 is the process schematic of a
sulfonyl chloride process described above.

The chemistry described above would always be a challenge in conventional batch
reactors due to many limitations, for example, large volume, residence time, and
heat exchange needs. A batch process will also lower the conversion yield. Since the
amine hydrochlorides are water soluble, amines can be slurried in water if they are
not liquid at room temperature. The diazo exotherm can be controlled with proper
heat exchanger design.

Equipment configuration similar to Fig. 5.21 can also be used for the synthesis
of levothyroxine (Fig. 5.19), where 3,5-diiodothyronine is iodized using bleach and
sodium iodide. Bleach can be prepared in line. This would be followed by addition
of sodium iodide to produce levothyroxine. Since the global demand for the product
is not large, a single continuous modular production site could be sufficient for the
global need.

There are alternate methods available but the pharmaceutical industry, being
bound by tradition, has not explored and/or practiced them. Some are reviewed. These
processes do not use reaction vessels that are larger than 500 L. In each process step,
physical and chemical properties of reactants and intermediates are exploited and in-
corporated. Stoichiometry and temperatures are precisely controlled. Chemical engi-
neers who are well versed in process design will totally understand the value of the
processes described.

5.14.2 Dimethyl fumarate

It is necessary to take advantage of methanol, thiourea [36], and maleic anhydride
solubility [134] and temperature relationships (appropriate concentration solutions
can be prepared continuously in a 100 L or smaller feed tank). No specific chemistry
and stoichiometry is suggested as chemists and chemical engineers well versed in

Fig. 5.21: Production of sulfonyl chloride of amine .
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scale-up will understand. Reactors mentioned in Fig. 5.7 can be sized for sufficient
residence time.

Chemical engineers well versed in process design can incorporate process
controls to precisely manage the stoichiometry and temperatures. Global demand
(Tab. 5.2) can be produced at ~ 200 kg/h in a single plant.

5.14.3 Metformin hydrochloride

Reactions like formation of metformin are an excellent opportunity to exercise and
practice chemistry and chemical engineering. They test chemists’ and chemical en-
gineers’ creativity and imagination. Based on review of the various patents related
to metformin hydrochloride, one can conclude that the laboratory processes are
used for commercial manufacturing and most are batch processes. With the needed
volume, it can be produced using a continuous process.

Translation of the two routes (Figs. 5.12 and 5.13) presents us an opportunity to
innovate. Route in Fig. 5.12 can be the route if dimethylamine hydrochloride is not
available as a raw material and has to be produced for metformin synthesis. Raw
material economics and logistics dictate this route. Xylene can assist in the removal
of water using azeotropic property and density difference for the production of di-
methylamine hydrochloride. Xylene can also act as a solvent for the fusion to pro-
duce metformin hydrochloride. Once the product is produced, it can be purified
and a wiped film evaporator can be used to produce the final product. Figure 5.22 is
a process flow diagram for this route.

An all melt fusion process (Fig. 5.13) can also be practiced. In this process, di-
methylamine hydrochloride and cyanoguanidine in stoichiometric ratio can be re-
acted as a melt and processed with xylene as the purification solvent. Each of the
processes would have to be tested, optimized, and scaled-up. One of the most criti-
cal parts of the design would be stoichiometry and temperature controls. Similar
processes are commercially practiced [135, 136].

Fig. 5.22: Metformin route from dimethyl amine and HCl .

164 Chapter 5 Manufacturing process development and case studies

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Either of the processes can be commercialized using modular plants. Based on
the global need, continuous operation (~7,200 h/year) is definitely possible. It is very
likely that a single plant would require multiple formulation lines to produce differ-
ent dosage tablets. Technology for their formulations and their subsequent tableting
exists but has not been used [137–139].

Process designers will have to evaluate the technologies themselves and apply
their own creativity and imagination to design formulation and a tableting produc-
tion train.

5.14.4 Omeprazole

Synthesis of omeprazole outlined in Fig. 5.14 is an ideal process design chemistry for
most chemists and chemical engineers. This process design requires excellent appli-
cation of process controls to feed various raw materials in precise ratios. The process
could have inline mixing with back mix plug flow or small reactors with recirculating
loops for the required residence time. Chemical engineers who have designed such
processes would be familiar with the suggested or similar designs [140].

Many alternatives [67–76] are available for the oxidation step. Chemists and chemi-
cal engineers can easily select one that would fit well in their process scheme and
is economic and safe. With advancements in chemistry, they might find other alter-
nate methods. Toluene from the last step would be decanted and azeotroped to
yield wet toluene which facilitates the process [75]. Appropriate and precise process
controls can be incorporated to control the stoichiometry. With the estimated yearly
product demand (Tab. 5.11), a continuous process can produce global needs of
omeprazole at a single site. Currently, it is being produced at multiple sites [81].
Figure 5.23 is a simple schematic flow diagram for omeprazole.

Fig. 5.23: Simplified flow for omeprazole .
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AstraZeneca in the development of omeprazole [67–76] did extensive work, re-
viewing many alternates. They can be used by the developers to explore simpler ways.

Since Nexium is the S-enantiomer of omeprazole, similar continuous processes
can be commercialized. It will take multiple formulation and tableting parallel
chains to convert the API into saleable tablets.

5.14.5 Metoprolol

This beta blocker drug is used worldwide. Its synthesis is another classical chemistry
example. Based on its reaction mechanism, it is most suited for a continuous process.
This observation is based on the fact that phenol reacts with caustic soda to produce
the phenolate salt which is sequentially reacted with epichlorohydrin and the prod-
uct is further reacted with isopropyl amine to produce metoprolol. Process engineers
will have to test each step to use their operating conditions and parameters to design
the optimum process.

In this chemistry, except for the final product, each of the raw materials and
the intermediate are low melting solids or liquids. p-(2-Methoxyethyl) phenol would
be slurried in sufficiently hot water in the prescribed stoichiometric ratio and pro-
duce an oil/water mix, (Tab. 5.15). This would be continuously fed to a reaction sys-
tem (reactor or circulating loop with sufficient residence time) to produce the
sodium phenolate which is reacted with epichlorohydrin. An excess of epichlorohy-
drin is suggested in patents [85, 141]. If the excess is necessary for the process, it
can be removed due to its azeotropic behavior with water, recovered, and reused.
Phase separation could also be used to facilitate processing.

Oxirane water slurry produced in reaction step 1 can be reacted with isopropyl
amine in stoichiometric ratio to produce metoprolol which can be processed to pro-
duce the desired product. Figure 5.16 can be used as a simplified process flow dia-
gram for metoprolol.

Use of modular plants or reactors that are 500 L could be ideal for processing.
As stated earlier, they provide shorter processing time and with the control of stoi-
chiometry quality product. Process control technologies and equipment to commer-
cialize such processes are off-the-shelf items. They just have to be assembled to
commercialize an efficient process. Operating conditions and stoichiometry will
have to be optimized for an economic process.

5.14.6 Modafinil

As reviewed earlier, modafinil’s overall annual demand volume (Tab. 5:17) is ideal for a
single continuous production plant. Due to simplicity of its chemistry, it is most likely
that it is being produced at multiple plants using existing equipment. With this being
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the case, it presents an opportunity to further streamline the process. Production in a
single modular plant would be beneficial due to the following benefits:
1. Relatively efficient process compared to normal plants of 1,500 L and higher

reactor volume and the associated process equipment.
2. Reduced production time per kilogram. This will depend on how the process is

organized.
3. Reduced solvent use due to using process equipment of appropriate volume.
4. Reduced waste from process and cleaning of the equipment.

Process chemistry and the reaction mechanism of Modafinil is ideal for a continu-
ous process. Its reaction mechanism and the physical properties provide this oppor-
tunity. Short residence time will be of value. Process (reaction mechanism) could be
broken down in steps and reviewed for the best processing options. A simplified
process diagram for Modafinil synthesis (Fig. 5.17) is illustrated in Fig. 5.24.

5.15 Future of technology innovation in API manufacturing

For the “REAL” innovation to happen in the generic API manufacturing, the landscape
has to change. There are two alternate routes. In each case, outliers are needed.

“Nondestructive creation” [118, 119] would be an excellent alternate. As dis-
cussed earlier, modular plants through better processes and reduced waste will im-
prove profits. Taste of improved profitability would lead generic companies to
capitalize on economies of scale and higher market share. This could lead to addi-
tional innovations. This route presents excellent possibilities of waste reduction
that is direly needed for the manufacture of API and has been ignored.

Fig. 5.24: Simplified Modafinil process flow diagram.
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The other route “creative destruction” [142] would result in higher profitability
for the API manufacturers and their formulators. It would involve selling FDA and
other regulatory body approved drugs directly to patients using authorized chan-
nels [143]. This route is more disruptive and would face significant resistance from
many camps such as pharmacy benefit managers, insurance providers, and even
the governments and the regulators. This route should possibly bring manufactur-
ing home to many countries and alleviate some of the resistance.

It is necessary to recognize that innovation comes from the companies who
want to be in the market to serve a need. Innovators need to “Think Different”
[144]. Outsiders, for example, regulators, who have NO experience of operating a
profit-making organization should not be telling profit-making companies how to
innovate and/or operate. It is a well-established and known phenomenon of every
profit-making company that they develop, design, commercialize, and operate
profit-making manufacturing plants. It is time for the profit-making companies
take the reins in their own hands [step up to the plate (in baseball) or to the wicket
(in cricket)] and take the lead to improve the practices of the last 75+ years and
change the landscape.

Brand companies whose major focus is to get innovative drugs to the market
could start with “nondestructive creation” [118, 119] to innovate API manufacturing
and formulations.

Hesitation [145] to change is and will be there. Overcoming it is not only neces-
sary, but it is critical to reduce the longer term impact on our ecosystem. Hence,
further use of skunk works [146] might be very helpful. It may be a different terri-
tory for pharma but is worth exploring as the benefits are beyond imagination.

Abbreviations

cGMP Current good manufacturing practice

HCTZ Hydrochlorothiazide

THF Tetrahydrofuran

mL Milliliter

QbA Quality by analysis
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Chapter 6
Active pharmaceutical ingredients (API):
innovation, design considerations, and waste
reduction

There is but one Earth, tiny and fragile, and one must get 100,000 miles away to appreciate fully
one’s good fortune in living on it. – Michael Collins, NASA astronaut, command module pilot

for the Apollo 11 Mission to the moon

Active ingredients of most drugs are small-molecule [1] chemicals. The chemical
structures of these are similar to that of fine/specialty chemicals. Their manufactur-
ing chemistries, processes [2], and equipment [3] are the same or similar and have
been practiced and improved over the last 100 years. Their patent status classifies
them as brand (under patent) or generic (outside patent).

Compared to fine/specialty chemicals, APIs are highly regulated. Either of the
molecule, brand or generic, can be produced by any company that has the neces-
sary processes, equipment, and staff to produce them.

Drug molecules that are under patent are generally manufactured or outsourced
by the brand (inventor) company whereas the generic molecule could be produced by
any company, and that includes outsourced manufacturing. Each manufacturer has to
meet FDA’s cGMP [4] regulations and requirements.

The process of continuous improvement and constant innovation are an integral
part of human life. We have created products and their manufacturing processes that
improve our quality of life. Like most animals, we do nothing when nothing is required.
Unless provoked, motivated, or stimulated we do not create or innovate.

In the chemical/petrochemical landscape, pharmaceuticals having the highest
“environmental factor” (E-factor) [5, 6] [Tab. 6.1] is a provocation. The E-factor is a ratio
of the mass of waste produced/mass of product. A lower “E-factor” reflects a more en-
vironment-friendly or “greener” process. Greenness of API manufacturing processes
has been ignored or valued less. It is on us and it is timely that we address environ-
mental concerns, and do what we can and should do to lower/minimize the “E-factor”
in pharmaceutical manufacturing.

Knowledge, methods, and processes that can simplify the API manufacturing
and their formulation methods so that we can minimize the resulting emissions and
continue to appreciate and maintain our good fortunes are well understood. They
are known to us and, but are not fully practiced in pharmaceuticals. There are many
reasons that include:
1. Profitability of the plethora of companies involved
2. Lack of our desire to leave a good legacy for our coming generations
3. Shrugging our responsibility to preserve and improve our environment

https://doi.org/10.1515/9783110702842-006
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4. Regulations that have become an hindrance for continued improvements
5. Policies that interfere progress

It is well recognized that among the waste produced in different chemical-related
industries, pharmaceutical industry stands out as the largest producer of waste.
This waste is categorically defined as “E-factor.” Pharma’s “E-factor” [5, 6] has been
anywhere between 25 and 100 kg waste per 1 kg of product. Tab. 6.1 Illustrates and
compares the waste generated by different chemical-based industries.

Of late, there has been significant discussion about “net zero” [emissions produced =
emissions removed] [7]. In order to get to this goal, pharma needs to review its API
manufacturing practices (active pharmaceutical ingredients) and their formulations.

It is noteworthy that in the chemical-based product category (Tab. 6.1), the one
with the lowest yearly volume has the highest waste. Pharmaceutical manufactur-
ing’s waste has been a perennial problem [8, 9]. In reality, the pharmaceutical
waste numbers would be much higher if the solvents were not recycled. In solvent
recovery processes, distillation residue is generated. Its chemical composition and
long-term impact on aquatic life or soil, even if properly disposed off, is not known.
“Green chemistry” [10], of late, has become the vogue. Instead, if “good chemistry”
is practiced, API manufacturing [11] and their formulations will transition to “green
chemistry” [10] and move toward NET ZERO (carbon neutrality) [7] emissions. It can
be achieved, but a concerted effort would be needed.

Inefficiencies in pharmaceutical manufacturing are well recognized [12, 13]. FDA’s
PAT Team and the Manufacturing Science Working Group Report [13] clearly states:

Pharmaceutical manufacturing operations are inefficient and costly. Compared to other indus-
trial sectors, the rate of introduction of modern engineering process design principles, new
measurement and control technologies, and knowledge management systems is low. Opportu-
nities for improving efficiency and quality assurance through an improved focus on design
and control, from an engineering perspective, are not generally well recognized. For example,
when discussions at the FDA Science Board and Advisory Committee for Pharmaceutical Sci-
ence shed light on the current low efficiency and its cost implications (e.g., costs associated

Tab. 6.1: “E (kg waste/kg product)” factor [5, 6].

Tonnes per year E-factor
(kg waste/kg product)

Total annual
waste tonnage

Oil refining 
– <. ,,

Bulk chemicals 
– <– ,,

Fine chemicals 
– – ,

Pharmaceuticals –  to > ,
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with manufacturing can far exceed those for research and development operations in innova-
tor pharmaceutical firms) many at FDA had difficulty understanding this and common reac-
tions were “how could this be possible?” or “this can’t be true.” Regulators and many in
manufacturing operations express their frustration by suggesting that manufacturing is a
“step-child” in this industry, and that there is no economic motivation (e.g., cost and price
difference) for improvement. Other suggestions include a general lack of systems perspective,
organizational barriers that inhibit exchange of knowledge, and the attitude that much of
pharmaceutical formulation and process development is an “art.” Some in pharmaceutical de-
velopment suggest that there are very limited opportunities (“development time crunch”) to
realize and/or demonstrate the level of science underlying current formulation and process de-
velopment efforts.

FDA’s 2004 statement still holds true. Reduction of waste in the manufacture of
small-molecule API (active pharmaceutical ingredients) is extremely important, as
the long-term effects of chemicals that end up in aquatic, soil, human, bird, and
plant life are not totally understood. Since the short and long-term effects of chem-
icals that are produced as product and byproduct are not known and understood, it
is best to minimize/eliminate their presence in every effluent [8, 9].

With inefficiencies (lower than optimum yield and waste) in pharma manufactur-
ing being well-recognized [5, 6, 12–15], the issue needs to be addressed. A concerted
effort is needed to minimize the discharge of organic chemicals in the environment,
as a whole. By having an understanding of the reasons for this high level of waste, it
is possible for the pharmaceutical industry to address the issues, and corrective
measures can be taken. If done right, it could be possible to lower the levels of
pharmaceutical waste to that of fine/specialty chemicals levels [5–50 kg/kg product]
[5, 6]. This, or lower, waste could be set as a target. Some of the causes and methods
to reduce waste are reviewed.

6.1 Why low yield and waste happen

These happen due to a combination of overlooking what the chemicals, their chem-
istry, their properties, their mutual behavior and reaction conditions, the reaction
rate, and the equipment are telling us. Details of why the waste and why lower
yields result have always been in front of us. Some recognize them and capitalize
on them to take advantage; thereby improving profits and product quality.

Reaction chemistry and equipment are the two primary elements of each process.
Generally, use of equipment that is available at a site is taken for granted. Every pro-
cess has its own unit operation [3] (agitation, heat addition/removal, etc.) and unit
process [2] requirements. Since most of the chemistries and unit operations can be
fitted in the existing equipment [16, 17], unless it is critical for a product chemistry to
have a hand in glove fitting, no one will invest in new processing equipment. This
has been practiced for the last century and is the largest cause of waste generation
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and less-than-optimum yields. As explained later in this chapter, the selection/con-
figuration of the existing equipment contributes to high solvent waste.

This is more true for active pharmaceutical ingredients, as a small quantity pro-
duces a large number of tablets (in a typical formulation, 1 kg API produces 1 million
of 1 mg tablets] and serves the needs of many. Since processes can be modified to fit
in the existing equipment [16, 17], no one will invest in new equipment for each API.

Process development starts at the initial evaluation of the chemistry. As has
been discussed earlier and in Chapter 5, a village [18] needs to be involved from the
onset of the chemistry development and its commercialization. If this does not hap-
pen from the start, low yields and high waste will occur. Another reason for the
continued waste in manufacturing a product is the lack of financial return due to
the limited volume of API per manufacturing site [19]. This has been discussed in
earlier chapters.

6.2 Sources of pharma’s waste

API manufacturing technology, unlike its older cousin, fine/specialty chemicals, has
been stuck, for more than 50 years, in what can be labeled as “laboratory glassware
technology/methodologies.” These historical methodologies result in high solvent use
and less-than-optimum yields. They are the acceptable norms of API manufacturing.
The issues are recognized but not addressed. On the other hand, fine/specialty chem-
icals live with the process of continuous improvement.

Regulatory restrictions are a hindrance to the continued optimization of pharma
manufacturing processes. Pharma companies, instead of tackling the issue directly at
the inception, have been kicking the “manufacturing technology innovation can” to
a later/future date. Brand companies, due to the limited patent life and the potential
of altering of the product’s efficacy and/or the performance, seldom venture in this
area. As stated earlier, generic manufacturers do improve the synthesis and the
manufacturing processes before they commercialize their products, but not enough
to make a significant impact on waste reduction. This also happens due to the lack of
economies of scale because too many [20] companies are manufacturing the same
product. In addition, by kicking the can, pharma is also ignoring the increasing eco-
logical impact it leaves behind, with every passing day.

6.3 Can pharma’s yields and solvent use be improved to achieve
net zero emissions?

In recent years, the discussion volume about low process yields and excessive solvent
use has increased [8–11, 15]. Effort is needed to improve the yield and minimize the
solvent use. It requires not only a different thinking but also “creative/imaginative”
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application of the fundamentals of science. Most of these have been discussed in ear-
lier chapters but it would be beneficial to review them. API manufacturing, being the
largest contributor to environmental pollution in the chemical industry, has to transi-
tion to net zero (carbon neutrality) [7] emissions. It can be done, but a concerted effort
would be needed. Others can add their own criterion that benefit and simplify their
process transition from bench to commercial scale [21].

6.4 Why has the pharma lagged in manufacturing technology
innovation?

It would be beneficial to understand how and why the pharmaceutical API
manufacturing industry has not made much effort to minimize its waste. It is
equally important to understand the reason/s for why the issues still exist and
why even after recognition of the problem, not much effort has been spent to
lower/alleviate the problem. Major reasons are:
1. Laboratory processes are not optimum. If they are not optimized before NDA

(new drug application, brand drug) filings, they rarely get optimized after the prod-
uct is commercial. This is due to the regulatory hurdles and the associated costs.

2. After the patent expiration, the brand molecule becomes generic. Generic compa-
nies do make improvements in the brand molecule synthesis processes, but they
are still not enough to make an impact on the total waste discharge. In addition,
since many companies produce the API [20], values that could be generated from
economies of scale are never achieved as their processes are not optimized.

3. Table [22] is an illustration of yield versus the number of steps for a process.
For the brand drug producer, the priority is to commercialize the product, even
if the manufacturing yield is 12% and the process has six steps. To a generic
API producer, low yield matters, if their competitors for the same process have
a higher yield. If they want to stay in the business, they have to put the neces-
sary effort to improve their process yield.

4. To a brand or a generic API producer, in the final cost analysis, low yields are
irrelevant. Their mission is to maximize their profits. Thus, the drugs are priced
accordingly. Low yields or waste-related costs are a slight perturbation in the
total financial analysis. Table 6.3 illustrates the factory cost and the selling
price of the API for the drug, Tecfidera. Even if the factory cost of dimethyl fu-
marate is doubled or quadrupled, the cost impact would be about 5.00% reduc-
tion in the profit to the API seller, which in the overall analysis, may not be
worth worrying about.
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If the API price goes up, the formulator will pass on their increased costs to
the patients. The manner in which the middlemen in the supply chain react to
the increased costs can influence the selling price to the patient, through in-
creased copay or other means.

If there is a cost reduction due to manufacturing technology innovation, pa-
tients do not see the impact of such reduction. This is due to patients not know-
ing the real costs. Thus, the manufacturing technology innovation/s does/do not
have any relevance to patients.

5. Active pharmaceutical ingredient (API) manufacturers, due to their chemistry and
synthesis similarities to fine/specialty chemicals, in the last century, found an easy
way to produce their products in similar equipment. Since the equipment, meth-
ods, and processes of the fine/specialty chemicals industry worked extremely well,
processes were fitted in the existing equipment [16, 17]. No attempt has been made
to develop or commercialize alternate equipment or processes methodologies to
minimize waste. Traditions of the over hundred years are the standard modus op-
erandi for the manufacture of most APIs and have been difficult to shed.

6. In most APIs, multiple and excessive amounts of solvents are used to achieve
the needed product purity. Once the brand drug gets to phase III clinical trial, it

Tab. 6.3: Sample example of an API, its factory cost, selling price, and drug sell price.

API cost
($/kg)

API selling
price
($/kg)

Drug selling price, USA

Dimethyl
fumarate
(Tecfidera)

.
[]

 [] Biogen
(brand)
List price

Mylan
(generic)
List price

-Day supply is available from
drug stores if there is a
prescription.
Price range $.–$,.

-Day supply $,. $,.

API selling price contribution per  mg tablet = <. cents

Tab. 6.2: Correlation of the yield and the number of reaction steps [22].

Overall yield

Steps

Yield per step     

% % % % % %

% % % % % %

% % % % % %

% % % % % %
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is difficult to alter/change the chemistry/synthesis process. It is possible that
these chemistries may not be optimum.

7. Speed to get the product to the market is considered more important than the
need to optimize the chemistries and/or the production processes. Optimiza-
tions are not considered necessary. This is due to the limited patent life after
the brand drug approval. Revenue generated in the limited patent life far ex-
ceeds the monies that could be saved by process optimization or waste reduc-
tion. Since patients are most interested in getting the appropriate treatment,
the price of the drug at times does not matter. This is especially true when pa-
tients are part of the mutually subsidized healthcare systems.

8. Adoption of the Hatch-Waxman Act [25], the WTO TRIPS agreements [26], and
the lax environmental laws [27] of the developing countries [28] have also resulted
in moving generic pharma manufacturing [29] from the developed countries.

All of the above and the regulatory restrictions to manufacturing process changes
prevent continuous improvement of the API processes. With the API producer compa-
nies being profitable and due to the ever increasing global drug need, the need to
innovate pharmaceutical manufacturing processes and technologies is not consid-
ered a priority. Once the product is commercial, except for following the cGMP [4]
practices, not much improvement in most manufacturing technologies takes place.

6.5 Process steps: laboratory to commercialization

Steps needed from laboratory to the commercialization of a product have been re-
viewed in earlier chapters, but it is necessary to emphasize their value. These are
also used to propose alternate processes that are simpler, produce quality products,
and can quickly fill the drug demand in times of shortages. Schematics of the cur-
rent process are illustrated in Fig. 6.1.

6.5.1 Laboratory development

1. Chemical equation: what are the reactants and products in each step.
2. Stoichiometric balance.
3. Definition of chemistry and the reaction parameters.

Fig. 6.1: Process commercialization process.
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4. Proper and multiple commercial supplies for raw materials and solvents.
5. Solvent selection has to be such that it facilitates the reaction and needs to be

limited to one additional solvent, in addition to water. More than two solvents
add unnecessary complexity to the process.

6. Compilation of physical and chemical properties of the reactants used and pro-
duced. How can they be used in developing a commercially viable process?

7. Toxicity and safety of the chemicals used, produced, and the generated waste.
8. Cost comparison of the various synthesis routes and selection.
9. Proof and viability of the selected synthesis route.
10. Re-costing of the selected chemical synthesis route.
11. Laboratory equipment shows the pathway, but does not tell us how to translate

the process in a commercially viable economic route.

All of the above (Items 1–11) are part of the exercise for the development of every
fine/specialty chemical. Since the small-molecule active pharmaceutical ingre-
dients are part of the fine/specialty chemical family, the above should be practiced
for their commercialization also.

In the initial review, raw materials may be acquired from laboratory chemical
supply houses to benchmark their prices and specifications. However, they should
not be part of the lab development work as their prices and quality are far higher
than the commercially available raw materials. Raw materials used for the laboratory
development should be industrial grade, rather than pharmaceutical grade, as they
do not represent reality. A word of caution about suppliers – they would like to know
how and where their materials will be used, as use in pharma synthesis will increase
prices. If the suppliers come to know about the use in API synthesis, rather than in
fine/specialty chemical synthesis, prices go up. Suppliers have to meet customer
specifications rather than where the product would be used. As has been suggested
in earlier chapters, the knowledge developed and realized in the laboratory is helpful
in process scale-up, commercialization, and trouble-shooting of processes.

6.5.2 Scale-up considerations

High “E-factor” [5, 6] and poor asset utilization [30] clearly suggest that pharma API
needs to consider different operating philosophies to manufacture the APIs. Pro-
duction volume at sites influences equipment and process selection. Chemists and
chemical engineers practice this day in, day out for every product scale-up.
1. Can the solid reactants be solubilized, or slurried, or fed as a melt to the reac-

tion vessel?
2. How can the physical properties of the reactants and reaction products be used

to facilitate and/or simplify the reaction?
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3. Can the reaction be carried out, following the reaction mechanism steps, thereby
minimizing the solvent use?

4. Can the reaction kinetics be improved so that each reaction becomes a zero-
order reaction [31]?

5. Can the alternate process operating parameters be tested in the laboratory or
the pilot plant?

6. Can the whole process be carried out using reactors, or similar apparatus, or
associated equipment that have ~ 400 liters or less volume per vessel?

7. Is the equipment available for commercial process, the right equipment that
will minimize solvent use and maximize reaction yield?

8. Process centricity [32] has to be the key for commercialization of every process.

These considerations are used by most chemists and chemical engineers, but since
the equipment between the lab bench and the manufacturing floor is standard, they
are forced to use what is available. Lack of user flexibility of the available equipment
is one of the major reasons for less-than-optimum processes. Their use is considered
as an acceptable standard practice, but can also be the cause for high waste. We
need to recognize that the large reactors force processes to use significantly large vol-
ume of solvent for sufficient agitation and heat transfer. Such inflexibility forces a
high “E-factor” for most batch processes that are the mainstay of API manufacturing.

It may be time that pharma’s API manufacturing needs a review of its practices.
Three possible manufacturing routes are illustrated in Tab. 6.4 for every API.

6.5.3 Equipment options

Selection of processing equipment and route depends on each company’s business
model for the involved products. As stated earlier, yearly production volumes dic-
tate the routes.

Using laboratory glassware and process concepts, the operating conditions to be
used in a commercial process can be defined. This is where chemical engineers, who
are part of the village [18], would step in to create simple processes [37] that use mini-
mum solvent (lower the “E-factor”) and can be optimized for excellent yield.

Most companies are familiar with batch and continuous processes. Continuous
processes are designed for specific products to produce a single product, about

Tab. 6.4: Possible API synthesis routes.

. Batch, as they are practiced

. Modular plant [–]: an alternate option for a batch or a continuous process discussed later

. Continuous
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8,400 h/year, with predefined (minimal) downtime for routine maintenance and
unexpected downtime. This is an established definition and has been reviewed in
earlier chapters.

For batch processing, processes are fitted in the existing equipment [16, 17].
Most of the fine/specialty chemicals, especially active pharmaceutical ingredients,
are produced using batch processes in a tradition of more than 80 years. Fitting the
chemistries in the existing equipment also necessitates the use of a large excess of
solvents. Though these routes provide convenience, minimize the investment, and
provide operating flexibility, they are the largest causes of high “E Factor” in the
manufacture of APIs and equipment underutilization [30].

Use of modular plants for fine/specialty-chemical manufacturing is discussed
occasionally. They are equipment assemblies for specific products or selected unit
operations that can be used in a process. Unless there is an exact fit of unit opera-
tions in processes, their use would be no different than any fitting in a unit opera-
tion in an existing batch equipment assembly, leading to high “E-factor.”

Currently, assembly of most of the modular plants (process and equipment de-
sign) is outsourced. This could be due to the lack of in-house expertise. If such as-
semblies do not have year-round use (8,400 h/year), they would be no different
from any other batch process assemblies being used.

In order to have an excellent and economic process and consistently take ad-
vantage of in-house modular equipment assemblies, a total command and under-
standing of unit processes, unit operations, physical properties, and their mutual
behavior are necessary. All these criteria are taught extremely well in our curricula,
but their inclusion in process design, especially modular plants, happens through
experience and application in actual processes.

In-house modular process equipment [33–35] would be assembled like an erector
set [36] to create a viable process train to have an excellent process for the production
of different products. However, the concept of modular assembly of chemical proc-
essing equipment is not very prevalent. This could be due to the fact that companies
will have to have necessary manpower to assist in design and assembly of such pro-
cesses. Most pharma API producing companies in today’s environment and operating
strategies may not have such prowess.

Traditions, easy availability of existing equipment where different processes
can be easily fitted in the existing equipment, and uncertainty of product demand
could be the additional reasons. As stated earlier, achieving low “E-factor” has
never been a process consideration in API manufacture.

Using smaller reactor equipment, compared to conventional equipment, can
lead to significant reduction in solvents needed. However, due to the low asset utili-
zation [30] in the current plants, investment in additional equipment that could
lower costs and improve product quality due to regulatory concerns is generally
avoided. As has been discussed in different chapters, API costs have minimal im-
pact on the selling price of the drug; thus manufacturing technology innovation is

186 Chapter 6 Active pharmaceutical ingredients (API)

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



not a prime driver. Lowering the environmental impact can be the driver. Concepts
discussed here can be used to review their application for the production of APIs.

Modular equipment would be used as plug-in devices to improve manufacturing
processes. It is critical that chemists and chemical engineers have a total understanding
of the physical properties [38] and their mutual behavior. They can be exploited to create
simpler processes. It is best to review what could be the components of modular plants.

If modular equipment is not available, some of the pilot plant equipment, especially
the reactors, due to their small size, can also be used and tested as modular devices. The
same holds for other processing equipment. They provide a convenient place to test
some of the concepts and also avoid any investment. Schematics of some of the con-
cepts are illustrated. Chemical engineers, who are well versed in process design,
will understand. The outlined concepts can be extended to any reaction.

In recent times, contract manufacturing companies have stepped in to produce
many APIs. These plants are no different from the in-house plants. Manufacturing
at these outsourced sites would be using batch processes, unless they have a long-
term plant to produce the product using a continuous process that will operate
about 7–8,000 h/year.

For modular plants, creativity and imagination would have to be unleashed,
and it can lead to simplification of chemical synthesis processes. A critical element
for the use and success of such plants is the internal intellectual capability and the
expertise of each company, as the needs are very specific to each chemistry. Chem-
ists and chemical engineers would have to be the outliers. “Can do” attitude has to
be the modus operandi. They have all the necessary training and knowledge to re-
duce the “E-factor” [5, 6] of each reaction, and drive it to “net zero” [7]. In-house
capabilities to assemble and disassemble equipment would be a must.

Some the applications are discussed in detail.
Following are some unit operation concepts where the available equipment can

be used to improve chemical manufacturing processes. These concepts should not
be limited to these equipment only.
– Heat exchangers as reactors: Reactor use in the fine/specialty chemical/phar-

maceutical industry is an age-old tradition. Table 6.5 [39] illustrates the heat
transfer area available for jacketed reactors. It is noteworthy that the surface
area available decreases as the reactor size increases. Thus, to make sure that
every advantage of the available surface is gained, excess solvent has to be
used. This is a well-accepted practice. Generally, between 40–60% excess sol-
vent is used for a good heat transfer and proper agitation.

It is easily possible to use heat exchangers as a substitute for reactors. They have
been and are being used as reactors, as needed. Based on the physical properties
and chemistry, it is highly possible to minimize the solvent use in reactions. Re-
duced solvent use would have to be included in the manufacturing process, and
that can, in turn, significantly lower the “E-factor” [1, 2] for most pharmaceuticals.
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In general, shell and tube, and plate and frame heat exchangers are the external
unit operations used to add or remove heat in any chemical reaction. Due to their
limited space compared to a chemical reactor for the same function, they can provide
distinct advantages in improving reaction rates and reducing the needed solvent.

Heat transfer is carried out using a cooling or a heating media. In both cases, the
heating/cooling fluid supply link becomes an umbilical cord. This cord significantly
lowers the portability of the equipment. However, electrically heated tubular heat ex-
changers used in semiconductor and electroplating industry [40] are available and
can be used for many reactions in the chemical industry. They can, depending on the
need, provide as much as 40 kW/sq. m. heat to the fluids [Table 6.6]. Compared to
the conventional heat exchangers, they can be used as modular heaters and can facil-
itate reactions.

Plate and frame heat exchangers [41–43] can also be used. An integrated modu-
lar cooler/chiller can be used as a heat exchanger. These can simplify chemical
processing. Tab 6.6 illustrates the range of heat load that can be provided using
electrically heated heat exchangers

Figure 6.2 is an illustration of using heat exchangers (plate and frame or electrically
heated tubular heaters) as reactors. Where and how the reactants get added simplify

Tab. 6.5: Available heat transfer area for
different size reactors [39].

Liters Surface area/volume (m/kL )

,. .

,. .

,. .

,. .

,. .

,. .

,. .

,. .

Tab. 6.6: Kilowatt heat per square meter [40].

Heater Watt density Power range (kW) Heat transfer area (m) kW/m

W/in. kW/m Low High Low High Low High

Frontier  .   . . . .
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the reaction times and the chemistry. This is difficult to achieve in large reactors.
Smaller reactors and in-line additions provide the flexibility to capitalize on reaction
mechanisms by allowing the sequential addition of reactants to maximize yield.

Electric-powered tubular heat exchangers, compared to jacketed reactors and
auxiliary-powered (steam or heated liquid) heat exchangers, provide the opportunity
as discussed above, along with more heat per unit volume of the reaction space. With
a high concentration of reactants and higher heat flux, reaction rates can be acceler-
ated due to the typical Arrhenius behavior [44] as well as a possible reduction of
kinetic reaction order, from higher (≥1) to, at best, zero-order. This should lead to
improving/lowering reaction times, improving conversions, and reducing waste.

– Screw conveyor/feeder: Screw conveyors can be used to meter a solid in a re-
action system. There are two ways these conveyors can be used. One method
would be to use an electrically heated conveyor to melt the solid raw material
in the reaction system, as illustrated in Fig. 6.3. Meter-feeding the reaction sys-
tem will control the liquid. Used this way minimizes the needed solvent, which
would be generally necessary in a conventional reaction system. An alternate
way can be the total melting of the solid raw material that gets mixed with the
reactant or solvent. Molten material can be metered in the process.

– Use of Pumps as mixer/agitator and a temperature controller: Reactors,
generally, have an agitator to assure uniform mixing. Most of the time they
work as expected. However, in many instances, feeding a reactant can have
a localized exotherm, resulting in overheating and producing an undesirable

Fig. 6.2: Plate and frame or electrically heated tubular exchanger configuration as reactor.

Fig. 6.3: Electrically heated screw conveyor with ratio control solvent (caustic).
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product that can be a contaminant. This becomes an impurity, which cannot
be removed. In such cases, pilot plant-sized reactors (60–100 liter) provide an
easy and excellent method to eliminate the formation of such impurities. The sug-
gested addition method (Fig. 6.4) also promotes immediate dispersion of the reac-
tant, and a uniform and efficient reaction.

Such reactor systems can be skid-mounted and can be used where needed.
– Use of pump and screw feeder combination as a disperser of solid feed:

Adding solid feed to a reactor/tank that has solvent/liquid (cold or hot) or other
reactant can be a challenge, especially when the solvent temperature is at near
operating conditions. Even if it is not, the solid charging time extends the batch
cycle. The solid charging process can be simplified by using an eductor as a
feeder. Liquids, especially viscous, also can be charged in the venture, to maxi-
mize mixing. Solid dispersers [45] can be used to grind the solid in the solvent
and facilitate reactions.

Fig. 6.4: Use of pump and heat exchanger for process control.

Fig. 6.5: Use of venturi eductor to change solids/liquids to a reaction system.
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– Decanter [46]: There are two ways to separate water and organic liquids: azeo-
tropic distillation, followed by gravity decanter, or just a gravity decanter.
These are two common and the simplest ways. Each has its value. Azeotropic
distillation is used to take out the water and solvent out of the reaction mass.
Gravity decantation separates the liquids using differences in solubility and
density. This is one of the simplest ways to separate the liquids. Properly de-
signed decanters work brilliantly and are one of the simplest rendition of mu-
tual insolubility and density differences to separate two liquids.

The heavy-phase seal leg can be easily adjusted if the decanter shown in Fig. 6.6 is
used for the processing of different products. Engineers have incorporated process
controls for level and flow control. Density differences and settling time are excel-
lent process controls and, generally, they minimize cost.

Solubility of the reaction products, along with decanters, can be exploited to
simplify processes. A hypothetical case would be the extraction of a desired product
from a process stream. Mixed feed, in Fig. 6.6, has the desired product in water
phase. In the subsequent reaction step, water is an undesirable phase. An organic
solvent can be added to the decanter feed and used to extract the desired product,
and be separated for further processing. This is a simple exploitation of the physical
properties of components of the reaction mass.

6.6 API examples

Using examples of few APIs, alternate operating philosophies are suggested. Some
of the equipment options discussed above are included. They can be modified to
suit an individual company’s needs. For each process reviewed, it is necessary that
smaller pilot plant reactors, modular reactors, or heat exchangers that can be used

Fig. 6.6: Gravity separator (decanter).
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as reactors, be part of the design consideration. It is expected that these suggestions
could significantly lower pharma’s “E Factor” [5, 6] and improve asset utilization
[30]. Both product quality and profitability, will improve through economies of
scale.

6.6.1 Metoprolol

Of the many patents for metoprolol, two patents, USP 6252113 [47] and US 2009/
0247642 A1 [48], were randomly selected and reviewed. Using the chemistry and
processes, a potential simplified process is presented.

6.6.1.1 USP 6252113 [47] example
The process for preparation of 1-(2,3-epoxypropoxy)-4-(2-methoxyethyl) benzene
(CAS 37350-58-6: metoprolol) is described.

p-(2-Methoxyethyl)phenol (~6.6 mol), epichlorohydrin (1.45 equiv.) and water
(~2 kg.) were combined and the mixture heated to ~ 50 °C. Sodium hydroxide solu-
tion (50%; 1.4 equiv.) was added over 3 h and the temperature was elevated to
reach approximately 60 °C during the addition. Formation of the title compound
occurred during this period.

The batch was stirred for another 1 h at approximately 60 °C, cooled to approxi-
mately 50 °C, the phases separated, and the product was washed with water.

The residue was distilled at ≤190 °C at a pressure of ≤20 mm Hg and the distil-
late was collected. The yield of the title compound was 80% of the theoretical calcu-
lation. and the purity was 98%, according to GC analysis.

Metoprolol base:
1-(2,3-Epoxypropoxy)-4-(2-methoxyethyl)benzene (1 kg, 4.8 mol), isopropyl al-

cohol (~0.9 kg) and isopropylamine (0.8–1.7 kg, 3–6 equiv.) were mixed and reacted
for 2–5 h at reflux. Formation of metoprolol base occurred during this period.

The reaction mixture was then concentrated at atmospheric pressure until the
inner temperature reached ~100 °C. Water was added to the batch and then distilled
off in vacuo until the inner temperature reached ~100 °C, to form a concentrate.

The resulting concentrate was diluted with isobutyl methyl ketone (~0.6 kg)
and water (~2.2 kg), and concentrated sulfuric acid was added to adjust the pH to 4–6.

After separation, isobutyl methyl ketone (~1 kg) was added to the water layer
and concentrated sodium hydroxide solution was added to adjust the pH to 13.

The organic layer was concentrated in vacuo at ≤ 80 °C until the distillation
ceased, and the concentrated batch was redissolved in acetone (~1.6 kg) and fil-
tered, to yield metoprolol base solution. The assay of metoprolol base in the solu-
tion was determined by titration. Yield: ~ 1.2 kg metoprolol base (100%) ~ 95% of
theory. The purity of the metoprolol base was 96%.
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The overall yield of metoprolol (USP 6252113) is ~ 76%. Laboratory process uses
three different solvents (isopropyl alcohol, acetone, and isobutyl ketone). By using
three different solvents, besides adding complexity to the process, their value or
function is not clear. In addition, their recovery and recycling is difficult. The pro-
cess described can be simplified. Alternate single solvent could be used.

6.6.1.2 US 2009/0247642 A1 [48] example
This patent describes the two following steps.

Step A: Preparation of 1,2-epoxy-3-(4-(2-methoxyethyl)phenoxy)propane
To a 400 L reactor containing 49.6 kg of deionized water, potassium hydroxide

pellets (88.25%) of 7.93 kg (0.125 kmol) was added, while maintaining the tempera-
ture below 30 °C. The mixture was stirred until dissolution, and then 20 kg (0.131
kmol) of 4-(2-methoxyethyl)phenol was added. The reactor was then closed, iner-
tized, and the mixture was stirred for 20 min, during which time, an opaline solu-
tion was obtained.

To the above mixture, 12.54 kg (0.135 kmol) of R,S-epichlorohydrin was added
for over 30 min. The reaction mixture, which had two layers, was then heated to
35 ± 2 °C and kept at this temperature for 6 ± 1 h. Thereafter, 0.41 kg (0.0064 kmol)
of potassium hydroxide pellets (88.25%) and 0.38 kg of deionized water were
added. The reaction mixture was then maintained at 35 ± 2 °C for 15± 1 h. Thereaf-
ter, the water-epichlorohydrin mixture was distilled under vacuum until 160 L were
collected and an orange-colored liquid residue was obtained.

Step B: Preparation of ± 1-(isopropylamino)-3-[p-(2-methoxyethyl)phenoxy]-2-propanol
The distillation residue obtained in Step A above was next cooled to between

0–5 °C and 62.4 kg (1.056 kmol) of isopropylamine was added for over 2–3 h, while
maintaining the temperature below 15 °C, to yield an orange-colored suspension.
The reaction mixture was then heated to a reflux temperature (50–55 °C) for over
40 min, and maintained at the reflux for 3 h. The reaction mixture was then cooled
to room temperature (20–25 °C), and the reaction evolution was monitored by
HPLC. Next, the reaction mixture was reheated and the excess isopropylamine was
removed by distillation at atmospheric pressure, while not exceeding 70± 3 °C.

The obtained residue was next cooled to 20–30 °C; a vacuum pump was con-
nected to the system and the reactor was heated again to continue the distillation
(under vacuum), until reaching 70± 3 °C. The reactor was then maintained at this
temperature for 30–40 min and an orange-colored oil was produced. Deionized
water (7 kg) was then added to the obtained residue; the vacuum distillation was
continued until a temperature of 70± 3 °C was reached, and the reactor was main-
tained at this temperature for 30–40 min.

Deionized water (30 kg) and toluene (38.2 kg) were then added to the resulting
residue. The temperature of the mixture was then adjusted to room temperature
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(20–25 °C), and the mixture was stirred for 30 min. The layers were allowed to de-
cant for 30 min and were then separated. The toluenic layer was first washed with
15 kg of deionized water, followed by a second washing with 5 kg of deionized
water and 0.22 kg of hydrochloric acid 35%, and was finally washed twice with
15 kg of deionized water. The resulting toluenic metoprolol base solution was weighed,
and an aliquot was assayed for metoprolol base content.

6.6.1.3 Simplified metoprolol process
Chemistry of metoprolol synthesis is illustrated in Figs. 6.7 and 6.8. Table 6.7 illus-
trates the theoretical stoichiometry of the reaction. This can be used as a guide to
economize the process. Excessive amount of reactants and solvents are being used,
than necessary. Chemists and chemical engineers well versed in process develop-
ment can create an excellent process.

Process engineers and chemists familiar with the design of such processes will to-
tally understand the simplicity of the synthesis. Processes outlined in USP 6252113
[47] and US 2009/0247642 A1 [48], as suggested, are complex and can be simplified.

p-(2-Methoxyethyl) phenol + NaOH=Na p-(2-methoxyethyl) phenolate + H2O

C9H12O2 + NaOH = C9H11O2Na +H2O

Na p-(2-methoxyethyl) phenolate + epichlorohydrin = [4-(2-Methoxyethyl)phenoxy]
methyl]oxirane + NaCl

C9H11O2Na + C3H5ClO = C12H16O3 + NaCl

[4-(2-Methoxyethyl)phenoxy]methyl]oxirane + isopropyl amine =metoprolol

C12H16O3 + C3H9N = C15H25NO3

Fig. 6.7: Metoprolol reaction chemistry.

Tab. 6.7: Theoretical stoichiometry of metoprolol
synthesis.

Chemical Theoretical

p-(-Methoxyethyl) phenol .

Epichlorohydrin .

NaOH .

Isopropyl amine .
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Fig. 6.7: Metoprolol reaction chemistry [49] Using physical properties (Tab. 6.8) [50]
of the chemicals used and produced, an excellent process can be developed and de-
signed. Due to cost, sodium hydroxide would be preferred over potassium hydroxide.

In metoprolol synthesis, sodium salt of p-(2-methoxyethyl) phenol is produced by re-
acting p-(2-methoxyethyl) phenol with commercially available caustic soda. It is sub-
sequently reacted with epichlorohydrin and isopropyl amine to produce metoprolol,
which is converted to its succinic salt, since toluene/water azeotrope, toluene would
be an ideal solvent in the synthesis. Production of metoprolol succinate is a single-
step synthesis, followed by crystallization. If tartrate is to be produced, it can be done
similarly. Based on global demand [51], continuous crystallization process can be de-
veloped and commercialized. Technologies exist and have to be selected. Multiple
formulation lines would be needed to fill the various dosage needs.

With the estimated global demand of ~ 1.4 million kg/year [51], about 51 plants [52]
currently producing the API. The most likely batch production is the current preferred
method. Each batch plant would be producing about 28,000 kg metoprolol per year.

Fig. 6.8: Metoprolol synthesis [49].

Tab. 6.8: Physical and chemical properties of metoprolol chemicals [50].

Chemical CAS no. Chemical formula Mol. wt MP (°C) BP (°C)

p-(-Methoxyethyl) phenol -- CHO   @
 mm Hg

Epichlorohydrin -- CHClO . −. 

Caustic, % -- NaOH   

[-(-Methoxyethyl)phenoxy]
methyl]oxirane

-- CHO   

Isopropyl amine -- CHN  − 

Metoprolol
[-[-(-Methoxyethyl)-phenoxy]
--(isopropylamino)--propanol]

-- CHNO   
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Due to lack of economies of scale, most of these plants, compared to high yearly pro-
duction rate plants (they could be two or three continuous process plants), will be inef-
ficient and have their own waste.

For the synthesis of metoprolol, due to the simplicity of the chemistry and so
much idle equipment at most sites, it should not be difficult for a company to repur-
pose the available equipment to create and commercialize a simple continuous
manufacturing process. Thus, investment for a dedicated new equipment might not
be needed. Such repurposing opportunities are reviewed.

Simplicity of chemistry and the estimated demand suggests that between one or
two continuous plants can easily fulfill the global demand at 100–200 kg/h rate and
operating about 7,500 h/year. Such plant/s, due to economies of scale, would have
an efficient process and, most likely, will have about 30% of the waste generated by
the 51 plants. The continuous process factory manufacturing cost will be significantly
lower than the batch process. This would come through from economies of scale, pur-
chasing power of the raw materials, inventory management (cash flow), and efficient
manufacturing plant/s. In addition to fulfilling the global demand, the production
rate can be modulated in a continuous plant to meet the changing API demand.

Figure 6.9 is a schematic of the metoprolol reaction and reviews the process
equipment options that are a combination of the available conventional equipment
and the equipment that is conventionally not used in the chemical industry. Due to
the smaller size of the pilot plant equipment, the concept of solvent reduction can
also be tested.

In Fig. 6.9, Rx1 and Rx2 are electrically heated tube heat exchangers [40] that
can be used for the reaction process. These would be used as modular reactors and
can be used for the synthesis of other products also. If electrically heated tube heat
exchangers are not available, use of smaller, between 75 and 150 L or smaller jack-
eted reactors, could be evaluated. The idea is to minimize the solvent use by mini-
mizing the reaction mass fluid. In addition, the heat flux to the liquid has to be
maximized. This can hasten reaction times and reduce the batch cycle times, if
batch process is selected for manufacturing.

The following are some of the design considerations for the modular metoprolol
process. This process, if properly designed, can significantly reduce solvent use. It
is highly possible that a properly designed process could be operated as a continu-
ous process to fulfill the global metoprolol API demand. A solvent would be needed
and it can be selected by experimentation. It would be necessary to generate solu-
bility data for the selected solvent.
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1. Due to the low melting point of p-(2-methoxyethyel) phenol, it can be used as a
melt; thereby reducing/minimizing the need for a solvent. Liquid phenol will
react with caustic to produce the corresponding sodium phenolate, which can
be further reacted with epichlorohydrin in an electrically temperature-controlled
tubular heat exchanger to act as a reactor. The resulting product can similarly be
reacted with isopropylamine in an electrically heat-controlled tube heat ex-
changer, acting as a reactor. Since the intermediates are low melting point mate-
rials, an opportunity to minimize the solvent use exists and needs to be explored.
Temperature/solubility relationship of each step’s reaction product will have to
be generated. Similarly, reaction and the solubility parameters for the epichloro-
hydrin derivative will also have to be generated, and the properties used in the
reaction process.

2. Since solvent use can be minimized, the reaction can be carried out at high
temperatures. This would result in a zero-order reaction, thereby minimizing
the reactor volume needed. Safety cannot be compromised. Instead of using a
conventional reactor, an electrical heat-controlled tubular heat exchanger [40]
can act as the reaction space. Use of an electric tubular heat exchanger, as a
reactor, minimizes the large reactor space that, in conventional reactors, has to
be filled with a solvent for proper mixing and heat transfer. If such heat ex-
changers are not available, small jacketed reactors need to be evaluated. Reac-
tion residence time will determine heat exchanger configuration.

3. Isopropyl amine has a low boiling point and it can be used to improve mixing,
thereby improving the reaction rate.

4. A water/toluene mix and a subsequent decanter [46] use will simplify the pro-
cess further.

5. In the patents reviewed, intermediates are purified. That may be an acceptable
practice for the laboratory process development, as their property information
is an indicator of the in-process quality. This can be used to optimize the pro-
cess and is necessary for an economic and viable process. Such processes, if
commercialized, would have a low “E-factor.”

Fig. 6.9: Metoprolol simplified manufacturing process schematic.
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Depending on the production capacity, p-(2-methoxyethyl) phenol for the metopro-
lol process has three feed options.
1. p-(2-Methoxyethyl) phenol could be received as liquid in a tank truck.
2. p-(2-Methoxyethyl) phenol, received as solid, could be fed using options sug-

gested in Fig. 6.3 or 6.5.

6.6.2 Hydrochlorothiazide (HCTZ)

Synthesis of hydrochlorothiazide, Fig. 6.9, is another classic text book chemistry.
With its estimated global need of about 0.7 million kg/year [53], its production at
about 50 plants [54] suggests that the processes have been fitted in the existing plants
[16, 17]. This, most likely, has happened not due to the capabilities of the chemists
and chemical engineers but due to business model of the different companies and
the lack of processing options available.

Following are the steps outlined in the USP 2965675 [56].
Step 1: m-Chloroaniline (64 g, 0.5) is added dropwise, with stirring, to 375 mL

chlorosulfonic acid in a 3 L, round bottom, three-necked flask, cooled in ice bath.
Sodium chloride (350 g) is added, portion–wise, over a period of 1–2 h and the mix-
ture is then heated gradually in an oil batch to 150 °C. After 3 h, at 150–160 °C, the
flask is cooled thoroughly in an ice bath and the contents treated with a liter of cold
water. The product is extracted with ether, and the extract washed with water and
dried over sodium sulfate. After removal of ether on the steam bath, the residual
5-chloroaniline-2,4-sulfonyl chloride is crystallized from benzene–hexane, MP
130–132 °C.

Fig. 6.10: Synthesis of hydrochlorothiazide [55].
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Step 2: The product from step 1 is cooled in an ice bath, treated with 150 mL of
28% ammonium hydroxide solution, and the mixture is heated to produce 4-amino
-6-chlorobenzene-1,3-disulfonamide. It is crystallized.

Step 3: 88 g of 4-amino-6-chlorobenzene-1,3-disulfonamide is treated with 1.1 liter
of formic acid, under reflux, to produce 6-chloro-3,4-dihydro-2H-1,2,4-benzothiadiazine
-7-sulfonamide 1,1-dioxide (HCTZ). HCTZ would then be crystallized.

In other patents [57, 58], formaldehyde is added, twice, to complete the reac-
tion. These syntheses are developed in the laboratory to show feasibility. Such in-
termittent additions are disruptive to the actual plant manufacturing process, if
commercialized. They also prolong the batch cycle time, and also lead to frequent
sampling of in-process material to check intermediate product quality and the reac-
tion progress. These have to be minimized and avoided.

HCTZ chemistry needs to be streamlined and revised for a viable and economic
commercial process. Information from the patents [55–58] and Tab. 6.9 [59] can be
used to develop and define the operating conditions. The following need to be
considered.
1. Operating conditions and methods mentioned in the patent show the feasibility

of the chemistry, but they may not be the optimum processing conditions for
the equipment to be used. They will have to be validated and refined for the
operating conditions.

2. Laboratory operating conditions and process would have to be tested in the
equipment to be used, to assure that the process uses minimum and safe sol-
vent, which can be easily recycled. Solubility data would have to be generated
for the selected solvent.

3. How can the solvent use be minimized and kept to a single solvent?
4. Stoichiometry suggested in the USP 2965675 [56] needs to be reviewed, as it sug-

gests excessive amount of chlorosulfonic acid. Excess will have to be neutralized
and disposed as waste.

5. Depending on the volume of the product to be produced at a site, equipment
selection becomes critical.

6. Purification process would need to be developed and tested.

Physical properties Tab. 6.7 give clues about the process simplification.
Figure 6.12 is a suggested simple process schematic for the production of HCTZ.

Reaction products after each step are solids at room temperature. Solvent selection
and reaction conditions need to be defined.

It may be possible to carry out the first reaction step as a melt and maintain the
temperature at about 135 °C to keep the reaction mass liquid. Use of sodium chlo-
ride, USP 2965675 [56], suggests that the inventors were trying to use the melting
point of the disulfonyl dichloride as the reaction media. Preferably, a single solvent
of high boiling point, instead, could be used as a solvent for the whole reaction. It
would be added to the liquid from the first reaction step to assure a fluid mass
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when liquid ammonia is added to the process, to produce 4-amino-6-chlorobenzene
-1,3-disulfonamide, which is a high melting point solid.

For amination, the use of liquid ammonia will significantly improve the reac-
tion rate. It will also free up the reactor volume that would have been occupied by
water if ammonium hydroxide solution is used. Ammonia addition rate can be used
to control the heat of exotherm. Sulfonamide, from step two, reacts with formalde-
hyde to produce HCTZ, a solid at room temperature. Formaldehyde reaction can
also use an electrical heat exchanger, reviewed earlier [40], with proper residence
time as a reactor.

An experienced chemist and chemical engineer will totally understand the reac-
tion mechanics and would do everything possible to have a simple process, similar
to the one illustrated in Fig. 6.12. Purification process for HCTZ would have to be
developed and tested.

Tab. 6.9: Physical properties of chemicals for hydrochlorothiazide [59].

Chemical CAS Chemical formula Mol. wt MP (°C) BP (°C)

-Chloroaniline -- CHClN . −. –

Chloro sulfonic acid -- ClHOS . − –

-Amino--chlorobenzene
-, disulfonyl dichloride

-- CHClNOS . – 

Ammonia -- NH  − −

-Amino--chlorobenzene
-,-disulfonamide

-- CHClNOS . –

p-Formaldehyde -- OH(CHO)nH
(n = –)

 

Hydrochlorothiazide -- CHClNOS . 

Fig. 6.11: Process for HCTZ manufacture.
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Laboratory equipment can be used to test each individual step of the process
concept outlined above. It will also allow the development of processing conditions
that would need to be tested and improved.

Use of pilot plant would be necessary to authenticate the above outlined con-
cept. Some of the equipment that have been discussed earlier should be considered
to reduce the solvent use. Kinetics of each reaction step can be managed using elec-
trically heated tubular heat exchanger or small jacketed reactors. These could sig-
nificantly reduce the total volume of the reaction space if the product can be
campaigned or produced continuously using modular equipment. Reduced reaction
space would translate to reduction in solvent use.

Modular equipment should be considered for commercial production. If such
equipment is not available, consideration should be given to using pilot plant
equipment that is much smaller compared to traditional reactors, as modular reac-
tors/equipment. Its use would reduce the solvent needed for the process. It might
lead to a continuous process to produce the global demand at a single site. Multiple
formulation lines would be needed to produce different dose tablets.

6.6.3 Dimethyl fumarate

Commercial production of dimethyl fumarate, like other fine/specialty chemicals,
presents an opportunity to improve and simplify its manufacturing process. The
processing parameters that are explored in the laboratory show the pathway, but
need to be reviewed for a commercial operation. Figure 6.12 is the chemical synthe-
sis for the reaction.

Using maleic anhydride, various syntheses processes have been presented [60–63].
In these, anhydride is reacted with methanol using different catalysts (e.g., H2SO4,
thiourea, AlCl3, acetyl chloride, etc.) to produce mono methyl fumarate, which is
then converted to dimethyl fumarate.

Dimethyl fumarate can also be produced from fumaric acid. However, this
route, as explained in Chapter 5, based on the price difference of maleic anhydride
versus fumaric acid, is not only more expensive but also produces additional water
as a by-product, which increases the waste handling load.

Fig. 6.12: Maleic anhydride route.
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Processing conditions for the maleic anhydride route, which includes the catalyst,
need to be defined. References [60–63] indicate the conversion from maleic anhydride
to be a two-step process route, suggested in Fig. 6.13, which is very viable. Smaller
pilot plant reactors or modular reactors or electrically heated heat exchangers [35, 40]
can be used for the process. Processing conditions for either of the process routes will
need to be defined and optimized. Since the process can use alternate smaller-sized
equipment, the solvent used in the process would be considerably reduced.

6.6.4 Omeprazole

Omeprazole is a large-volume drug [64] used for acid reflux treatment. Its levo-
enantiomer, sold under the Nexium name, is also a high-volume drug. Omeprazole,
due to its high volume, most likely, would be produced in conventional-sized reac-
tors that are used in the fine/specialty chemical industry. This is due to the similarity
of manufacturing methods. As we all know, small-molecule active pharmaceutical in-
gredients are fine/specialty chemicals that have healthcare value. Otherwise, the
chemistry and manufacturing methods are the same and similar.

A simplified block process diagram or similar diagram, illustrated in Fig. 5.23
[65–67], would, most likely, be used by most companies. However, the chemistry
and the manufacturing process can be further improved if an attempt is made to
minimize the solvent in the chemistry that would be commercialized using conven-
tional processing equipment.

A review of the chemistry and various patents suggests the use of toluene as a
solvent. Developers have done an excellent job of using the recovered wet toluene.
It improves the yield and drives the process to lowering its “E-factor” [6]. Since solvents
form a large volume of the reaction mass, their use can be reduced and the chemistry
can be practiced using the pilot plant size or modular reactors as schematically shown

Fig. 6.13: Dimethyl fumarate process flow diagram.

202 Chapter 6 Active pharmaceutical ingredients (API)

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



in Fig. 6.14. The process can be operated in batch or continuous mode. It is very
likely that the manufacturing company will adopt the continuous operation mode,
once they have realized the value of benefits of capitalizing on the physical proper-
ties of the reactants.

For the continuous process, instead of using conventional large reactors, it is possi-
ble to use small reactors (75–150 L) or back mix plug flow reactors [68] that have
been used in the fine/specialty chemical manufacturing. The produced product can
be crystallized [69] continuously using the established criterion. Chemical engi-
neers, who are familiar with process designs, would not have any problem commer-
cializing such a process.

6.6.5 Modafinil

Synthesis of modafinil is another example of classical chemistry that can let an
imaginative and creative chemist/chemical engineer, through exploitation of the
physical and chemical properties and by selection of proper equipment, to commer-
cialize a process that can have a significantly lower “E Factor” than the current
practices.

Using the modafinil chemistry [70] (Fig. 6.15), a simplified process and flow dia-
gram is explored in Figs. 6.16 and 6.17 [71].

Conventional reactors and equipment would be used for production. Conse-
quently, they will have a high “E-factor.” Based on modafinil’s global demand, all of
the needed API, using a continuous process, can be produced at a single plant [72].
However, multiple formulation plants would be required.

Fig. 6.14: Batch/continuous process for omeprazole.
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Equipment and concepts, reviewed earlier in this chapter, in combination with
modular reactors and smaller reactors versus conventional large reactors can be
creatively used to significantly lower the solvent use.

As said earlier, each of the potential processing methods and equipment used
has to be tested in laboratories and/or pilot plants. Chemical engineers and chemists,

Fig. 6.15: Modafinil chemistry [70].

Fig. 6.16: Version ONE simplified modafinil process flow diagram [71].
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who are well versed, can emulate, create, and test. They have to incorporate and ex-
ploit the physical properties to their advantage. It is necessary to emphasize that the
solvent use has to be limited to one additional solvent, besides water, and volume
use has to be minimized. Simple and efficient processes that will produce the highest
quality product with best economics can be commercialized.

6.7 Pharma’s continuous improvement process and why it has
lagged

Having discussed the alternate equipment and methods that can be used to exploit
manufacturing, an opportunity exists to lower the “E-factor” for the pharmaceutical in-
dustry Tab. 6.1. By definition, “continuous improvement” requires companies to put in
an ongoing effort to improve their manufacturing technologies and processes. Unless the
regulatory agencies facilitate such a change [5] and companies are held accountable for
their product’s performance, such an effort has not and will not be forthcoming.

The laws imposed by regulatory agencies, such as the FDA in the US, present sub-
stantial barriers to “continuous improvement” in the pharmaceutical industry. It is
not possible for a manufacturer to implement any process change without a regulatory
agency review. Regulatory agency review costs time and money; hence, there is no or
little motivation for a manufacturer to engage in “continuous improvement.” It is pos-
sible that more monies may be spent in a re-approval than the monies spent in im-
proving the process.

Companies do make an effort. Sildenafil and Lyrica [74, 75], ibuprofen [75, 76] are
excellent examples. Their “E-factor” numbers were lowered only after their patents

Fig. 6.17: Version TWO simplified modafinil process flow diagram [71].
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expired. Even after “E-factor” reduction for these products, still better processes can
be developed and commercialized. Review of other drugs present “continuous im-
provement” opportunities, but having too many producers [20] minimze any motiva-
tion for change.

The process of continuous improvement has to start as soon as the companies
realize that they can lower the “E-factor,” and not wait until the patents have ex-
pired and the drugs have become generic. As reviewed earlier, a village [18] has to
get involved as soon as a process is developed. Control and lowering of each proc-
ess’s “E-factor” has to start from the inception of process development. Table 6.10
[73] is an illustration of a hypothetical lowering of “E-factor” numbers when applied
to three drugs reviewed in this chapter.

Actual emissions for these drugs may be different, but the industry average is
used to illustrate their impact. Bold numbers are the emission numbers if they were
reduced to the lowest number for the fine chemicals, but unless pointed out, not
many will understand the magnitude of emissions.

Methodologies (engineering, chemistry), discussed earlier, creativity, and imagination
have to be employed to lower the “E-factor” numbers. Considerable effort is and
would be needed to lower waste and emissions. Since the products are produced
all over the world, establishment of global emission standards [77] could be a way to
lower waste. However, there will be a considerable resistance to such standards.

Everyone recognizes the magnitude of emissions and waste generated from the
pharmaceutical manufacturing, but no one has stepped up to do much about it,
from the onset. There have to be rational reasons for not doing anything. It could
be too much effort is needed per site as too many companies [20] are producing the
same API and formulating them, and there is not sufficient return for the effort [19].

In the manufacture of fossil fuel products, bulk chemicals and fine/specialty
chemicals, the process of continuous improvement is an ongoing effort. This is due
to competitive pressures. Ongoing improvement process generally involves improve-
ments in manufacturing process or technology. However, in brand pharma, processes

Tab. 6.10: Waste generated, for example, APIs [73].

E-factor Omeprazole Metoprolol Modafinil Total waste (kg/year)

kg waste per kg product Waste for each drug at different levels (kg/year)

 ,, ,, ,, ,,

 ,, ,, ,, ,,

 ,, ,, ,, ,,

E-factor numbers if emissions are reduced

 ,, ,, ,, ,,
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for the brand drugs are locked in before Phase III clinical trial. Any change after that
can invalidate the trial [5]. If any process change alters the product efficacy and per-
formance, any improvements in brand API manufacturing, or their formulation pro-
cesses are out-of-compliance as far as the regulators and the company is concerned.
For this reason, no changes are made while the drug is under patent protection. The
company’s mission is to get their product to the market. All the costs related to low
process yield and high solvent waste (high E-factor) are passed on to customer.

Generic manufacturers do improve the processes, but due to their occasional
production of most APIs, they don’t see value or return [19] in continuous improve-
ment effort. Due to the short production runs/campaigns, continuous process opti-
mization is avoided. In addition, the paperwork needed to inform the regulatory
bodies of any improvements is considered an unnecessary burden.

Unlike brand drugs, generic producers can optimize their processes till they file
ANDA (abbreviated new drug application), but they have to assure bioequivalence
with the brand drug.

As has been discussed in the earlier chapters, generic companies do have the
time to commercialize processes that have lower “E-factor,” but the following interfere.
1. Too many producers, i.e., no economies of scale to benefit from any better

manufacturing technologies [20]
2. Fitting the process in ill-suited existing equipment [16, 17]
3. Acceptable profits can be made using existing methods
4. Regulatory burden(time and money)

In most of the recent published articles (too many to cite), solvent reduction is the
most discussed topic for any waste-related discussion. There are other ways waste
can be reduced and they are:
1. Improved overall process yield
2. Use of the right equipment for the process
3. Using alternate process

These have been discussed earlier and in various chapters of this book. It is up to
the chemists and chemical engineers to adopt and include them in their process de-
velopment, scale-up, and commercialization. Again the village [18] has to get in-
volved from the onset in the process development.

As said earlier, each of the potential processing methods and the equipment
used have to be tested in laboratories and/or pilot plants. Chemical engineers and
chemists, who are well versed, can emulate, create, and test. Besides the equipment
and methods suggested, other existing equipment that are available and have not
been used or suggested in the manufacture of API can be explored, tested, and
used. They have to incorporate and exploit the physical properties to their advan-
tage. Solvent use in reactions is necessary as they facilitate chemical reactions [78].
It is necessary to emphasize that the solvent use should be limited to one additional
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solvent, besides water, and their volume has to be minimized, as solvents have to
be recycled. Simple and efficient processes that will produce the highest quality
product with best economics can be commercialized.

Abbreviations

PAT Process analytical technology

API Active pharmaceutical ingredient

kg Kilogram

KL Kiloliter

sq. m. Square meter

mm Hg Millimeter mercury

HCTZ Hydrochlorothiazide

MP Melting point

BP Boiling point
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Chapter 7
Process documentation and operating strategies

Each pharmaceutical operating company has its own business and operating strat-
egy for its operations, and that includes products and manufacturing technologies.
These strategies influence each step – starting with their product, process develop-
ment, manufacturing, and investment. Regardless of their operating strategies, they
have to assure that each produced API is of established repeatable quality.

Instead of going into a detailed discussion and review of how to file an NDA
and/or ANDA application, the discussion, here, is about the process, its design
basis, equipment, and process variables. All of this information can be very useful
in filing these applications, can reduce the commercialization time and internal
training, and can also reduce the time if manufacturing is to be outsourced. It is
compilation of the knowledge of how the variability in stoichiometry and process
operating conditions can change process yield and product quality. This informa-
tion can be used to correct any process deviation and can also be used to resolve
any problem or troubleshoot any issue that arises during the manufacture of the
API. Creation of such information and capitalizing on it to resolve any processing
and quality issue has to be the culture of each operating company. Safety and safe
practices cannot be overlooked. Documentation of information is valuable and
critical.

The generated information can also be used for continuous process improve-
ment and expansion, such as transition from a batch process [1, 2] to a continuous
process [3, 4]. Briefly, both operating scenarios have been discussed earlier but are
also reviewed as part of the process documentation.

USFDA cGMP for API are excellent [5] guidelines and are necessary as they
eliminate/minimize deviation from “good process design practice” that are impera-
tive for quality products. Every company has to document the necessary informa-
tion. Compiled information not only assists in following the good manufacturing
practices but is also useful for many other segments of each company’s businesses.
They are reviewed here.

7.1 Operating strategies and process documentation

7.1.1 Operating strategies

Since diseases are a part of human life, it is necessary to cure them and to extend life.
Initially their cures were found in different botanical plants. These medicines were ex-
tracted from plants and their dosages dispensed. To assure consistent availability of

https://doi.org/10.1515/9783110702842-007

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://doi.org/10.1515/9783110702842-007


quality products, plant-derived, disease-curing, active ingredients were synthesized in
the laboratories. As the demand grew, they were commercialized for larger availability.
Consistent and repeatable quality became a necessary requirement. Since most of the
synthesis chemistries and methods were similar to that of fine/specialty chemicals,
available equipment could be easily used to produce the needed APIs.

Paclitaxel (Taxol) derived from yellow yew tree for treatment of breast, lung,
and ovarian cancer [6] is a recent success story of synthesizing a naturally occurring
product for cancer treatment.

Invention and creation of new disease treatments has been in the genes of the
pharmaceutical industry. However, development of new manufacturing equipment
technologies for the API manufacturing and their formulations has never been
a priority. There is good reason for it. Pharma development chemists and engineers
have relied on the equipment that has been used for the development of fine/spe-
cialty chemicals. This works very well for API development and commercialization.
Since the lab and the existing fine/specialty chemical processes can be easily modi-
fied and used for commercial scale production with or without optimization, the
need to develop any special equipment or process for API manufacturing has not
been considered a priority. As a result and as discussed in earlier chapters, the ma-
jority of API processes generate large quantities of waste [7].

Lack of better manufacturing technology and adoption has extended to formu-
lations also. Mortar and pestle methods have prevailed for the formulations even
when better technologies have existed. Since formulations are not part of this book,
these technologies are not discussed any further.

Since the pharma operating companies can fit them in the existing fine/spe-
cialty chemical equipment [8, 9] by modifying the processes, they have avoided the
investment that might be needed for individual products. This has resulted in
pharma manufacturing not needing innovative equipment or processes for API
manufacturing. These decisions are based on economics, product volumes, and
manufacturing traditions and have been discussed in different chapters.

Since the processes are not designed for specific products, repeated “in-process”
testing of the intermediates and the final products, even with science and engineer-
ing being applied for API manufacturing, has assured that product quality is met.
Thus, the need for product-dedicated equipment is not considered important. If the
product cannot be reworked to meet specs, it is discarded as waste. Companies make
sure that only the products meeting product specifications get to the market.

If pharma has to stop or alter continued practice of “in-process” testing, a process
of continuous improvement and re-evaluation has to be applied to each company’s
business model [10]. Ongoing evaluation would and should lead to manufacturing
technology innovation.

Yearly product demand per site determines if a batch or a continuous process
will be used. Each has an established definition.
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Batch processes [11] are used for the products that do not have a large yearly
demand, and their chemistry can be executed in existing equipment. Their produc-
tion during the year is intermittent. Since the equipment can also be used to pro-
duce other products whose chemistry can be fitted in the equipment, it is necessary
that it is thoroughly cleaned between each process. This is necessary to avoid con-
tamination. Lack of continued use of the equipment at a site also results in low
asset utilization [12–16], a well-recognized fact in pharma API manufacturing. This
has been discussed in earlier chapters.

Continuous process [3, 4], unlike the batch process [1, 2] except for preventive
maintenance and unexpected downtime, is operated throughout the year. At 100%
on-stream time, such processes operate about 8,400 (=24 × 7 × 50) h/year, produc-
ing a single product. Equipment for such processes is designed for the single prod-
uct chemistry. Other chemistries are difficult to fit in such process designs.

One easy differentiation between a batch and a continuous process is that in
the batch process, in-processes material can be held for the upcoming processing
step. Unlike the batch process, no material is held anywhere in a continuous pro-
cess for any time.

Table 7.1 illustrates the estimated global need for selected APIs. Processes for a
few APIs are reviewed. This analysis can be extended and used for other molecules.
The first and foremost consideration for production of a product after its chemistry
and the manufacturing process has been identified is the annual capacity. Annual
capacity dictates the case for the type of process that will be used for production.
Would it be a batch process or a continuous process? The following products are
selected for the discussion [17].

Tab. 7.1: Annual estimated global need for selected APIs [17].

API Global annual need (kg/year) Production rate (kg/h)

Omeprazole ,, 

Dimethyl fumarate ,, ~

Metoprolol ,, ~

Hydrochlorothiazide , .

Modafinil , .

Levothyroxine , ~.

Metformin ,, Multiple plants

Hours per year =  ×  × = , h @ %OST= on-stream time (hours available)
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About 8,400 h/year represents 100% manufacturing operation, with no downtime.
Generally, 15% downtime is allocated for planned maintenance and unexpected
downtime. Downtime allocation is each company’s choice and is used in standard
product cost calculation.

Even as demand for omeprazole, dimethyl fumarate and metoprolol are high
and could be well suited for continuous production, based on the current operating
philosophies, they are still produced using batch processes [8, 9] in multiple plants.
Each such process will have high “E-factor” emissions [7].

7.1.2 Process documentation

Since processes for many API are fitted in existing equipment [8, 9], pharma
manufacturing companies need to have excellent documentation of the process and its
operating rationale, chemistry, process equipment design and selection basis, physical
and chemical properties of the reactants and intermediates, and their mutual behavior.

It is necessary and even critical to know the impact of every process operating
condition and method of addition of reactants, as each deviation from a prescribed
process could produce a product that necessarily does not meet the desired quality
from the onset. Impact of each process deviation on the product quality can be sig-
nificant. Thus, it is necessary to document impact of each deviation and its remedy.

This is not only necessary for every regulatory filing but can also significantly
reduce commercialization time. This information can be extremely useful in transi-
tion, if the product manufacturing is going to be outsourced.

A road map of what can result in quality products without repeated analysis is
reviewed. Readers can tailor the knowledge base for their products. Not only such
information that facilitates operations but also information for continuous improve-
ment and to expand, if need be, are given. For lack of a better term, this document
“Process Design and Technical Manual” can be modified to suit needs. Such a doc-
ument would include all of the process design rationale, justification, and calcula-
tions. This manual is an excellent tool to understand the design rationale for the
equipment, process controls, and the whole operating philosophy for the process.
Process design considerations and parameters assist in troubleshooting and replac-
ing the equipment.

Documentation is also an excellent tool for internal training. It could be used
for regulatory filings. Since the same equipment is used for multiple products, it is
necessary to emphasize that a detailed documentation of the equipment related to a
given product is essential.

If modular processing equipment or other configurations, discussed in earlier
chapters, are used in the manufacture of APIs, such documentation will be ex-
tremely valuable, as it will detail the rationale and logic related to every product
and process. High product quality will be sustained, and there will be no errors.
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Table 7.2 lists the “table of contents” that should be part of documentation for
each product and its process. This information is each designer’s thinking, justification,
and rationale for the process. It is also each company’s documentation of the process.
This is an excellent tool for speedier commercialization and technology transfer, if the
product is to be outsourced. It can also be used for most regulatory filings, trouble-
shooting the process, and expansion. This document has to be a live document and
needs to be updated continuously.

Each company can edit/tailor “table of contents” to suit its needs. Some camps
within each company might consider such a document difficult to produce, cumber-
some, or having all of the confidential information in one place as a security risk.
This compilation also may not be considered necessary or critical by many. How-
ever, having it provides an extraordinary value to the companies. In the long run,
its value is incalculable. All of the rationale and the information that is needed for
the process, troubleshooting, and de-bottlenecking are easily accessible, as it is cre-
ated by each company. It just has to be compiled. In real business situations, even
the early naysayers, who have seen its usefulness, have been convinced of its
value.

Examples for each section of “table of contents” are reviewed to explain their
value. As indicated earlier, practitioners can add/expand to include content to suit
their manufacturing, safety, and regulatory needs. To illustrate usefulness, informa-
tion discussed is for different chemistries and processes.

The focus, here, is to share the value of the information and let the chemists
and chemical engineers document their rationale and creativity, so that it can be
used to exploit and resolve any adverse situation and “continuously improve” the
manufacturing process. It is hoped that all involved will see the value of improve-
ment to lower the product’s “E-factor” [7] and improve quality. It is also expected
that information compiled will be helpful in process development and commerciali-
zation of the company’s additional products.

Tab. 7.2: Table of contents: process design and technical manual.

Section Table of contents

 Process and its description

 Process charge and recovery

 Raw material specifications

 Process chemistry
Heat and mass balance

7.1 Operating strategies and process documentation 217

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



7.2 Section 1: process and its description

Omeprazole and metformin hydrochloride chemistries and processes [17] are used
as illustrations for this section. Theoretical stoichiometry is the mass balance at
100% yield. Its inclusion is helpful, as it identifies the by-products that are pro-
duced in the reaction.

7.2.1 Omeprazole

Omeprazole is produced by reacting pyrmethyl alcohol with thionyl chloride to pro-
duce pyrmethyl chloride. Wet toluene is used as a solvent. Wet toluene not only
improves the yield, but also simplifies the process by not having to dry it [18]. Pyr-
methyl chloride is reacted with metmercazole and caustic to produce pyrmetazole,
which is oxidized using m-chloroperoxybenzoic acid. The resulting omeprazole is
processed and used for further processing using traditional methods.

Tab. 7.2 (continued)

Section Table of contents

 Process equipment, description, and their design criterion and details
This section should include the necessary design calculations for each process

equipment and process controller. Necessary process control parameters should also be
included.

 Process conditions and effect of variables

 Suggested operating instructions

 Laboratory synthesis procedure

 Analytical methods

 Thermodynamic and physical properties of raw materials, intermediates, and final
products

 Final product specifications

 cGMP and cleaning practices

 Safety
Material safety data sheets
Methods and instructions of safe handling

 US Pharmacopeia Standards
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Figure 7.1 presents the theoretical stoichiometry.

As reviewed in earlier chapters, using the best yearly product demand and the com-
pany’s business model, the manufacturing process (batch or continuous) gets de-
fined. Process designers have to know and understand the process parameters,
operating conditions, and their impact on the product quality, so that the produced
product will meet the established quality specifications.

Batch and continuous processes will be different, as illustrated in Figs. 7.2 and
7.3. Based on process (batch or continuous) selected, raw material addition and han-
dling will influence the economics.

Volume of solvent and the sequence of reactant addition for each chemical have
to be defined for each processing step. Solubility will influence how the process is
designed. The amount of toluene used as a solvent in the process is not identified. It
has to be the lowest volume to ensure that the reaction mass can be pumped. To this
end, knowledge of solubilities of various reactants and reaction products in the reac-
tion is necessary. Companies have to create their solubility data. The value of solvent
minimization has been explained in Chapter 6.

7.2.1.1 Batch process
In the batch process, each reaction step would be carried out in individual reactors,
and after the reaction is complete, the mass will be transferred to the next reactor
for further processing. Each processing company could select and carry out their
batch reactions based on its preference.

Omeprazole’s batch process, if conducted in reactors that range from 1,500 lit-
ers and up, would be similar to the laboratory process, as the process would not
have dedicated equipment. This would also mean extra solvent use and cleaning
time. Batch process could also be done in the same reactor but would be a complex
process.

Pyrmethyl alcohol + Thionyl chloride

Pyrmethyl chloride + SO2

+ Metmercazole + 3NaOH

Pyrmetazole + 2 NaCl + 2 H2O 
+NaHSO3

+ m-Chloroperoxybenzoic acid

Omeprazole + m-chlorobenzoic 
acid Fig. 7.1: Theoretical omeprazole chemistry.
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7.2.1.2 Continuous process
Pyrmethyl alcohol is a liquid at room temperature. Toluene, alcohol, and thionyl
chloride can be metered to react to produce pyrmethyl chloride slurry in toluene.
Metmercazole is a solid at room temperature and would have to be slurried in caus-
tic solution. Toluene is used in the process and, thus, could be used as the solvent.

Reactions can be done in a circulating plug flow or similar reactor with proper
mechanism to control the heat of reaction. Reaction temperatures can be higher than
the temperatures suggested in the patent. This can be advantageous, as the higher
reaction temperature accelerates the reaction rate and minimal impurities would be
formed. No intermediate sampling would be necessary. Pyrmetazole and omeprazole
of the subsequent steps can be similarly produced, using circulating plug flow or sim-
ilar reactors. Reaction rates can be precisely controlled.

If omeprazole is produced using a continuous process, equipment size, com-
pared to the conventional equipment, would be considerably reduced. Companies
would require investment for a dedicated process. Since continuous process equip-
ment is smaller in size compared to conventional process equipment, companies
can use pilot plant and associated equipment as an alternate, or other modular
equipment, as discussed in earlier chapters, as a distinct possibility.

Fig. 7.2: Batch omeprazole process.

Fig. 7.3: Continuous omeprazole process.
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7.2.2 Metformin hydrochloride

Theoretical metformin hydrochloride chemistry is outlined in Fig. 7.4.

With its global demand (Table 7.1), one would expect it would be manufactured
using a continuous process. However, there are about 81 API supplier companies [19].
Most likely, the majority of their production uses the batch process. Fundamental
chemistry is per Fig. 7.4, but how it is executed (reaction, purification, and drying)
to produce the dry API can be different, and that makes it a batch or a continuous
process.

7.2.2.1 Batch/continuous process
Metformin chemistry can be practiced in three different ways. Each is described.
Companies selecting either route have to review the economics of each route and
select the one that suits their needs.

Process #1
Use molten dimethyl amine hydrochloride and dicyandiamide (2-cyanoguanidine)
in stoichiometric quantities to produce metformin hydrochloride, which will be
purified and dried. Schematics of an all-melt process could be similar to Fig. 7.5.

Dimethyl amine + Hydrochloric acid

HCl
Dimethylamine hydrochloride

+

Dicyandiamide (2-cyanoguanidine)

Metformin hydrochloride

+ HCl

Fig. 7.4: Theoretical metformin hydrochloride chemistry.
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An all-melt process necessitates that each raw material is available as a solid or
can be melted. If molten raw materials are available, each producer will have to ac-
quire necessary melt equipment. Most likely, this process would only work for a con-
tinuous process. Economic justification for investment in the melt equipment would
be difficult for a batch process.

Process #2
Figure 7.6 is a batch metformin process that uses dimethyl amine (DMA), liquefied
gas, and commercially available hydrochloric acid. Hydrochloride is centrifuged
and further reacted with dicyandiamide to produce metformin hydrochloride.

Commercial bulk availability of DMA would dictate this process route. Normal pro-
cesses to decolorize and drying follow. Most of the chemists and chemical engineers
are familiar with such processes, and they are not reviewed. This process is being

Fig. 7.6: Metformin batch process.

Fig. 7.5: Metformin all-melt process.
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commercially followed [20]. Process charge for this process is reviewed later in this
chapter.

Process #3
Process described in Fig. 7.6 can be a continuous process and is schematically
described in Fig. 7.7. Every chemist and/or chemical engineer understands that
continuous processes are more economical and produce less waste, compared to
batch processes [21].

In this process, DMA can be used as liquid or as a 40% solution. All of the physical
and chemical properties of each raw material and reaction product can be exploited to
design and commercialize this process. Heat and mass balance would assist in the pro-
cess design. Heat of exotherm of DMA and hydrochloric acid can be used to raise the
reaction at the water/xylene azeotropic temperature. If any additional heat is needed,
it can be provided after DMA addition to drive the reaction to completion. Xylene
would be separated using a decanter and recycled. Water from the decanter can be
treated.

Any additionally needed xylene would be used to slurry dicyandiamide. This
process uses 40% commercially available dimethyl amine hydrochloride. If DMA is
to be used as gas, water mass balance would have to be carefully reviewed. Again the
economics of the process would have to be justified.

7.3 Section 2: process charge and recovery

Process charge and recovery for the metformin process schematically shown in
Fig. 7.6 is included. The referenced company [20] chose to explain different stages
of the process as illustrated in Figs. 7.8–7.11. Tab. 7.3, Tab. 7.4, Tab. 7.5, Tab 7.6
Tab. 7.7 are the mass balances of processes illustrated in Fig. 7.8, Fig. 7.9, Fig. 7.10
and Fig. 7.11.

These figures are also the process and instrumentation diagrams of various
steps of metformin hydrochloride process [20].

Metformin hydrochloride 1,200 tons per month
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Tab. 7.3: Stage 1 dimethyl hydrochloride [20].

Stage  DMA HCl No. of batches:  per day

Input (kg) Output (kg)

DMA  DMA HCl 

HCl %  Loss on drying 

Evaporation loss 

Total , ,

Fig. 7.8: Production of DMA hydrochloride for metformin process [20].
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Tab. 7.4: Stage 1 crop of metformin process [20].

Stage : first crop No. of batches:  per day

Input (kg) Output (kg)

DMA HCl  Metformin hydrochloride ,

Dicyanodiamide  Loss on drying 

Xylene  Recovery

Charcoal  Xylene 

Water (recycle) ,. Xylene loss 

Recycle water ,.

Purge ML for second crop 

Residue

Solid waste (charcoal) 

,. Total output ,.

Tab. 7.5: Second crop of metformin process [20].

Stage II: second crop Batches per month 

Input (kg) Output (kg)

Purge mother liquor , Product, wet second crop 

Methanol  Recycle water ,

Mother liquor for MeOH recycle and third crop ,

Total input , Total output ,

Tab. 7.6: Third crop of metformin process [20].

Stage II: Third crop Batches per month 

Input (kg) Output (kg)

Purge mother liquor , Product, wet third crop 

Recycle water 

Recovered methanol 

Residue solid waste 

Total input , Total output ,
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Fig. 7.9: Stage 1 crop of metformin process [20].
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Fig. 7.10: Second and third crop of metformin process [20].
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Tab. 7.7: Purification of second and third metformin crop [20].

Purification of second and third crop Batches per month: 

Input (kg) Output (kg)

Product

Metformin second and third crop , Metformin HCl 

Methanol  Loss on drying .

Freshwater , Recycle water ,

Charcoal  Recovery

Methanol mother liquor for second crop ,

Solid waste (charcoal) .

Total input , Total output ,

Fig. 7.11: Purification of second and third metformin crop [20].
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7.4 Section 3: raw material specifications/properties

Generally, at the start of detailed process development, as reviewed in earlier chapters,
the chemistry of the reaction is detailed and the process is tested for feasibility and
economics. Once the feasibility is proven, the real process development begins, in ear-
nest. It is necessary that the API laboratory process development and manufacturing
be based on commercially available raw materials. This will assist in developing the
best process. In addition, this facilitates the API manufacturers to develop relation-
ships with suppliers. For commercial production, unless the specialty supply houses/
companies are as competitive as the commercial suppliers, it is important not to source
raw materials from them as, most likely, they have a limited supply chain. Their
materials are expensive and do not represent the reality, as they have very little
semblance to commercially available materials.

Sourcing of commercially available raw materials can be a challenge. This can be
due to multiple reasons. To have raw material specifications as part of the Technical
Manual spells out every rationale and reason for the selection. The following are some
examples. These are accessed from different suppliers online technical data sheets.

Compiling physical properties, for example, viscosities, heat of formation, solu-
bilities, heat of reaction, etc. of raw materials and intermediates can be a significant
challenge. In the middle of the twentieth century, vendors shared many of the prop-
erties of the key starting raw materials.

In theory, the internet should be able to provide rudimentary physical and chem-
ical properties [22] of products supplied by vendors. Most vendors have engaged a
data mining strategy on information gathered from inquiries for their own marketing
benefit. Often, vendors ask questions that either cannot be answered at the moment
or are considered proprietary to the manufacturer. This approach can be an impedi-
ment to process innovation and can significantly extend process development time.

Some of the starting raw materials for many of the APIs are fine/specialty
chemicals that are strictly used for pharma. Since their sales volumes are not
large, producing companies do not spend time on developing and studying every
property or their solubilities in different solvents. With the challenges of accessing
many of the physical properties, user companies might have to generate their
properties and solubility data. They may have to develop temperature/property re-
lationships. Correlations for solubility predictions have been published. They will
have to be verified and improved in the laboratory and used in process design
[23–25]. Published solubility data for different chemical compounds is available
and is useful [26, 27]. Some of the properties for different chemicals, that are avail-
able, are shared. Tables 7.8, 7.9, 7.10, 7.11, 7.12, 7.13, 7.14, 7.15, 7.16, 7.17, 7.18 and
7.19 are examples of raw material specifications of some of the chemicals used in
different processes. Physical properties of these chemicals used in each reaction
need to be acquired so that they can facilitate process design.
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7.4.1 4-(2-Methoxyethyl)phenol

7.4.2 Epichlorohydrin

7.4.3 Sodium hydroxide

Tab. 7.8: Physical properties of p-(2-methoxyethyl) phenol [28].

-(-Methoxyethyl)phenol
CHO

CAS --

Mol. wt .

B.P. (°C) –

Solubility Methanol

Tab. 7.9: Physical properties of epichlorohydrin [29].

Epichlorohydrin
CHClO

CAS --

Epichlorohydrin is a colorless, volatile, and flammable liquid with an irritating, chloroform-like
odor, which emits toxic fumes when heated to decomposition. It is only slightly soluble in water
but is soluble in many organic solvents.

Mol. wt .

Sp. gr. kg/m@  °C .

Boiling point (°C) .

Melting point (°C) −

Tab. 7.10: Physical properties of sodium hydroxide [30, 31].

Chemical formula NaOH

CAS --

Molar mass .

Density (kg/m) .

Melting point (°C) −

Boiling point (°C) 
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7.4.4 Ammonia

7.4.5 Methanol

7.4.6 Maleic anhydride

Tab. 7.11: Physical properties of ammonia [32].

Ammonia NH

CAS --

Molecular weight .

Density (kg/m) .

Boiling point (°C) −.

Melting point (°C) −.

Tab. 7.12: Physical properties of methyl alcohol [33].

Methanol (methyl alcohol)
CHOH

CAS --

Mol. wt 

Sp. gr. kg/m@  °C 

Boiling point (°C) 

Melting point (°C) −.

Tab. 7.13: Physical properties of maleic anhydride [34].

Maleic anhydride
CHO

CAS --

Mol. wt .

Sp. gr. kg/m
.

Boiling point (°C) 
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7.4.7 Thiourea

Tab. 7.13 (continued)

Maleic anhydride
CHO

Melting point (°C) –

Appearance: Maleic anhydride, +%; maleic
anhydride, +%; colorless needles, white lumps, or
pellets with an irritating, choking odor; colorless or
white solid with an acrid odor.

Tab. 7.14: Physical properties of thiourea [26, 35, 36].

Thiourea

Chemical formula CHNS

CAS --

Molar mass . g/mol

Appearance White crystalline solid

Density , kg/m

Melting point  °C

Boiling point Decomposes

Solubility in water . g/ ml ( °C). g/ ml ( °C)

Solubility Reacts with acids soluble in ethanol and methanol.Almost insoluble
in diethyl ether and hexane

Solubility in ethanol  kg/m ( °C) kg/m (. °C) kg/m ( °C) kg/m ( °
C) kg/m (. °C)

Solubility in methanol  kg/m ( °C) kg/m (. °C) kg/m (. °C) kg/m

(. °C)
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7.4.8 Toluene

Azeotropic properties can be selectively used to improve manufacturing processes.
Use of toluene azeotrope has been reviewed in this chapter and earlier chapters.
Toluene azeotropes with water and has about 0.06% moisture. Use of wet toluene
improves the first-step conversion in the manufacture of Omeprazole [18]. Proper-
ties of other chemicals can be explored and exploited to simplify processes.

7.4.9 Xylene

Tab. 7.15: Physical properties of toluene [37].

Synonym Methylbenzene

CAS number --

Molecular formula CHCH

Molecular weight .

Density 

Boiling point (kg/m) – °C

Melting point − °C

Flash point . °C

Viscosity (kg/m s) .

Toluene and water form a minimum boiling azeotrope
(.% water @  °C) []

Tab. 7.16: Physical properties of xylene [39].

Molecular formula
CH

CAS no. --

Molecular weight . g/mol

Density (kg/m) 
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Similarly, azeotropic property of xylene/water can be used for the production
of metformin hydrochloride. In this process, dimethyl amine is reacted with com-
mercially available hydrochloric acid, with xylene as the solvent. This has been re-
viewed in this Chapter 5.

7.4.10 Dimethyl amine

Dimethyl amine, being a gas at room temperature, is commercially available as a
40% solution and 100% liquid. Both forms can be used in a reaction, and their use
has been reviewed earlier in this chapter. Economics and availability will help
make a decision.

Dimethylamine hydrochloride is miscible in water, and this property can be of
value in the production of metformin hydrochloride.

Tab. 7.16 (continued)

Molecular formula
CH

Boiling point (°C) .

Melting point (°C) −. (meta)

Water/xylene azeotrope Temp. (°C) [] .

Tab. 7.17: Physical properties of dimethyl amine [40, 41].

Molecular formula
CHN

CAS no. --

Molecular weight .

Density (kg/m) 

Boiling point (°C) .

Melting point (°C) −.
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7.4.11 Ammonia

7.4.12 Hydrochloric acid

7.5 Section 4: process chemistry and heat balance

7.5.1 Process chemistry

In this section, the chemistry of the process is described. Metformin hydrochloride
chemistry is used as an example. It is necessary to outline the chemistry and its ra-
tionale, as it is used for the process design. Of the three potential processes sche-
matically shown earlier, a batch process (Fig. 7.6) [20] is used.

Tab. 7.18: Physical properties of ammonia [42].

Ammonia NH

Boiling point (°C) −.

Density, liquid at − °F/–. °C ( atm., kg/m) 

Density, liquid at  °F/. °C (kg/m) .

Heat (enthalpy) of evaporation, ΔHv, at boiling point
(kJ/kg)

.

Heat(enthalpy) of formation, ΔHf (gas) (kJ kg) −,

Heat (enthalpy) of fusion/melting, ΔH (m, kJ/kg) .

Melting (freezing) point (°C ) −.

Molecular weight 

Specific heat, Cp (gas) (kJ/kg K) .

Specific heat, Cp (liquid) (kJ/kg K) .

Tab. 7.19: Physical properties of hydrochloric acid [43, 44].

Hydrochloric acid HCl,  Be

CAS --

Mol. wt .

Melting point (°C) −

Boiling point (°C) 
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Hydrochloric acid is charged to the designated reactor and then, the desired
amount of DMA gas is bubbled into the hydrochloric acid. Reaction temperature is con-
trolled. After the desired residence time, the batch is transferred to the next reactor,
which is used as a centrifuge feed tank. The filtrate is recycled, if necessary, to ensure
that there is no unreacted dimethyl amine. Wet dimethyl amine hydrochloride is dried.

In Reactor 3, the desired amount of xylene is charged, and desired amounts of
dimethylamine hydrochloride and dicyandiamide are charged. The reaction mass is
heated, and the desired temperature is maintained. Evaporated xylene is condensed
and recycled. The reaction mass is transferred to Reactor 4, where carbon is added
to decolorize the metformin hydrochloride solution. The reaction mass temperature
is maintained to ensure that metformin hydrochloride is dissolved in xylene. After a
designated time to ensure that the solution has met the color specifications, the re-
action mass is transferred to a reactor where the reaction mass is cooled to precipi-
tate all of the metformin hydrochloride, which is centrifuged and dried.

7.5.2 Heat and mass balance

Table 7.20 is a typical heat and mass balance sheet for a batch process. It is ex-
tremely important that the physical properties of each process stream are included,
as they are needed to design every part of the process, e.g., piping, pumps, heat ex-
changers, and other material handling equipment. Details of properties and flow
rate at the operating temperature are critical to design the process.

All the streams and those that include recovery and disposal have to be in-
cluded. In this example, to protect the confidentiality of the process, components
have not been defined. However, a chemist and/or a chemical engineer will fully
understand the value of such mass balance.

Since mass balance and processing conditions for most batch processes are dif-
ferent, it is necessary to know that proper equipment is used for an efficient pro-
cess. However, that is normally not the case. Mostly, the equipment that is available
on site is used [8, 9]. They generally lead to prolonged batch cycle times, inefficient
process, and lower-than-desired yields. This has been discussed in earlier chapters.

Fig. 7.12 is an illustration of a continuous process. Heat and mass balances for a
continuous process are similar to batch process heat and mass balance. In this ex-
ample, Table 7.21, to protect proprietary information, components have not been
defined. However, chemists and chemical engineers will understand the value of
such information. Additional properties and other relevant information that are
necessary for equipment design should be included.

In every chemical process, design, reactors, heat exchangers and pumps are in-
volved. Other specialized equipment might be needed. Using the process operating
parameters, design rationale of each equipment becomes critical. This is important
for every continuous process.
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However for batch processes, the equipment is not necessarily designed for a
specific product. Documentation of the process and other details mentioned in
Tab. 7.2 can be a challenge. In these circumstances, extra care and scrutiny are
needed at the start of each batch campaign. Product quality becomes paramount,
in such cases.

7.6 Section 5: process equipment

For the manufacture of APIs as mentioned earlier, batch or continuous process are
the two choices. However, based on the total global volume of each API, many
plants produce the same API [45]. This suggests that each company could produce
the API using their own process, chemistry, and equipment, which could be dissim-
ilar to those of the next company or their own site. If the company outsources the
API to a CMO (contract manufacturing organization), their equipment and methods
could be different, too.

The manufacturer’s approved API ANDA would be based on the equipment that
is available at their site and is used for commercial production. It is expected that
the process engineers would design a process that fits like a glove in new or existing
equipment. Documentation of the process design and its rationale is critical for con-
sistent product quality. It is important for each producing company to know the
characteristics of each piece of equipment, so that the selected equipment and the
process produce the desired quality product, from the onset.

If the same equipment is not available for routine product campaigns on an on-
going basis, it is very likely that the product profile could be different for each
batch in each campaign. It is possible that the operating parameters and the operat-
ing procedures might have to be altered to assure quality. Thus, the documented
information can be used to troubleshoot the process, if there is need. In addition,
some of the “in-process” analysis can be minimized if every nuance of the reaction
operating parameter and equipment performance is understood and is accounted
for, in the operating procedure.

The basis of equipment selection and design criteria for the reactors, pumps,
heat exchangers, centrifuge, and distillation unit have to be documented in the
technical manual. Though the practice of documenting the design details might be
considered obsolete, without the documentation of “why and what” of the process,
no one will understand the rationale for the equipment design and its operations.
Considering job reassignments, retirement, and job changes of operating produc-
tion staff, such documentation is critical.

Process operating instructions are written on the basis of process chemistry and
equipment design and authenticated. But if they are not practiced batch after batch
or for the continuous process, it is very likely that the product will have batch-to-
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batch or lot-to-lot product quality variation. This cannot be tolerated, as it will result
in lesser product quality and recalls. Thus, it is necessary that the equipment used is
operated as close as possible to the process design criterion documented in the prod-
uct’s process operating manual. Process performance cannot deviate from the estab-
lished process.

It is important that the functionality of the process equipment used for each
processing step be described in the manual. If any equipment is specially designed
and/or fabricated for use in the process, its description should be included. Agitated
tanks that are used for holding materials need to be included. If a gravity-based de-
canter is used for phase separation, its design and process operating parameters
need to be included. Basically, the rationale for use of each equipment design has to
be described,

If a product requires use of a centrifuge or any filter or a crystallizer, their de-
sign basis and their suggested operating procedure need to be included.

Some examples of the equipment information, for example, heat exchangers
(Fig. 7.13, 7.14), centrifugal pumps (Fig. 7.15, 7.16, 7.17, 7.18), and reactor (7.19)
need to be included in the “Process Design and Technical Manual” are illustrated.
All of the necessary design basis and calculations for each process equipment have
to be included. This section would also include design basis information for the
process controllers. Process control logic has to be included.

It is necessary that the process control design basis and the logic have to be
included in the manual. The process control logic might have to be modified if dif-
ferent equipment than the original design is used in the manufacture of APIs.

In a batch or a continuous process, as has been discussed throughout the book,
total command of the process is a must. This especially applies to the meters and
valve that are used for the flow control of liquids and solids. They have to perform
at their optimum continuously, when they are being used. The workmanship of the
meters and control valves, over the years, have been perfected to precisely deliver
the materials at the desired rates. However, they are machines that on occasions
will not perform optimally. Thus, it is essential that they are calibrated on a planned
schedule. Some might consider this an unnecessary perturbation, but experienced
chemists and chemical engineers will understand the value of such an exercise. It
will save the headaches of dealing with less-than-expected yield and off- specifica-
tion product, which translate to financial loss.
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Fig. 7.13: Shell and tube heat exchanger data sheet [46].
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Fig. 7.14: Shell and tube heat exchanger data sheet [47].

244 Chapter 7 Process documentation and operating strategies

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Fig. 7.15: Centrifugal pump data sheet [48].
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Fig. 7.16: Centrifugal pump data sheet [48].
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Fig. 7.17: Centrifugal pump data sheet [48].
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Fig. 7.18: Centrifugal pump data sheet (API-610) [49].
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Fig. 7.19: Agitated vessel process data sheet [50].
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7.7 Section 6: process conditions and effect of variables

It is important to document the cause and effect of every deviation of the process
condition. This is critical as the majority of API manufacturing processes are batch
operations. In addition, if different equipment, on the same or other site is used to
produce the API, significant process variability can be introduced in the API
manufacturing process, as the behavior of every process equipment can be differ-
ent, even when the design criterion and fabrication are the same.

Reaction mechanisms, generally, give excellent clues about the sequence of addi-
tion of chemicals for most reactions. One of the simplest examples is the formation of
a diazo salt of an aromatic amine. If hydrochloric acid is to be used in the reaction,
addition of acid to amine (it could be dissolved in water or appropriate solvent) will
produce the amine hydrochloride, which, in turn, reacts with sodium nitrite to form
the diazo salt that is used in subsequent reaction. However, if the hydrochloric acid is
added to amine and sodium nitrite mix, NOx will be formed, which is not desirable. In
addition, impurity formation can lower the yield.

Process stoichiometry has to be precisely controlled. It is necessary to understand
and document the influence of stoichiometry variation on the process yield and the
impurity profile. The same applies to temperature operating parameters, feed rates
and raw material addition methods, and the points of addition. Any and every devia-
tion will be manifested by change in overall reaction profile, and that can change the
process yield and impurity profile. Mole ratios of process streams cannot deviate out-
side the established control limits. “What if” analysis and understanding of each
processing step and stoichiometry are important and have to be documented.

Chemists and chemical engineers can use some of the following to create their
own guidelines for each process. It is critical that the changes to a commercial pro-
cess are not made without authorization. If changes are to be made, they need to be
tested and authenticated.

As has been suggested in earlier chapters, changes to the process and equip-
ment can influence process dynamics and costs.

7.7.1 Liquid/solid feeds

It is extremely critical that the liquid and solid feed systems are the same for the
designated API manufacture. Not only the feed mechanism, but also the location
and method of feed in the reaction scheme can influence the process. The rationale
for this is that the raw materials react with each other to produce a different prod-
uct. Variations between equipment on the same site or other sites can influence the
process stoichiometry and the outcome. Metering systems for the solids and liquids
have to be calibrated respectively on a routine basis for the liquid and the solid that
will be used in the process. Optimum performance is critical.
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7.7.2 Batch process

In majority of batch processes, a solvent is used to facilitate the reaction. The sol-
vent is generally heated to a prescribed temperature. If the amount of solvent use is
changed without testing and authorization, process results can be different from
the approved process. Reactants are added in the predetermined order to complete
the reaction. It is necessary that the temperature profiles (heating and cooling), agi-
tation, and feed methods are the same for each batch of the API. This is critical. Not
having the same heating and cooling profile and the residence time can greatly in-
fluence the process yield and the impurity profile. Since the equipment size change
is not translational, processing conditions change and care is needed to understand
the influence on operating conditions.

Batch stoichiometry has to be controlled well within the design parameters. If
the product can be or has to be reworked to an acceptable and saleable product, it
can cost as much as 25% of the standard factory API cost [51].

In many of the API processes, gaseous raw materials are used. They are used as
a liquid because the liquid feed rate can be precisely controlled. Operating condi-
tions have to be precisely defined. Since the gas will evaporate and need heat for
evaporation, any reaction exotherm can be easily absorbed. Calibration of gaseous
raw materials can be a challenge but can be done.

7.7.3 Continuous process

Continuous processes are very different from batch processes; so are their operating
philosophies. Per established definitions [3, 4], they are supposed to operate 24 ×7 ×
50 = 8,400 h/year. Each operating company, based on their established practices,
allocates a certain time for maintenance and unexpected shutdowns. Unlike batch
processes, the liquid and solid intermediate materials are not held in any storage
facility.

Since the liquids are added in an established sequence to capitalize on their
mutual properties and reactivity, it is necessary that the same sequence and stoichi-
ometry are also followed in a commercial operation. Temperature and pressure pro-
files have to be precisely followed.

In continuous processes, stoichiometry has to be controlled extremely well. De-
viations outside the established parameters will result in off-spec product and
lower-than-expected yield, resulting in significant financial loss through nonsalable
product, cleanup, and disposal costs. Rework of the reactive in-process materials is
difficult, if not impossible. If the cause of deviation is not remedied quickly, equip-
ment will be idle until the cause of error is figured and remedied. All this can hap-
pen as the flow of the materials is time-independent.

7.7 Section 6: process conditions and effect of variables 251

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Most companies understand the impact of batch vs. continuous processes and
have to make sure every cause and effect of process deviation from the set parame-
ters is understood well. Technology and methodology of precise process control has
been, and, is being, practiced every day, in the fine/specialty chemical industry,
the older cousin of the pharmaceutical industry, which includes API manufacturing
and their formulations. Thus, precise controls are not a new art or technology.

In each type of manufacturing process manual, the chemist or the chemical en-
gineer should include the influence of stoichiometry, temperature, and feed rate
variation in the product yield and quality. Documentation of impact of these varia-
bles is extremely useful in troubleshooting the product quality and yield variation.

7.8 Section 7: suggested operating conditions

Operating conditions for a batch or a continuous process have to be defined pre-
cisely and documented. They need to be strictly followed and cannot be changed
without testing and authorization.

For a batch process, the raw materials have to be charged in the predetermined
sequence, at the defined weights, and heated/reacted at the operating temperatures.

For a continuous process, process operating manual has to have a startup and
a shutdown procedure. Once the process is operating, the feed rate of each reacting
process raw material has to be at the established process feed controllers/meters
settings. Heating and cooling parameters have to be monitored and controlled.
Cleaning procedures and their sequence have to be defined well.

7.9 Section 8: laboratory synthesis procedure

Process development starts with writing the chemistry on paper and progressing to
visualize its commercialization. It may sound or look to be simple and is a simple
exercise. However, on the contrary, it is the most difficult task that needs to be per-
fected, as it is the first brick of the process foundation.

Different process schemes and methods are imagined and tested in the labora-
tory. The process selected is the most viable, safe, economical, and has to be easily
executable on commercial scale. If we review the processes that are outlined in the
patents, they are based on the traits of the chemicals used and can produce the de-
sired product. However, generally, the methodology outlined in the patent is for
batch processes, is based on laboratory equipment, and may not be the one that is
used in the commercial process.

The following example is for the diazonium salt formation of methyl anthrani-
late. The synthesis for a batch process is outlined in USP 4464537 [52]:

RNH2 + 2HCl + NaNO2 = RN2Cl + 2H20 +NaCl Eq. 7.1
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About 76 g (0.5 mol) of methyl anthranilate and 135 g of an aqueous sodium
nitrite solution (containing 0.5 mol of NaNO2) were added gradually in the course of
30 min to 196 gm. of 30% strength by weight aqueous hydrochloric acid (=1.61 mol
of HCl) at from − 5.0 to + 10 °C. The diazonium salt solution is processed further.

The laboratory continuous process is as follows. Table 7.22 is the stoichiometry
for the laboratory process.

Synthesis for the same synthesis emulating a continuous process is as follows:
Place 50 mL of HCl (37%) in 250 mL beaker equipped with stirrer and a ther-

mometer. Add 5 mL of water and cool to 0–5 °C using suitable ice bath. Dissolve
sodium nitrite in 30 mL of water and place in an addition funnel with a long tube.
Charge about 4 mL of methyl anthranilate with a dropper into the stirred acid fol-
lowed by dropwise addition of sodium nitrite, below the acid surface, Continue al-
ternate addition of the amine and the nitrite. The appearance of brown fume (NOx)
should be avoided by controlling the addition of nitrite. With all of the amine in,
the remaining nitrite solution should be added to starch-iodide end point. The color
of anthranilate diazo is golden yellow, and it is a clear solution.

Process design for the batch process will be different from that for the continu-
ous process.

7.10 Section 9: analytical methods

It is necessary to document each analytical method used to measure and correct
every stoichiometric and process deviation. In the batch processes, any process de-
viation due to stoichiometry imbalance or temperature deviation within limits can
be corrected and the manufacturing process controlled to produce a product that
meets its specifications. However, in a continuous process, deviation from estab-
lished stoichiometry and temperature parameters can result in significant financial
loss, because the incorrect chemistry or process operating parameters can produce
significant quantities of off-spec material that might have to be disposed.

Tab. 7.22: Laboratory synthesis of diazonium salt methyl anthranilate.

Raw material Mol. wt Mole ratio g/g of MA-T Unit charge (g/test)

Methyl anthranilate . . . .

Water  . . .

HCl (%) use % . . . . ( mL)

Sodium nitrite  . . .
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Analytical methods for every process step that is considered necessary for the
manufacture of the product should be detailed. An HPLC (high-performance liquid)
analysis method for dimethyl fumarate [53] is detailed below.

HPLC analysis of dimethyl fumarate [53]
Reagents, solvents, and standards:

Water (Milli Q or equivalent)
Perchloric acid 70% (AR grade)
Acetonitrile (HPLC grade)

Chromatographic conditions:

Apparatus: A high-performance liquid chromatograph equipped with quaternary gradient pumps,
variable wavelength UV detector attached with data recorder, and integrator software.

Column: GL Science, Inertsil ODS 3 V, 250 × 4.6 mm, 5 µ

Column temperature: 30 °C
Sample cooler temperature: 15 °C
Mobile phase:
Mobile phase A = buffer
Buffer: 0.5 mL of perchloric acid dissolve in 1,000 mL of water (0.05% perchloric acid in water)
Mobile phase B = acetonitrile

Diluent: acetonitrile:water (20:80, v/v)
Flow rate: 1.0 mL/min
Detection: UV 210 nm
Injection volume: 20 µL

The retention time of dimethyl fumarate is about 20.0 min under these conditions. Relative re-
tention time for fumaric acid is about 0.23 and for monomethyl fumarate is about 0.57, with
respect to dimethyl fumarate under these conditions.

The present invention provides dimethyl fumarate, obtained by the above process, wherein the
amount of an anion of a mineral acid is determined by analytical techniques; for example, chlo-
ride ion content can be monitored by ion chromatography, potentiometric titration with silver
nitrate, turbidimetric method; sulfate ion content can monitored by ion chromatography, turbi-
dimetric method.

Time (min) % mobile phase A % mobile phase B

.  
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The present invention provides dimethyl fumarate, obtained by the above process, wherein the
chloride ion content was determined by USP method as described below:

Preparation of standard solution:

Take 0.2 mL of 0.02 N hydrochloride acid solution in 30–40 mL of water and mix. Filter this solu-
tion through 0.45 µ Nylon filter. Add 1 mL each of nitric acid and 0.1 N silver nitrate TS and suffi-
cient water to make 50 mL. Mix and allow to stand for 5 min protected from direct sunlight.

Preparation of test solution:

Take 0.35 g sample in suitable test tube. Add 30–40 mL of water and sonicate for 3–4 min and
filter through 0.45 µ Nylon filter. Add 1 mL each of nitric acid and 0.1 N silver nitrate TS and
sufficient water to make 50 mL. Mix and allow to stand for 5 min protected from direct sunlight.

Then, compare the turbidity of test and standard solution.

The present invention provides dimethyl fumarate obtained by the above process, having di-
methyl maleate content, as described, analyzed by using high performance liquid chromatogra-
phy (HPLC), with the conditions described below:

Reagents, solvents, and standards:

Water (Milli Q or equivalent)
Potassium dihydrogen phosphate (AR grade)
Acetonitrile (HPLC grade)
o-Phosphoric acid (AR grade)

Chromatographic conditions:

Apparatus: A high-performance liquid chromatograph equipped with quaternary gradient pumps,
variable wavelength UV detector attached with data recorder, and integrator software.

Column: GL-Science, Inertsil ODS 3 V, 250 × 4.6 mm, 5 mu
Column temperature: 30 °C
Sample cooler temperature: 15 °C
Mobile phase:
Mobile phase A = buffer
Buffer: 0.01 M potassium dihydrogen phosphate. Adjust pH 4.0 with o-phosphoric acid.
Mobile phase B = acetonitrile

Time (min) % mobile phase A % mobile phase B

.  
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Diluent: acetonitrile:water (40:60, v/v)
Flow rate: 1.0 mL/min
Detection: UV 210 nm
Injection volume: 50 µL

The retention time of dimethyl maleate is about 10.0 min under these conditions.

The present invention provides dimethyl fumarate, a compound of formula I, containing less
than 400 ppm of an anion of a mineral acid.

In one embodiment, the present invention provides dimethyl fumarate, a compound of formula
I, containing less than 400 ppm of chloride ion.

In one preferred embodiment, the present invention provides dimethyl fumarate, a compound
of formula I, containing less than 100 ppm of chloride ion.

The present invention provides dimethyl fumarate, a compound of formula I, containing less
than 400 ppm of an anion of a mineral acid and free of dimethyl sulfate.

In one embodiment, the present invention provides dimethyl fumarate, a compound of formula
I, containing less than 400 ppm of chloride ion and free of dimethyl sulfate.

In one preferred embodiment, the present invention provides dimethyl fumarate, a compound
of formula I, containing less than 100 ppm of chloride ion and free of dimethyl sulfate.

The present invention provides dimethyl fumarate obtained by the above process, having di-
methyl sulfate content, as described, determined by residual solvent analysis using gas chro-
matography (GC), with the conditions described below:

Chromatographic parameters:

Instrument: Gas chromatograph equipped with FID detector and autosampler.
Column: DB-1, 30 m × 0.32 mm, 1.0 µm
Column temperature: 40 °C (hold for 2 min) to 240 ºC
@20 ºC/min, hold at 240 °C for 20 min

Injector/detector: 150 ºC/270 º C
Carrier gas: nitrogen
Linear velocity: 30 cm/s
Split ratio: (2:1)
Injection volume: 5.0 µL
Diluent: dichloromethane (Merck, HPLC grade)

Similar analytical methods need to be included in the manual for the points in the
process, so that quality product is produced. The methods documented and prac-
ticed cannot be changed without testing and authorization.
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7.11 Section 10: thermodynamic and physical properties

It is useful to have thermodynamic and physical properties of the reactants and the
reaction intermediates. These are useful in process design. The following are exam-
ples of the information for randomly selected chemicals. Names of some of the
chemicals and reaction products are not shared to protect confidentiality.

7.11.1 Heat of reaction

Heat of reaction of each reaction product is documented. This, again, is of value in
the design of equipment. Table 7.23 lists heat of reaction for different reaction prod-
ucts of a certain synthesis. In order to maintain confidentiality of the reaction and
the chemicals involved, the products are not identified.

Heat of reaction and process production rate are needed for temperature control
and heat exchanger design.

7.11.2 Physical properties

Most of the APIs per site are not large volume products. Thus, it is possible that all
of the necessary physical and thermodynamic property information might not be
readily available from different databases. If that is the case, they might have to be
generated internally and/or calculated using mathematical models. Mathematical
data has to be confirmed.

Density, solubility, specific heat, heat of reaction, viscosity, etc. are a must for
each process stream, as they are used and needed for sizing of the reactors, heat ex-
changers, and pumps. It is very likely that these are not readily available. Again, they
might have to be generated in the laboratory.

Tab. 7.23: Example of typical heat of reaction.

Product Kilocalories/kilogram

Amine hydrochloride .

Amine diazo .

Product # .

Product # 

Product # .
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Having most of these properties might not be considered necessary, but a pro-
cess that is not designed on the basis of science and engineering fundamentals
might not produce quality product from the onset. Having detailed knowledge of
the design parameters is also useful for troubleshooting the process.

The following properties for chemical materials are generally available. For the
process described in Tab. 7.20 dimethyl sulfate, sodium hydroxide and sulfuric acid
are used. Their physical properties [Table. 7.24, Table. 7.25 and Table 7.26 respectively]
are included. Their inclusion in every technical manual is a must. Tables 7.8–7.19 list
physical properties of additional chemicals.

7.11.2.1 Dimethyl sulfate: (CH3)2SO4

Tab. 7.24: Physical properties of dimethyl sulfate [54].

CAS number –-

Mol. wt .

Melting point (°C) −

Boiling point (°C) 

Solubility in water (g/mL @ °C) .

Heat of vaporization (kcal/g mol) .

Sp. heat (kcal/kg °C) .

Temp. (°C) Specific gravity (kg/m) Viscosity (g/m-s)

 . .

 . .

 . .

 . .

 . .

 . .

Data here is compiled from different source
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7.11.2.2 Sodium hydroxide: NaOH (solid)

7.11.2.3 Sulfuric acid: H2SO4 (96%)

Viscosity and density of the raw materials and intermediates can change with tem-
perature. Appropriate charts should be included in the process manual. They are of
value in process design and operations.

7.12 Section 11: final product specifications

Each produced product has its final specifications. Table 7.27 is one of the ways the
final product specifications and its test methods should also be included in the
Technical Manual.

Tab. 7.25: Physical properties of sodium hydroxide [55].

CAS no. --

Mol. wt 

Melting point (°C) .

Boiling point (°C) 

Solubility in water (g/mL @ °C) 

Sp. heat (kcal/kg °C) .

Sp. gr. kg/m (%) ,.

Tab. 7.26: Physical properties of sulfuric acid [56].

CAS no. --

Mol. wt 

Melting point (°C) 

Boiling point(°C)  decomposes

Solubility in water (kg/m @ °C) In all proportions

Sp. heat (kcal/kg °C) .

Sp. gr. kg/m (%) ,.
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Tab. 7.27: Product specification of a drug product.

Material
code

 Customer name XYZ

Batch no ABNH Date of manufacture /

Batch
quality

. kg Expiry date /

A.R. no. FP Date of analysis ---:

ReferenceUSP/in-house Specification number S--MO-USP/

Specifications

S. no. Test Specification Result

 Description Slightly yellow to yellow Slightly yellow

 Solubility

. In . N sodium hydroxide Soluble in . N sodium
hydroxide

Soluble in . N sodium
hydroxide

. In water Sparingly soluble in water Sparingly soluble in water

. Methanol Sparingly soluble in
methanol

Sparingly soluble in
methanol

 Identification

. By IR To match with the working
standard

Matches with the working
standard

. By HPLC The retention time of the
major peak in the
chromatogram of the assay
preparation corresponds to
that in the chromatogram of
the standard preparation, as
obtained in the assay

The retention time of the
major peak in the
chromatogram of the assay
preparation corresponds to
that in the chromatogram of
the standard preparation, as
obtained in the assay

. Chloride Responds to the test for
chloride

Responds to the test for
chloride

 Specific rotation of ° Between – °C and –
 °C

−°

 Hydrochloride content Should be between .%
w//w and .% w/w

.% w/w

 pH (. in ) Between . and . in a
solution

.

 Water Not >.% .%

 Residue on ignition Not >.% .%
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Tab. 7.27 (continued)

Material
code

 Customer name XYZ

 Sulfate Not >.% w/w <.% w/w

 Related substance by HPLC

. Moxifloxacin-related
compound A

Not >.% Not detected

. ,-Dimethoxy
(moxifloxacin-related
compound B)

Not >.% Not detected

. -Ethoxy (moxifloxacin-
related compound C)

Not >.% Not detected

. -Methoxy--fluoro
(moxifloxacin-related
compound d)

Not >.% Not detected

. -Hydroxy (-hydroxy
moxifloxacin-related
compound e)

Not >.% Not detected

. N-Methyl piperazine
derivative of moxifloxacin

Not >.% Not detected

. -Hydroxy quinolinic acid Not >.% Not detected

. -Methoxy of quinolinic acid Not >.% Not detected

. Ethyl quinolinic ester Not >.% Not detected

. Other invalid impurity Not >.% .%

. Total impurity Not >.% .%

 RR isomer content Not >.% Less than LOQ (LOQ: .)

 Assay by HPLC (on
anhydrous basics)

Not <.% w/w and not
>.% w/w

.% w/w

 X-ray powder diffraction
pattern

To match with moxifloxacin
hydrochloride working
standard

Matches with HCl working
standard

 Method I

. Pet ether Not > ppm Not detected

. Ethyl acetate Not > ppm Not detected

. Methanol Not > ppm Not detected

. -Propanol Not > ppm Not detected
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7.13 Section 12: cleaning and cGMP practices

7.13.1 Cleaning

API manufacturing has to adhere to very strict manufacturing and cleaning practi-
ces. Strictness is necessary because of the batch manufacturing practice in which

Tab. 7.27 (continued)

Material
code

 Customer name XYZ

. Toluene Not > ppm Below the limit of detection
(LOD:)

. Dimethyl formamide Not > ppm Not detected

 Method II Not > ppm Not detected

. Ethanol Not > ppm Not detected

. Acetonitrile Not > ppm Not detected

. Dichloromethane Not > ppm Not detected

. Methyl isobutyl ketone Not >, ppm , ppm

 Microbial count

. Total aerobic microbial count Not >, cfu/g Nil cfu/g

. Total yeast and mold count Not > cfu/g Nil cfu/g

 Specified microorganisms

. Bile-tolerant Gram-negative
bacteria

Should be absent Absent

. Escherichia coli Should be absent Absent

. Salmonella species Should be absent Absent

. Staphylococcus aureus Should be absent Absent

. Pseudomonas aeruginosa Should be absent Absent

 Endotoxins *S--MF-IH-* Not >. EU/mg <. EU/mg

Additional comments, if any: Store conditions: preserve in tight containers and protect from
moisture. Store at controlled room temperature 20–25 °C (excursions allowed between 15 and 30 °C).
Always replenish with fresh silica gel whenever opened, purge with nitrogen, and seal the triple
laminated bag. Packing condition: materials are packed in a clear polybag filled with nitrogen and tie
with nylon strap. Keep this in triple laminated bag along with silica gel bag, insert the vacuum hose
pipe into the triple laminated bag, apply vacuum to the bag, evacuate and fill with nitrogen, and seal
it with heat sealer. Then keep this in HDPE container.
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different active pharmaceutical ingredients (API) can be produced in the same
equipment. This is the case not only at the contract manufacturing organizations
[57], but also true in the captive brand and/or generic API manufacturing firms as
they do not have dedicated equipment for every product. If they did, it would add
to the current excess of idle equipment [58].

Equipment cleaning between product changeovers is a must. Cleaning proce-
dures have to be validated [59]. Established cleaning practices that have been ap-
proved cannot be changed without testing, validation, and authorization. It is
necessary to understand these requirements, and if they are not followed, can result
in financial losses.

Cleaning methodology of the continuous process equipment [60] will be differ-
ent from the cleaning of the batch processes. Batch cleaning is intermittent and
often between batches. However, continuous process [3, 4] not being stop-and-go
may not require rigors of batch cleaning. Most likely, such process would require
limited cleanings per year during their planned maintenance. They have to be
thought through and validated.

Equipment cleaning rationale for continuous manufacturing operations, most
likely, would be based on batch cleaning methodology but would be different and
may not be as detailed as batch cleaning. This would be because the equipment is
only exposed to chemicals that are part of the chemistry being executed in the dedi-
cated equipment. Cleaning of continuous process equipment would have to be
tested and validated.

Since APIs are manufactured using conventional batch processes, their clean-
ing solvent volume between products requires at least one turnover of the equip-
ment volume. If the used solvent volume is large, even after recovery and recycling,
it can be a significant volume. Multiple cleanings of different equipment used for
batch processing per year will add to the operating company’s environmental factor,
“E-factor” [7]. This presents an opportunity for alternate manufacturing processes.

Modular plants, which are not part of the API manufacturing vocabulary, as
has been reviewed in earlier chapters, if used, will change the operating landscape.
With longer API runs, their in-between cleaning will be less frequent than batch pro-
cess scenario cleanings. This, in turn, could mean significantly lower the “E-factor”
[7] for each of the API operating sites.

7.13.2 cGMP

Chemists and chemical engineers are taught, from the onset, to create, design, and
commercialize a process for a product that will produce repeatable quality product.
Properly written “Process Technical Manual” covers the suggested cGMP [5] guid-
ance that are needed for a batch [1, 2] or a continuous process [3, 4]. They are a live
document for every process.
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Regulators have proposed guidelines that they consider “good manufacturing
practices,” which should be commonly practiced for every manufacturing process.
Actually, chemists and chemical engineers use them as the building blocks of every
process. Thus, they should be easy to practice and should not be circumvented.

7.14 Section 13: safety, MSDS (now called SDS), and material
handling

Safety is extremely important while handling chemicals. In the last one hundred
years, there has been evolution of the safe handling of chemicals. Concept of mate-
rial safety data sheets (MSDS) was introduced in the last century. They used to be
two pages per chemical. Now, they are about seven pages each, suggesting that
safety has become increasingly more important. Information contained in SDS
(safety Data Sheets) is extremely valuable for safe handling of chemicals. However,
still, it is up to the users of chemicals to take extra steps to respect and handle them
carefully.

What was considered safe chemical yesterday could be considered as or is toxic
today. Toxicology [61] is in its adolescence and will continue to evolve. In addition,
development of better drugs over the years have led to use of exotic chemistries.
Environmental impact of many APIs, their reaction intermediates, and by-products
are not completely known and understood. Many of these are showing up in efflu-
ent streams and impacting soil, aquatic, bird, and animal life.

Studies [62–65] have been and are being done to understand the health effects
of land, animal, and aquatic life after the ill-health effects were noticed. However,
even with the knowledge of potential dangers and hazards of the chemicals, safety
and safe handling, at times, slip through, resulting in significant and serious conse-
quences. Thus, safe and proper handling of every chemical is extremely important.

Every “Process Technical Manual” should include material safety data sheets of
raw materials, every process intermediate, and the finished product. This is critical
especially for the batch processes, the preferred method of producing APIs, because
the intermediates are generally isolated and stored for further processing. This in-
formation can be of value in reactor cleaning also.

Table 7.20 is the first page of safety data sheet for Pyrmetazole (omeprazole sul-
fide) [66], an intermediate in omeprazole synthesis. It needs to be noted that some
information on the data sheets may not be complete as the information might not
be available. Thus, it is necessary to take protective safety measures. Tab. 7.28 and
Tab. 7.29 are safety data sheet [66] and product information sheets [67] for omepra-
zole sulfide.

Since the APIs can be used at their own site or could be transported out of man-
ufacturer’s site, they should have their respective safety data sheets e.g. metfromin
hydrochloride Tab. 7.30 [68].
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Tab. 7.28: Safety data sheet for pyrmetazole (omeprazole sulfide) [66].
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Tab. 7.29: Product datasheet omeprazole sulfide [67].
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Tab. 7.30: Safety data sheet for metformin hydrochloride [68].
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7.15 14: US Pharmacopeia standards

For every regulatory NDA [new drug application] and ANDA, [abbreviated new drug
application] all of the above documented information, along with US Pharmacopeia
standards, are needed. Attached are two typical standards. Table 7.31 and Table
7.32 are the US Pharmacopoeia standards for metformin hydrochloride and sodium
levothyroxine.

Tab. 7.31: USP standard metformin hydrochloride.

USP standard: metformin hydrochloride
Metformin hydrochloride [69]

C4H11N5.HCl 165.62

Imidodicarbonimidic diamide, N,N-dimethyl-, monohydrochloride.
1,1-Dimethylbiguanide monohydrochloride [1115-70-4].
» Metformin hydrochloride contains not less than 98.5% and not more than 101.0% of C4H11N5.
HCl, calculated on the dried basis.

Add the following:
Packaging and storage: Preserve in well-closed containers. Store it at room temperature. USP29
USP Reference standards 11: USP metformin hydrochloride RS. USP metformin-related com-
pound A RS.

Identification:
A: Infrared absorption 197 K.
B: It meets the requirements of the tests for Chloride 191.
Loss on drying 731: Dry it at 105 for 5 h: it loses not more than 0.5% of its weight.
Residue on ignition 281: Not more than 0.1%.
Heavy metals, Method I 231: 0.001%.

Related compounds:
Mobile phase: Prepare a solution in water, containing 17 g of monobasic ammonium phosphate
per L, adjust with phosphoric acid to a pH of 3.0, and mix.

Standard solution:
Prepare a solution of USP metformin-related compound A RS in water, having a known concentra-
tion of about 0.2 mg/mL. Transfer 1.0 mL of this solution to a 200-mL volumetric flask, dilute with
mobile phase to volume, and mix (Note: Metformin-related compound A is 1-cyanoguanidine).
Test solution: Transfer about 500 mg of metformin hydrochloride, accurately weighed, to a 100-mL
volumetric flask, dissolve in and dilute with mobile phase to volume, and mix.

268 Chapter 7 Process documentation and operating strategies

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



Diluted test solution: Transfer 1.0 mL of the test solution to a 10-mL volumetric flask, dilute with
mobile phase to volume, and mix. Transfer 1.0 mL of this solution to a 100-mL volumetric flask,
dilute with mobile phase to volume, and mix.

Resolution solution: Transfer about 10 mg of melamine to a 100-mL volumetric flask, and dissolve in
about 90 mL of water. Add 5.0 mL of the test solution, dilute with water to volume, and mix. Transfer
1.0 mL of this solution to a 50-mL volumetric flask, dilute with mobile phase to volume, and mix.

Chromatographic system (see Chromatography 621): The liquid chromatograph is equipped with
a 218-nm detector and a 4.6-mm Å ~ 25-cm column containing packing L9. The flow rate is about
1.0–1.7 mL/min. Chromatograph the resolution solution, and record the peak responses as di-
rected for procedure: the resolution, R, between melamine and metformin is not less than 10.

Procedure: Separately inject equal volumes (about 20 μL) of the test solution, the standard solu-
tion, and the diluted test solution into the chromatograph, record the chromatograms for not
less than twice the retention time of metformin, and measure the peak areas. The area of a
peak corresponding to metformin-related compound, A in the chromatogram of the test solution
is not greater than the area of the corresponding peak in the chromatogram of the Standard
solution: not more than 0.02% of metformin related compound A is found.

The area of any other secondary peak in the chromatogram of the test solution is not greater
than the area of the major peak in the chromatogram of the diluted test solution; and, the sum
of the areas of all secondary peaks in the chromatogram of the test solution is not greater than
five times the area of the major peak in the chromatogram of the diluted test solution: not more
than 0.1% of any other impurity is found; and not more than 0.5% of total impurities is found.

Residual solvents 467: Meets the requirements (Official January 1, 2007)

Assay: (Note: To avoid overheating of the reaction medium, mix thoroughly throughout the titration,
and stop the titration immediately after the endpoint has been reached). Dissolve about 60 mg of
metformin hydrochloride, accurately weighed, in 4 mL of anhydrous formic acid. Add 50 mL of acetic
anhydride. Titrate with 0.1 N perchloric acid VS, determining the endpoint potentiometrically. Per-
form a blank determination, and make any necessary correction (see Titrimetry 541).

Each mL of 0.1 N perchloric acid is equivalent to 8.28 mg of C4H11N5.HCl.

Auxiliary information: Staff liaison: Elena Gonikberg, Ph.D., scientist
Expert Committee: (MDGRE05) Monograph Development-Gastrointestinal Renal and Endocrine
USP29–NF24: Page 1364
Pharmacopeial forum: Volume no. 31[4], page 1092
Phone number: 1-301-816-8251

Tab. 7.32: USP standard sodium levothyroxine.

USP standard: levothyroxine sodium
Levothyroxine sodium [69]

C15H10I4NNaO4.xH2O (anhydrous) 798.85
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L-Tyrosine, O-(4-hydroxy-3,5-diiodophenyl)-3,5-diiodo-, monosodium salt, hydrate.

Monosodium L-thyroxine hydrate [25,416-65-3].

Anhydrous [55-03-8].

» Levothyroxine sodium is the sodium salt of the levo isomer of thyroxine, an active physiologi-
cal principle obtained from the thyroid gland of domesticated animals used for food by man or
prepared synthetically. It contains not less than 97.0% and not more than 103.0% of C15H10I-

4NNaO4, calculated on the anhydrous basis.

Packaging and storage: Preserve in tight containers, protected from light.
USP Reference standards 11: USP levothyroxine RS. USP liothyronine RS.

Identification:

A: Ignite about 50 mg in a platinum dish over a flame; it decomposes and liberates iodine vapors.
B: To about 0.5 mg add 7.5 mL of acid sodium chloride solution (prepared by mixing 300 mL of
water, 250 mL of alcohol, 100 mL of 1 N sodium hydroxide, and 100 mL of hydrochloric acid) and
1 mL of sodium nitrite solution (1 in 100). Allow to stand in the dark for 20 min, and add 1.25 mL
of ammonium hydroxide; a pink color is produced.

Specific rotation 781S: between 5° and 6°.

Test solution: an amount equivalent to 30 mg of anhydrous levothyroxine sodium per mL, in a
mixture of alcohol and 1 N sodium hydroxide (2:1).

Water, Method III 921: Dry about 500 mg, accurately weighed, over phosphorus pentoxide at 60
and at a pressure not exceeding 10 mm Hg for 4 h; it loses not more than 11.0% of its weight.

Limit of inorganic iodides:

Extracting solution: Prepare a 1 in 100 solution of sulfuric acid in water.

Reference solution: Dissolve an accurately weighed quantity of potassium iodide in water to ob-
tain a stock solution containing 0.131 mg equivalent to 0.100 mg of iodide per mL. Transfer
0.6 mL of this stock solution into a 1,000 mL volumetric flask, dilute with the extracting solution
to volume, and mix. Each mL of the reference solution contains 0.06 μg of iodide (Note: Prepare
this solution on the day of use).

Test solution: Transfer 7.5 mg of levothyroxine sodium to a beaker, add 100 mL of the extracting
solution, and sonicate for 5 min.

Electrode system: Use an iodide-specific, ion-indicating electrode and a silver-silver chloride
reference electrode connected to a pH meter capable of measuring potentials with a minimum
reproducibility of ±1 mV (see pH 791).

Procedure: Transfer the reference solution to a beaker containing a magnetic stirring bar. Rinse and
dry the electrodes, insert in the solution, stir for 5 min or until the reading stabilizes, and read the

270 Chapter 7 Process documentation and operating strategies

 EBSCOhost - printed on 2/14/2023 6:45 AM via . All use subject to https://www.ebsco.com/terms-of-use



potential in mV. Repeat this process using the test solution. The requirements of the test are met if
the test solution has a higher potential in mV than the reference solution: the limit is 0.08%.

Limit of liothyronine sodium:

Mobile phase and chromatographic system: Proceed as directed in the assay.
Standard solution: Prepare as directed for Standard preparation in the assay.
Test solution: Proceed as directed for the assay preparation.

Procedure: Proceed as directed in the assay. Calculate the quantity, in μg, of liothyronine
sodium (C15H11I3NNaO4) in the sample taken by the formula: (672.96/650.98)(10 C)(rU/rS), in
which 672.96 and 650.98 are the molecular weights of liothyronine sodium and liothyronine,
respectively; C is the concentration, in μg/mL, of USP liothyronine RS in the standard prepara-
tion; and rU and rS are the liothyronine peak responses obtained from the Test solution and the
Standard solution, respectively: not more than 2.0% of liothyronine is found.

Residual solvents 467: meets the requirements. (Official January 1, 2007)

Assay:
Mobile phase: Prepare a degassed and filtered mixture of water and acetonitrile (60:40) that
contains 0.5 mL of phosphoric acid in each 1,000 mL. Make adjustments, if necessary (see Sys-
tem Suitability under Chromatography 621).

0.01 M methanolic sodium hydroxide: Dissolve 400 mg of sodium hydroxide in 500 mL of
water. Cool, add 500 mL of methanol, and mix.

Levothyroxine stock solution: Dissolve an accurately weighed quantity of USP levothyroxine
RS in 0.01 M Methanolic sodium hydroxide to obtain a solution having a known concentration of
about 0.4 mg of levothyroxine per mL. Liothyronine stock solution: Dissolve an accurately
weighed quantity of USP liothyronine RS in 0.01 M methanolic sodium hydroxide to obtain a
solution having a known concentration of about 0.4 mg of liothyronine per mL. Make a 1:100
dilution of this solution using mobile phase.

Standard preparation: Transfer appropriate volumes of Levothyroxine stock solution and Lio-
thyronine stock solution to a suitable container, and dilute quantitatively and stepwise, if nec-
essary, with Mobile phase to obtain a solution having known concentrations of about 10 μg of
levothyroxine per mL and 0.2 μg of liothyronine per mL.

Assay preparation: Transfer an accurately weighed portion of about 100 μg of levothyroxine
sodium into a centrifuge tube, add 2 glass beads, pipet 10 mL of mobile phase into the tube, and
mix using a vortex mixer for 3 min. Centrifuge to obtain a clear supernatant, filtering if necessary.

Chromatographic system (see Chromatography 621): The liquid chromatograph is equipped with a
225-nm detector and a 4.6-mm Å~ 25-cm column that contains packing L10. The flow rate is about
1.5 mL per minute. Chromatograph the Standard preparation, and record the peak responses as
directed for Procedure: the resolution, R, between liothyronine and levothyroxine is not less
than 5.0; and the relative standard deviation for replicate injections is not more than 2.0% for
levothyroxine.

Procedure: Separately inject equal volumes (about 100 μL) of the standard preparation and the
assay preparation into the chromatograph, record the chromatograms, and measure the re-
sponses for the major peaks. Calculate the quantity, in μg, of C15H10I4NNaO4 in the portion of
Levothyroxine Sodium taken by the formula: (798.85/776.87) (10 C) (rU/rS), in which 798.85
and 776.87 are the molecular weights of levothyroxine sodium and levothyroxine, respectively;
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C is the concentration, in μg/mL, of USP levothyroxine RS in the standard preparation; and rU
and rS are the levothyroxine peak responses obtained from the assay preparation and the stan-
dard preparation, respectively.

Auxiliary Information: Staff Liaison: Elena Gonikberg, Ph.D., scientist
Expert committee: (MDGRE05) Monograph Development-Gastrointestinal Renal and Endocrine
USP29–NF24, page 1248
Pharmacopeial forum: Volume no. 30[5], page 1630
Phone number: 1-301-816-8251

All of the information reviewed and discussed are necessary and need to be docu-
mented. Since the design considerations and the basis make the building block,
they may be needed for troubleshooting and expansion of outsourcing of products.
They have a long-term value.

Abbreviations

NDA New drug application

ANDA Abbreviated new drug application

API Active pharmaceutical ingredient

USFDA United States Food and Drug Administration

cGMP Current good manufacturing practice

E-factor Environmental factor

SDS Safety data sheet

MSDS Material safety data sheet

kg Kilogram

CAS Chemical Abstracts Service No.

Cp Specific heat

NOx Generic term for nitrogen oxides

IR Infrared

HPLC High-performance liquid chromatography

USP United States Pharmacopeia
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Chapter 8
Road Map

All the earlier chapters dealt with the chemistry and chemical engineering consider-
ations to create, scale-up, and commercialize processes for various active pharma-
ceutical ingredients. These chemistries are commercial and produce the needed
API. It is valuable to review the history of the landscape again and create a road-
map for safe, economic, and optimal manufacturing processes. Manufacturing tech-
nology innovation will not only reduce the “E-factor” [1] of the API manufacturing,
but also expand and protect public health of a significantly larger population [2].
Revenues and profits will increase through satisfying the needs of larger population
as drugs will become more affordable. There are internal barriers [3] to lowering the
“E-factors.” By using the road map discussed in this chapter and throughout the
book, these factors can be lowered.

8.1 Why manufacturing technology innovation has lacked
in API manufacturing?

As indicated in the first chapter, most of the initial drugs were discovered at, what
were then, the specialty/fine chemical manufacturing companies. The majority of
small-molecule [4] active pharmaceutical ingredients (API) are fine/specialty chem-
icals that have a disease- or illness-curing value. From the onset, it was realized
that they can be produced in existing processing equipment that was being used for
the synthesis of more “traditional” industrial, specialty chemicals. Unit processes
[5] and unit operations [6] that were practiced for chemical synthesis were applica-
ble for API synthesis also.

Pharmaceutical companies in the last 100 years, besides creating new drugs,
have not done much for manufacturing technology innovation. Their focus has
been on “curiosity and speed” for the new drug or introducing generic drug treat-
ments. Minimal or none of the “curiosity and speed” that has gone toward creating
new treatments has percolated to manufacturing technology innovations.

No one has questioned the current API manufacturing strategies and practices,
which are the same/similar from the beginning of the twentieth century. “Why inno-
vation hasn’t happened in pharma production?” is a very appropriate question. Phar-
ma’s opportunity cost alone makes an urgent case for innovation. Some estimates
put the potential worldwide cost savings from efficiency improvement as high as
$50 billion – equivalent to the cost of developing 80–90 new drugs every year [7].
These opportunity cost estimates do not include the savings realized from lowering
pharma’s “E-factor” [1].

https://doi.org/10.1515/9783110702842-008
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With increasing global population, demand for drugs has increased. Most likely,
the opportunity costs have increased. Doubling to $100 billion or more is not out of
the realm of reality. In addition, the number of API manufacturing facilities (in-
house and outsourced) has increased. This has led to higher “E-factor” [1] emissions
from the API manufacturing facilities. Going forward, if manufacturing technologies
are not improved, pharma’s emissions will only increase. It is important to address
this challenge. If any change is to take place, companies will have to be aggressive
toward operational improvements and innovation. This is critical to control global
climate change.

8.2 Why and how the current API manufacturing scenario
developed?

There are reasons for the lack of manufacturing technology innovation in API
manufacturing and their formulations. “It has not been necessary” is a misplaced
answer. “Necessary” is a relevant term. Is it necessary for Pharma’s profits or is it
necessary for the benefit of all mankind?

A review and explanation of the current situation is easy and simple. It presents
tremendous innovation opportunities. Some of these are examined. Chemists and
chemical engineers have used their creativity and imagination to design and com-
mercialize excellent processes for chemical manufacturing. They can do it for API
manufacturing too.

It is necessary to review why the current scenario exists. Learnings from the cur-
rent situation can be used to innovate API manufacturing practices. Figure 8.1 is a sim-
ple illustration of the progression of a product from the laboratory to commercial scale.

Laboratory equipment is used to demonstrate/prove the feasibility of the chemical
synthesis route. Using the chemistry developed in the laboratory, chemists and
chemical engineers develop, design, pilot, and commercialize a process that will
produce the desired quality product from the onset. Yearly throughput at a site is
the design basis for process equipment design. It dictates whether the commercial
process will be a batch or a continuous process [8]. These definitions are succinct
and well-defined. Altercations to established definitions for batch or continuous
processes would be mocking the established science and engineering principles.

Laboratory
Process
Development

Prove 
Feasibility
Pilot plant

Regulatory 
Submissions

Commercial
Process

Fig. 8.1: Progression of API from laboratory to commercial product.
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Calling a batch process a continuous process, as stated earlier, is an unacceptable
practice. Too many entities (includes equipment vendors, pharma companies, con-
sultants, regulators (FDA [Food and Drug Administration] and ASTM [9] [American
Society for Testing and Materials], and ICH [10] [International Council for Harmoni-
zation]) have been lately doing that. Many claims of “continuous process” are cases
of fake definitions [11], as “continuous process” is the latest buzz word.

Fine/specialty chemicals, due to the lack of production volume, are fitted in the
existing processing equipment. They are generally batch processes. Due to similari-
ties of synthesis chemistry and easy availability of processing equipment, API
manufacturing adopted fine/specialty chemical manufacturing practices, since
many of the APIs are produced at multiple sites, even when some have the produc-
tion volume to have a single dedicated plant to meet the global need (Tab. 8.1).

With multiple companies producing the same product, fitting processes in the exist-
ing equipment was a natural and an accepted practice [14, 15]. This practice of fit-
ting processes using batch processes has continued.

Using batch processes for API manufacturing has served the global API needs
very well. A fact remains that the equipment used has much lower productivity,
compared to a process where the equipment is specifically designed for the product.
The ability to fit the processes in existing equipment minimizes capital expendi-
tures for new products.

The current commercial batch API manufacturing processes, in the simplest
terms, are a larger version of the laboratory process. Laboratory syntheses are opti-
mized and improved in the pilot plant and fitted in the existing equipment that was
and is available. It can also be used for the manufacture of fine/specialty chemicals.

Tab. 8.1: API dosage, global demand versus number of sites and API kg/year [12, 13].

Drug Dosage
(mg/day)

Population use
estimate (million)

Total demand
(kg/year)

Sites per API API per plant
(kg/year)

Omeprazole  , ,,  ,

Metoprolol   ,,  ,

Hydrochlorothiazide .  ,  ,

Metformin ,  ,,  ,

Dimethyl fumarate  . ,,  ,

Levothyroxine . , ,  ,
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8.3 Cost of drugs

Drug prices were and are priced at the highest level that patients can afford to ex-
tend their life or stay well, rather than a commodity where prices are competitively
priced. The current pricing works well in today’s mutually subsidized healthcare
systems and countries where distributors are guaranteed fixed margins. With every
segment of the drug business (API manufacturing, formulations, and distribution)
being profitable and comfortable with the current landscape, there is no pressure to
innovate manufacturing practices, even if it improves affordability to a larger popu-
lation [3].

With current practices, it is possible to have a good process, but it might not be
the most efficient process, as the equipment is not designed for the process. Every
process inefficiency cost is passed on to the patients, who do not know the drug
cost component breakdown. Not many know the API cost contribution in the drug
selling price. API cost contribution in the drug selling price of each dose is gener-
ally in single or fractional digit percentage [16]. Table 8.2 is an illustration for a few
drugs. These are the best estimates. API manufacturers and others in the supply
chain may not want to discuss these numbers.

Annual volume of most APIs (Tab. 8.1 and other chapters) is not large enough to
have dedicated equipment and process designed for their production. Since new
processing equipment cannot be justified for every API, fitting the chemistry, as

Tab. 8.2: API cost percentage versus tablet sell price.

Drug Metformin HCl Ciprofloxacin Levothyroxine Atorvastatin

API sell price ($/kg) . . . .

Inert excipients ($/kg)
(@%API cost)

. . . .

Conversion cost ($/kg)
(@%API cost)

. . . .

Profit (@ % above) . . . .

Total ($/kg) . . ,. .

Dose (mg) . . . .

Selling price per tablet ex
formulator ($)

. . . .

Pharmacy

Rite-Aid with insurance price/tablet . . . .

API cost % of sell price . . . 
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stated earlier, in the existing equipment has been and is the chosen route. This is
not ideal for many processes. Traditional batch production infrastructure is based
on large reactors [17].

Every process does not fit well in every commercially available reactors tank,
agitator, heat exchanger, and other processing equipment. Astute chemists and
chemical engineers have very cleverly used the existing equipment and solvents to
produce the needed quality products. Their best friends for this achievement are
solvents. Processes are fitted in the existing equipment even when it is well-known
that the batch processes are suboptimal [18] and are known to be the leading cause
of high “E-factor” [1].

Solvents (water, single or multiple solvents or their combination) are the pro-
cess facilitators. Even though they are recycled, they are still the leading cause of
waste [19, 20]. If multiple, different solvents are used in a process and cannot be
economically separated and/or reused; they are disposed while meeting the prevail-
ing effluent regulations. In such cases, disposal is economic versus chemical or
physical separation. As indicated in earlier chapters, besides water, every attempt
has to be made to limit the solvent to one organic solvent.

Since the equipment used is not ideal for the processes, it necessitates extra
cleaning and increased amount of solvent is needed for cleaning, which is a neces-
sary part of the cGMP practice, and a must between product changes.

A combination of poorly-selected solvent and use of ill-designed equipment/
process, at times, can be a hindrance to innovation. It is necessary to have a com-
plete understanding of the mutual behavior of the physical and chemical properties
of chemicals involved in every reaction. Their value has been discussed in earlier
chapters and is reviewed later in this chapter.

API manufacturing facilities have low overall equipment utilization [21–25]. Ex-
cess batch manufacturing capacity [26] and too many plants [27] are producing the
same API. Table 8.1 and similar tables in earlier chapters are an illustration of some
APIs that are being produced using batch processes, even when some of them
could be produced using continuous processes to meet the global demand. If done
correctly, through properly designed plants, “E-factor” [1] for these and many other
products can be significantly reduced.

The practice of fitting processes in existing equipment continues, as no one
wants to invest in processing equipment that would not be used all the time. Actu-
ally, this practice is expanding in the recent years, as brand and generic API
manufacturing is being outsourced to contract manufacturing organizations (CMO),
where the processes are fitted in the available equipment. Instead of having the
“best designed process,” the intent is to have the “best fitted process” that will pro-
duce the desired quality product.

The art and science of creating and commercializing an optimum process for
each chemistry is being lost. By outsourcing API manufacturing, the processes have
become a commodity; one pot fits all syntheses, rather than specialty equipment,
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where perfection and quality are delivered from the onset. As discussed earlier,
proper use of solvents can make this happen. There are ways to correct this and
they are reviewed later in this chapter.

Unless there is long-term contract to manufacture an API, no contract manufactur-
ing company will make an investment for dedicated equipment for a product, whose
efficacy and need would become obsolete with the product. In addition, as has been
discussed earlier, many of the APIs are produced at many factories; thus reducing the
volume output at a single factory and this precludes any investment for low volume
products. Any potential advantage that could be achieved through economies of scale
is lost. Due to the unknown life of an API, companies have and will shrug from inves-
ting in dedicated equipment. Alternates that can bring the ownership to API process
developers are possible and are reviewed later in this chapter. For this to happen, the
current business model might have to be modified. Creativity and imagination would
need to have a free reign.

Since new processing equipment cannot be justified for every new API product,
fitting the chemistry, as stated earlier, in the existing equipment has been and will
be the chosen route.

Quality by design (QbD) is a fundamental premise that each chemist and chem-
ical engineer is taught to practice for any process they design and commercialize. If
they do not practice and achieve this criterion, it suggests that their basic process
design is flawed. They have to make it right from the onset.

Due to the mortar and pestle philosophy, that is, the batch process, even when
the process is a QbD project, in-process testing is the established norm for API
batch processes. This assures product quality through repeated analysis. This also
complies with the FDA requirements [28]. API manufacturers want to make sure
that each batch meets the established product specification. If a batch/es does/do
not meet the specifications, it may be easier and cheaper to discard the batch/es.
All of the additional costs were/are absorbed and passed on to the patients. These
practices are still used. Since in-process intermediates are held for quality check,
in-process storage tanks add to the idle equipment capacity [26], that is, lower asset
utilization. For pharma, this is well documented [21–25].

The above discussion has been about the tradition of using existing batch proc-
essing philosophies. Current regulations are designed for batch processes. They will
have to be modified for “continuous manufacturing”. Since FDA staff does not have
any/much development, design and commercialization experience in these pro-
cesses, development of applicable regulations and promulgation will be a signifi-
cant challenge.
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8.4 Review of the laboratory process

It is necessary to understand and review some of the ways that can lead to better API
manufacturing technologies and lower “E-factor” [1]. The process of use of excessive
amount of solvent, “high E-factor,” starts in the laboratory process development.
Based on the different chemistries outlined in various patents (too many to cite), one
can see that the solvent use, relative to solids, is high. Tables 8.3 [29] and 8.4 [30] are
an illustration and analysis for the production of Paroxetine Hydrochloride and Parox-
etine Mesylate, respectively.

If we review every patent filed for APIs and fine/specialty chemicals, similar
stories of use of excessive solvent use appears over and over again. In fine/specialty
chemical domain, product volumes are much larger than the typical volumes in the
API domain. This is due to the milligrams dose needed to cure diseases (1 kg prod-
uct can produce 1 million tablets of 1 mg each to serve many) versus fine/specialty
use, as additives in kilograms. Since the API is produced at many (Tab. 8.1) sites,
the value of economies of scale are lost and a larger version of the laboratory pro-
cess gets commercialized in the existing processing equipment, resulting in high
“E-factor” [1] emissions.

Once the chemistry has been optimized, after initial financial justification, it
has to be tested and the processing conditions have to be defined. Learnings of the
laboratory equipment teach us the unit processes [5] that are commercialized using
established unit operations [6].

How processes get developed in the laboratory is well known. Unless all of the
reactants are liquids, selected solvent/s are added to the reaction flask and the
solid/liquid reactants are added until the mass can be agitated. Additional solvent/
s might be necessary. Laboratory curiosities are translated to commercial realities.
This continues until the process is defined. Since the laboratory chemistry develop-
ment process, generally, cannot capitalize on the physical properties of the reac-
tants and intermediates, the developed process in the laboratory is the best until
scaled up.

If clinical trials prove the efficacy of a product, race and speed to commercialize
the product matters more than having an economic process. Since the disease-
curing value (selling price) of the drug is more critical than the cost of API, optimiz-
ing the process becomes irrelevant.

Based on the different chemistries outlined in various patents (too many to
cite), one can see that the solvent use, relative to solids, is high.
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Tab. 8.3: Paroxetine hydrochloride synthesis [29].

Process for the preparation of paroxetine hydrochloride WO 2009/138999 A2 [29]

N-methyl Di Isopropyl Phenyl                                    Paroxetine Phenyl 
Paroxetine Ethylamine Chloroformate Carbamate
C H FNO C H N C H ClO C H FNO
MW 343 MW 129 MW 156.5 MW 449.47 g/mol
CAS # 110429-36-2        CAS # 7087-68-5.         CAS #1885-14-9                     CAS # 253768-88-6
M. P. °C 108-111.           M. P. °C -61.                 M.P. °C -28.                           M. P. °C 106-108

B. P. °C 84                   B.P. °C  74-75

Paroxetine hydrochloride
C19H20FNO3•HCl•1/2H2O 
MW 374.8 
CAS #  110429-35-1
M. P. °C 129-131

KOH
HCl

N-methyl Di Isopropyl Phenyl                                    Paroxetine Phenyl 
Paroxetine Ethylamine Chloroformate Carbamate
C H FNO C H N C H ClO C H FNO
MW 343 MW 129 MW 156.5 MW 449.47 g/mol
CAS # 110429-36-2        CAS # 7087-68-5.         CAS #1885-14-9                     CAS # 253768-88-6
M. P. °C 108-111.           M. P. °C -61.                 M.P. °C -28.                           M. P. °C 106-108

B. P. °C 84                   B.P. °C  74-75

Paroxetine hydrochloride
C19H20FNO3•HCl•1/2H2O 
MW 374.8 
CAS #  110429-35-1
M. P. °C 129-131

KOH
HCl

Example:
Process for paroxetine-N-phenyl carbamate

N-Methyl paroxetine (100 g) and toluene (900 mL) were added into the RB flask. Di-isopropyl
ethyl amine (7.6 g) was added, under stirring, and the reaction mass was then heated to reflux
temperature (110–112 °C). Phenyl chloroformate in toluene solution (57 g PCF in 100 mL toluene)
was added and heated to reflux temperature. After the completion of the reaction, the reaction
mass was washed with aqueous hydrochloric acid solution (100 mL) and extracted into toluene.
The organic layer was washed with sodium bicarbonate solution (50 g in 1,000 mL) and then con-
centrated under reduced pressure to give a residue. The residue was treated with isopropyl alco-
hol (500 mL) to give paroxetine-N-phenyl carbamate.
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Example:
Process for paroxetine hydrochloride:

Paroxetine-N-phenyl carbamate (125 g) and toluene (1,000 mL) were charged into the reaction
mass. Potassium hydroxide flakes (81.6 g) were added and the reaction mass was heated to reflux
temperature (110 °C). After the completion of the reaction, the mass was taken into aqueous so-
dium hydroxide solution (25 g of NaOH in 500 mL demineralized water) and extracted into tolu-
ene. The organic layer was separated and concentrated under reduced pressure to give a residue.
The residue was dissolved in isopropyl alcohol (500 mL). IPA and HCl (53.2 g of HCl in 100 mL IPA)
were charged to the above solution at 20–25 °C. The resulting solution was stirred, filtered, and
washed with isopropyl alcohol to give paroxetine hydrochloride.

Paroxetine-N-phenyl carbamate (125 g) and toluene (1,000 mL) were charged into the reaction
mass. Potassium hydroxide flakes (81.6 g) was added and the reaction mass was heated to the
reflux temperature (110 °C). After the completion of the reaction, the mass was taken into 30
aqueous sodium hydroxide solution (25 g of NaOH in 500 mL DM water) and extracted into tolu-
ene. The organic layer was separated and concentrated under reduced pressure to give a resi-
due. The residue was dissolved in isopropyl alcohol (500 mL). IPA. HCl (53.2 g of HCl in 100 mL
IPA) were charged to the above solution at 20–25 °C. The resulting solution was stirred, filtered,
and washed with isopropyl alcohol to give paroxetine hydrochloride.

Dry weight: 120 g
Analysis of the laboratory process:
In this example, an excessive amount of toluene is used. It is alright to demonstrate the reac-

tion step feasibility in the lab. However, if this chemistry is to be scaled up, tested in the pilot
plant, and the process commercialized, its stoichiometry and solvent use will have to be opti-
mized. The theoretical mole ratio of phenyl chloroformate and N-methyl paroxetine is 1:1. In the
suggested reaction, 25% excess of phenyl chloroformate is used.

Reactants (N-methyl paroxetine + phenyl chloroformate) make about 15% of the toluene/
solid mix. This indicates that an excessive amount of toluene is being used. It will have to be
significantly lowered for a commercial process.

Similarly, the conversion of paroxetine-N-phenyl carbamate to paroxetine also uses an ex-
cess of toluene. This is acceptable for laboratory experiments. However, for commercial opera-
tion, solvent use will have to be optimized and lowered. The equipment and process conditions
will determine the optimum conditions. Isopropyl alcohol is the second solvent used.

Two separate solvent recovery systems would be needed if the process is to be commercial-
ized. This adds complexity and cost.

Tab. 8.4: Paroxetine mesylate synthesis [30].

Process for the production of paroxetine USP 6686473 [30]

a) Paroxetine phenyl carbamate
The reaction vessel was charged with 17.4 kg of N-methyl paroxetine (containing approx. 5% of
water) and 58 L of toluene. The reaction mixture was heated to reflux and the remaining water
was removed by azeotropic distillation using a Dean-Stark receiver. Under reflux, 9.1 kg of phe-
nyl chloroformate was added in 30 min and stirring was continued at reflux for 1.5 h. About
0.8 L of triethylamine was added and the mixture was heated under reflux for the next 30 min.
The solution was concentrated to approx. 30 L volume by distillation at a diminished pressure
(30 mbar) and cooled to ambient temperature.
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b) Paroxetine-free base The reaction vessel was charged with 16 kg of potassium hydroxide and
45 L of 1-butanol, and the mixture was heated under stirring to 80 °C. The solution from the
preceding step was mixed with 33 L of 1-butanol and the combined solution was added to the
above mixture under stirring. In approx. 20 min, the exothermic reaction brought the mixture
spontaneously to reflux. Next, the supply vessels and pipes were rinsed with 5 L of butanol,
which was combined with the reaction mixture. The reaction mixture was stirred under reflux for
2 h. Then, the mixture was cooled to approx. 95 °C and 45 L of water was added under stirring.
The mixture was allowed to stand for phase separation and the lower phase was discarded. The
upper phase was diluted with 13 L of toluene, and the combined solution was washed with
19 kg of 30% aqueous NaOH solution and 18 kg of 16% aqueous NaCl. The solvent was removed
by distillation at reduced pressure, at 50 °C.

The crude product was dissolved in 70 L of toluene. 0.3 kg of Tonsil was added and the reac-
tion mixture was filtered. Next, the reactor and the filter were rinsed with 5 L of toluene. The
combined toluene solution was washed twice with 35 L of water and evaporated at reduced
pressure, at 50–60 °C.

c) Paroxetine mesylate The product from step b) was mixed with 58 L of ethanol and heated to
60 °C. Methane sulfonic acid (4.9 kg) was added to the resulted solution under stirring. The
solution was cooled to 25 °C and inoculated with a seed crystal. The mixture was cooled to 0 °C,
stirred for 30 min, and the obtained solid was filtered. The filter cake was washed 2 times with
6 kg of cold ethanol. About 19.6 kg of wet paroxetine mesylate was obtained. After recrystalliza-
tion from ethanol and drying, 14.5 kg of the dried product was obtained.

Analysis of the laboratory process:
Like paroxetine hydrochloride process, this process uses multiple solvents. Excess toluene is used
as a solvent, thereby diluting the process. Butanol and ethanol are the two additional solvents
used. Patent suggests removal of water from N-methyl paroxetine. This needs to be reviewed, as
water has to be removed from the reaction mass before the phenyl chloroformate reaction.

Washing with 30% NaOH and 16% NaCl may be acceptable for a lab exercise, but their adoption
in commercial process will suggest that the mutual physical properties have not been understood
and exploited. For process simplification, it is necessary that the physical properties be exploited.

In both syntheses of paroxetine salts, excessive amounts of multiple solvents are
used. That may be acceptable to prove the chemistry in the laboratory, but if they
are to be commercialized, they will have excessive waste. They also add to the com-
plexity of the whole process.

Table 8.5 is an estimate of global paroxetine hydrochloride needed. It is being
produced at about 36 plants [31]. Since there are multiple plants, their “E-factor” [1]
emissions will be high, and every potential benefit of economies of scale is completely
lost. Like other APIs, it also presents an opportunity to lower its “E-factor” [1].

Tab. 8.5: Global paroxetine hydrochloride need.

Global population Percent
use

Use, global
population

Dose mg @
 days/year

Total kg/year Plants producing []

,,,  ,,  , 
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8.5 Why innovation is needed in pharma?

Discussion about innovation and simplification in API manufacturing has been
going on for quite some time [32, 33] at FDA [34]. FDA’s report in 2004 explained
the current and the “desired state” of manufacturing very clearly.

Excerpt of the Current State: Pharmaceutical manufacturing operations are inefficient and
costly. Compared to other industrial sectors, the rate of introduction of modern engineering
process design principles, new measurement and control technologies, and knowledge man-
agement systems is low. Opportunities for improving efficiency and quality assurance through
an improved focus on design and control, from an engineering perspective, are not generally
well recognized. For example, when discussions at the FDA Science Board and Advisory Com-
mittee for Pharmaceutical Science shed light on the current low efficiency and its cost impli-
cations (e.g., costs associated with manufacturing can far exceed those for research and
development operations in innovator pharmaceutical firms) many at FDA had difficulty under-
standing this and common reactions were “how could this be possible?” or “this can’t be
true.” Regulators and many in manufacturing operations express their frustration by suggest-
ing that manufacturing is a “step-child” in this industry, and that there is no economic motiva-
tion (e.g., cost and price difference) for improvement. Other suggestions include a general lack
of systems perspective, organizational barriers that inhibit exchange of knowledge, and the
attitude that much of pharmaceutical formulation and process development is an “art.” Some
in pharmaceutical development suggest that there are very limited opportunities (“develop-
ment time crunch”) to realize and/or demonstrate the level of science underlying current for-
mulation and process development efforts.

Excerpt of the Desired State:

Improving the foundation of manufacturing science in our current manufacturing practices
should be the primary basis for moving away from the corrective action “crisis” to continuous
improvement. The “desired state” for pharmaceutical manufacturing in the 21st Century there-
fore emphasizes and aims to improve knowledge on design and understanding of product and
processes. The “desired state” for pharmaceutical manufacturing in the 21st Century therefore
emphasizes and aims to improve knowledge on design and understanding of product and
processes.

Chemists and chemical engineers, who are development specialists for the API pro-
cesses, need to put themselves in the operator’s shoes and need to ask themselves:
“If I had to operate the process in a manufacturing environment, how would I feel? Is
this really the best that I can do?” [32]. Many of the answers become obvious. They
would want each process to hum as a well-oiled machine and produce a quality prod-
uct all the time. Unfortunately, batch processes, especially most API processes, fall
short of that expectation.

It is interesting that not much progress in manufacturing innovation, to achieve
what USFDA calls the “desired state”, has taken place since 2004. All of the com-
ponents (science and engineering) to significantly lower the “E-factor” [1] and
manufacturing are taught and are available to all of the practitioners, but the indus-
try, being tradition bound, has not exploited the methods to achieve what is possible.
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Pharma manufacturing (API and their formulations) have not made much prog-
ress towards manufacturing technology innovation. It seems that the industry, in
general, is going around in circles and will not have much of impact on process
simplification. Regulators and equipment vendors, who might have relevant equip-
ment for synthesis, have been pushing the API manufacturers and their formulators
to adopt “continuous processing methods”. However, neither, especially the regula-
tors, have ever developed, designed, financially justified, or commercialized such
processes for pharmaceuticals. With respect to equipment, API manufacturers have
to justify the investment for any new equipment. With excess equipment capacity
[21–26], it is going to be extremely difficult to justify any investment, if the equip-
ment is not going to be producing a single product for about 7,000–8,000 h/year.

If pharma’s most recent patents are any indication, they do not reflect much of
“solvent conservation” as part of their API synthesis development process. It is very
likely that the laboratory process development practices of excessive and multiple
solvent use will continue, but a change in their scale-up and commercialization
practices is definitely needed if pharma is to lower its “E-factor” [1] emissions.

Pharma has resisted any change in their manufacturing practices, once their
product and process have been approved. Regulators have acknowledged that this
resistance is due to regulatory uncertainty.

Unfortunately, the pharmaceutical industry, generally, has been hesitant to introduce innova-
tive systems into the manufacturing sector, for a number of reasons. One reason often cited is
regulatory uncertainty, which may result from the perception that our existing regulatory sys-
tem is rigid and unfavorable to the introduction of innovative systems. For example, many
manufacturing procedures are treated as being frozen, and many process changes are man-
aged through regulatory submissions. In addition, other scientific and technical issues have
been raised as possible reasons for this hesitancy. Nonetheless, industry’s hesitancy to broadly
embrace innovation in pharmaceutical manufacturing is undesirable from a public health per-
spective. Efficient pharmaceutical manufacturing is a critical part of an effective U.S. health
care system. The health of our citizens (and animals in their care) depends on the availability
of safe, effective, and affordable medicine. [35]

Regulators claim that pharma’s hesitancy toward “continuous improvement [36]” is
unacceptable, but on the other hand, they have not done much to alleviate its own
“red-tape” [37] practices, which could placate this hesitancy on the part of API man-
ufacturers and their formulators. Their bureaucracy, which prolongs filings, ap-
proval, and making updates expensive and difficult, is well-known. Regulators
need to practice what they preach and they have not done so. This is obvious from
the prolonged time they take in approving new drug (NDA) and abbreviated new
drug (ANDA) application filings. FDA does not publish the average time it takes to
approve any “single” application, but publishes what they do in a fiscal year, which
camouflages the real time per application. Regulators have to establish and improve
their own current practices [38].
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It would be beneficial for the pharmaceutical industry if the regulators practiced
their current NDA (new drug application) and ANDA (abbreviated new drug applica-
tion) filing requirements and processes in-house, to get a feel for what the industry
has to follow for the respective approval. These would be reviewed by the fellow FDA
employees as if they were filed by a company. These have to be blind tests. The time
for each such process has to be published and used by FDA to simplify and reduce
their current filing and approval times. They can use such work to set benchmark
goals. Benefits of these will be faster introduction of brand and generic drugs to the
market, which pharma companies would like to have, and it would be a global win.

When regulators make suggestions to the industry to improve manufacturing
technologies, it seems they forget that for the adoption of any new manufacturing
technology/methods, companies have to justify the investment. They have been
pushing companies to innovate their manufacturing practices, but have not shown
any leadership in innovating their own practices which will facilitate industry inno-
vation [39, 40].

Every industry has innovated and many new ones have evolved through innova-
tion. Cellular phones are an excellent example. However, pharma has been very pas-
sive with its manufacturing practices and needs a total “rethink” if it wants to lower its
“E-factor” [1] emissions, make drugs affordable to a larger population, and, further, im-
prove its profits. Pharma has an opportunity to innovate. It needs to shed its addiction
to the old ways of manufacturing and implement improved methods [40, 41]. Pharma
can choose “speed and curiosity” of the startup communities or Silicon Valley, or
chose either of the following two ways to innovate manufacturing technologies. It has
to make a selection. Continuous manufacturing of API and their formulations is very
doable. All of the necessary fundamentals (science and engineering) and equipment
are available and commercially used, except in the manufacture of API [9, 42–53].

In the continuous processes, none of the reaction process intermediates are iso-
lated or purified for the subsequent reaction step. If they are, then the process is
not a continuous process but a batch process. If the FDA and other regulators de-
mand that the intermediates in a process be isolated and tested for defined charac-
teristics and purity, then the process is no different from a batch process.

8.6 Transformational innovation/creative destruction

Transformational innovation [54] entails transition from the mode of operating that
is known and secure, to one that is unknown and potentially chaotic. This requires
doing something fundamentally different; a metamorphosis most organizations
don’t excel at. Pharma manufacturing has become extremely comfortable with its
ways over the last one hundred years. For it to move away from “what it is” to
“what it can be”, it is going to be a challenge, as it has not faced any threat.
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Innovation via “creative destruction” [55], which is similar to transformational
innovation, is disruptive, because it introduces products and services that change
the business landscape by providing a dramatically different value proposition.

Championing innovation via “transformational innovation” or “creative de-
struction” involves going to war with all of the elements inside an organization that
benefit from the status quo. Within the organization, it may involve persuading
managers and staff to turn their working lives upside down and inside out, and not
to do so slowly and grudgingly but quickly and enthusiastically. Such a shift will
never be easy because it puts in question the existing strategies, jobs, careers, pro-
cesses, brands, customers, and culture. For API manufacturing companies to con-
sider such an innovation method will be difficult, as it has not faced any external
threat.

Current Status

Chocked Innovation

Regulators

Manufacturing
Technology

Innovation

Fig. 8.2: Pharma’s current state of manufacturing technology innovation.
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8.7 Nondestructive creation

According to Edmund Phelps, a Nobel Laureate, “creative destruction” and “trans-
formational innovation,” in which free and uncoordinated contest of ideas generate
growth, lead to chaos. Either of the above routes may not be suitable for pharma, as
it would not be creating anything new, but causing more disruption. With either
route, it is possible that the regulatory interference might also increase.

The concept of “nondestructive creation” [56, 57], introduced by Phelps, is an-
other way for innovation. It takes the “whole village” for an improvement to be devel-
oped, adopted, and launched. It is “all inclusive” and would be the least disruptive
way for any business to innovate. Team members, “the village” at a pharmaceutical
manufacturing, would include chemists and chemical engineers, marketing, financial
analysts, supply chain professionals, quality control, regulators, maintenance, and
manufacturing, to think about and commercialize manufacturing processes [58].

The likelihood of success through “nondestructive creation” is the highest, and
would be the least disruptive option, as all of the elements and components for its
realization are part of every existing manufacturing and business process. Since it
will be a collective effort and an extension of the current methods practiced differ-
ently, it will deliver results quickly and would be beneficial for the organization.
With the success of this methodology, it is very likely that the current business
model will improve significantly. It could influence and lessen the current migra-
tion of API manufacturing to, CMOs. It will bring the philosophies of “continuous
improvement” [36] home to API manufacturing. A pride of creating excellent and
innovative manufacturing processes, which is being lost as manufacturing is being
outsourced, will come back. Like every initial effort for change, skeptics will be
there and will have to be convinced of the values. Equipment vendors could resist
and detest internalization of process design, as they could lose their current clout.

It is necessary to review the reasons for the current high solvent use landscape.
Handling of solid raw materials, intermediates, and use of the available equipment
size are the major causes. Solvents facilitate fitting of most unit processes and unit
operations in the existing equipment, even if they are inefficient. In addition, since
they can be recovered and recycled, methods to lower the solvent use are not
a priority or explored. The current API costs are based on excessive solvent use. If
the solvent changes from the current use levels, it does not impact much the drug
selling price. The cost impact of the solvent on the selling price of the API or the
selling price of the drug is in single-digit percentage (Tab. 8.2). Customers will not
feel the impact of any conservation. The current API costs are based on excessive
solvent use.

As reviewed earlier in this chapter and other chapters, solvents are process fa-
cilitators. Even though they are recycled, it does not mean that they can be and
should be used in large quantities. In reality, the chemists and chemical engineers,
due to the tradition of using the available processing equipment that is routinely
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used for chemical processing, are forced into using excessive amount of solvent. As
a result, alternate processing options are not considered.

There are reasons and rationale for the high solvent use. A recap of the existing
practices is necessary. It was, and still is, that with the help of solvent/s, organic
synthesis reactions can be fitted in the existing equipment. This minimizes any in-
vestment for products. This practice continues:
1. Solvents are used as the medium to transfer the raw materials and intermedi-

ates, to and between the reactors. This allows fitting the process in the existing
equipment.

2. Even if a solid raw material has a low melting point and is not a liquid at room
temperature, it will be slurried to feed the reaction system. If the intermediates
or a raw material to be added later in the reaction are solid, again they are slur-
ried to make sure that the slurries can be pumped and easily agitated in the
subsequent steps.

3. Excess solvent use also facilitates mixing and heat transfer in the current
equipment.

4. Some raw materials could be fed as a melt. However, due to the low API annual
production volume, a dedicated melt feed system would be expensive at any
commercial plant. If it is used, it would have to comply with the cGMP cleaning
requirements and may end up using additional solvent, thereby creating more
solvent waste. Using a supplier provided molten liquid feed carrier would also
be subject to FDA regulations and, in certain cases, that could be a challenge.

5. If any solid intermediate of the process is isolated, purified, and re-solubilized
or re-slurried in a solvent for further processing, it will create additional waste.
For a continuous process, such isolation would not be needed.

Chemists and chemical engineers by, their training, are seekers and experimenters
who, by nature, create the simplest processes. They experiment and extrapolate the
physical and chemical properties of the chemicals used and produced along with
unit operations to create processes that are viable and safe.

Chapter 3 discusses value of the physical properties of raw materials, intermedi-
ates, understanding their solubilities, melting and boiling points, azeotropic behav-
ior, mutual miscibility, and density differences. They are the crux of “nondestructive
creation” [56, 57] and can be exploited to create excellent processes.

There are considerable ways and opportunities to improve batch and continu-
ous API manufacturing. Companies will have to “think differently” [58–66] if they
want to significantly lower their “E-factor” emissions. For API manufacturing sim-
plification, it is time to exploit every possible opportunity.

The process of “nondestructive creation” [56, 57] in API process development
has to start as soon as the efficacy of a molecule is acknowledged. The mission of
all involved has to be to create an efficient process that will produce a quality prod-
uct of the lowest cost, from the onset, with the lowest “E-factor” [1] emissions. The
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inclusion of lowest “E-factor” [1] emissions is a new or different value proposition
for an organic synthesis process. This is an important consideration for each or-
ganic molecule synthesis in an effort to lower pharma’s high organic emissions
[67]. With the understanding of the root cause of high “E-factor” [1], it is distinctly
possible to address the related issues and take the necessary remedial steps.

8.8 Why excess solvent is used?

Solvent use in large quantities, as has been discussed in earlier chapters, also
begins at the first development step in the laboratory. A review of every patent
indicates that if any of the reactants is a solid, a large excess of solvent will be
used to produce a slurry or solution and, in general, the solid concentration
would be about 15 to 50%. High use of solvent continues for most API for multiple
reasons. The mortar and pestle philosophy persists in every step of API chemical
synthesis.

If the chemists and the chemical engineers are constrained about the solvent
use and given the freedom to exploit, they can create excellent processes with all
the tools that are available. Their creativity and imagination have to be let loose.
The methodology, technology, and knowledge to lower pharma’s “E-factor” [1]
have existed from the inception of chemical processing, but they have never been
truly considered and applied to lower the solvent use. The requirement of using the
existing equipment has stood in their way. API manufacturers will have to give
away their deep-rooted and imbedded traditions [65]. Just the consideration or re-
striction of using smaller-sized equipment will set the path to reduce the amount of
solvent use.

Another major benefit of such a restriction would be that many of the APIs that
are produced using batch processes at multiple sites could be produced by continuous
processes. In reality, the API manufacturing landscape could totally change. Many
APIs that do not have the product demand for continuous production could be cam-
paigned using modular plants for long production runs, emulating continuous
processes. Chemists and chemical engineers have the necessary knowledge and
background. These modular plants will be like the erectors sets that have been
discussed earlier in Chapter 6. Pilot plant equipment can be used.

8.9 Continuous processing

The tradition in chemical process development has been that the development work
starts in the laboratory. After the proof of safe and viable chemistry and all justifica-
tions, the process gets scaled-up and commercialized. In pharma manufacturing, due
to the speed to commercialize the products, a totally different process development
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and commercialization tact has to be taken if continuous manufacturing has to be con-
sidered, even when the eventual volume of the product is not finalized. Learnings from
the outlined process could also be applied to batch processes to reduce the product
commercialization time. Process development for API manufacturing will have to
be done differently.

Instead of the current practice of sequential process development and a need
for the speed in product introduction, development has to be done in parallel, as
described in Tab. 8.6. This can be modified to suit needs. This process will acceler-
ate speed for product introduction. Compared to a batch process, the “E-factor” [1]
for the same product produced by continuous process will be significantly lower.

The basic premise for every API development has to be that every laboratory pro-
cess will be commercialized and each company has the necessary expertise for the
required work. Parallel effort (proposed method, Tab. 8.6) could cut the commer-
cialization time by as much as 50%. Such a development process will be a realign-
ment of the current practices, and will be fast-paced. It is necessary to emphasize
that the parallel process will significantly reduce the total process development and

Tab. 8.6: Current and proposed method of process development.

Current method:
A sequential process: Each process is followed after the first
Lab work →Pilot plant → Commercial

Proposed method:
Each of the steps to be done simultaneously.

Lab work

Knowledge of chemistry

Knowledge of the chemicals
used and intermediates formed

How the physical and chemical
properties can be capitalized
on to create a simple process
in the low-volume pilot plant
equipment?

Pilot plant testing

Testing of the sequential
addition/removal of different
raw materials/intermediates
using different small-volume
processing vessels. This would
simulate a continuous process.
If and when the volume
increases, the equipment used
to test the process can become
the dedicated process
equipment for the product. This
method can be ramped up and
down to meet the global
product is a brand product
under patent or a generic when
out of patent.

Commercialization

The smaller equipment could be
considered as modular
equipment that will not only be
efficient, if properly designed,
but also lower “E-factor”
emissions and change the API
manufacturing landscape.
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commercialization time. Such a pathway will also be a training ground for newbies.
There will be naysayers within the companies.

The International Council for Harmonization of Technical Requirements for
Pharmaceuticals, with its recent FDA Q7 [68], ICH Q11 [69] and ICH Q12 [70] guidan-
ces, make simplification of process development and commercialization, extremely
difficult. These guidances can be considered as a hindrances. FDA will frown on
such a connotation. Their focus needs to be on a quality product of a desired effi-
cacy and characteristics, and not the details of who supplies the starting materials.
For batch processes, there could be multiple suppliers for the same raw material.
The FDA’s connotation implies that the API manufacturers are ignorant of their raw
material purchases and their impact on the product quality.

Process chemistries indicate the natural reaction mechanism for the highest
yield. Developers have to define these conditions. In the laboratory synthesis, every
reaction is conducted in sequential addition of various raw materials. If this is not
followed and the reactants do not react properly, the end product will not have the
desired yield and purity profile. Sequential addition of raw materials is the main-
stay of every continuous process. Chemists and chemical engineers, by taking ad-
vantage of the mutual behavior of chemicals and the manipulation of operating
conditions, can improve process yields. These, along with the manipulation of reac-
tion kinetics and thermodynamics, result in creating an excellent manufacturing
process.

Table 8.7 is the stoichiometric balance for Paroxetine hydrochloride [27]. Prepa-
ration of tables similar to Tab. 8.7 is necessary and a must if the process designers
want to have control of the raw materials, solvent and raw material use, and the
process and its operating parameters. If the yield is not as expected, effort needs to
be made to improve the process. Such an analysis assists in developing and com-
mercializing economic processes with low “E-factor” [1] emissions. Table 8.7 indi-
cates that the yield is about 81.3% (=80/98.3) [29]. Compared to its theoretical yield,
this presents opportunities.

Based on Tab. 8.7 one can conclude that the process uses an excess of toluene
so that it can be processed in the laboratory flask. This will have to be evaluated
and optimized for a commercial operation. The mole ratio of other chemicals (Phe-
nyl chloroformate, KOH, and NaOH) indicates an opportunity to improve the stoi-
chiometry of the process.

Figure 8.3 Is a schematic of the first step pf the paroxetine hydrochloride [29]
process. Chemical engineers and chemists will quite understand the process. They
would have to optimize it. Based on the total global demand, Tab. 8.5, a continuous
process can be easily designed for a rate of about 30 kg/h.
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A review of the laboratory process description suggests the use of excessive
amount of toluene as the solvent. N-Methyl paroxetine concentration in toluene is
~11%. A catalytic quantity of an amine is added to the reaction mass, followed by
a reaction with phenyl chloroformate. The reaction mass is converted to Paroxe-
tine hydrochloride. The reaction mass is heated to about 110–112 °C. A catalytic
quantity of di-isopropyl amine is added, with a subsequent addition of phenyl chlor-
oformate. Di-isopropyl amine, being a liquid, can be metered in a defined stoichio-
metric ratio. The produced paroxetine phenyl carbamate is converted to paroxetine
hydrochloride hemihydrate, with potassium hydroxide and hydrochloric acid. Parox-
etine, the final product, is then isolated and purified.

Since, for every chemical reaction, there is a sequential addition of chemicals,
it very clearly suggests that, if the feeds and stoichiometry are properly managed

Tab. 8.7: Stoichiometric balance for paroxetine hydrochloride [29].

CAS # Mol. wt Gram Moles Mole
ratio

Weight
ratio (%)

Theoretical
yield (g)

n-Methyl paroxetine -- .  . 

Di-isopropyl ethyl amine --  . . . .

Toluene --   . . 

Phenyl chloroformate -- .  . . .

Paroxetine phenyl
carbamate

-- .  . 

Toluene --   . . .

KOH --  . . .

NaOH --   . .

IPA --   . .

Paroxetine hydrochloride -- . ~– .

Fig. 8.3: Process flow diagram of a step for paroxetine hydrochloride.
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and manipulated, paroxetine hydrochloride and many other APIs could be manu-
factured continuously using the equipment illustrated in Fig. 8. 3 or similar to it.
Some of the equipment is listed in Tab. 8.8. Most of the chemical engineers and
chemists are familiar with them and some of the equipment may be used in the
pilot plant scale-up.

Basically, the pilot plant equipment and ancillary equipment can be assembled
and very well used for test as commercial equipment. It can be a modular plant, des-
ignated and assembled by the maintenance and process engineers at a manufactur-
ing company. It is doable and many of the fine/specialty producers have the
necessary equipment. Considerable thinking, design, and knowledge of the physical
properties, mutual behavior of chemicals, and reaction intermediates will have to be
incorporated. Process centricity [71] has to be the key. Chemists and chemical engi-
neers are very well versed in this engineering and science.

8.10 Equipment

Two elements, high solvent use and larger-than-needed equipment, could be attrib-
uted to be the cause of high “E-factor” [1]. These could also be considered the cause
of API manufacturing not using continuous processes. For every API molecule pro-
cess design, the use of currently available equipment in chemical reactions is the
first choice. As discussed earlier, excessive amounts of solvent [19, 20] has to be
used to fit the process in the existing equipment. It results in and is the cause of
high “E-factor” [1]. Since alternate equipment design and operating philosophies
are not considered for API manufacturing, batch processing has become the main-
stay for most of the APIs.

To lower the solvent use, there are alternates. The equipment available in the
pilot plants is smaller than the conventionally used equipment. A properly designed
process that capitalizes on the physical and chemical properties and their mutual be-
havior can be used as a test case. Once such an equipment demonstrates the process
value, the use of similar other equipment can be extended to other products. The
equipment listed in Tab. 8.6 are suggestions. There can be different permutations
and combinations of the equipment listed to use and create an excellent processes
[52, 53]. Selection of the right equipment can simplify the chemistry also.

Tab. 8.8: Processing equipment for chemical processes.

Shell and tube, and plate and frame heat exchangers as reactors: These could be stainless steel,
Karbate, glass lined, PTFE, etc.
Pumps as mixer/agitator.
In-line dispersers as mixers/agitators.
Electrically heat-controlled tubular heaters.
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Except for microreactors, most of the equipment listed in Tab. 8.8 can be used
in multiple applications. Electrical tubular heaters (discussed in Chapter 6) are mor-
eversatile than the conventional heat exchangers, as the heat input can be modu-
lated by plugging in electrical outlets, whereas, conventional heat exchangers
would require an auxiliary heat source, for example, steam or hot oil system. Such
heaters, by design, are modular. The use of each equipment has to be reviewed, and
experienced chemical engineers can do that very well.

Microreactors have been in discussion for some years. Their applicability, due to
fluid pathway, may be limited. Their use might be restricted to all-liquid or micronized
solid systems only. Micronizing system might be needed to assure that the solids/liquid
mix will not cause any plugging, and can be used for a variety of solids. Investment for
such systems has to be justified. Considerable exploration of microreactors has been
done in the laboratory, but not much is known about their commercial viability. Their
economics could also interfere. Tubular electrical heaters and plate and frame heat ex-
changers can also be, in certain cases, used as microreactors. Since the heat input can
be controlled, they can make an excellent case for a modular processing unit.

8.11 Regulations and technology

Elements of “nondestructive creation” [56, 57] for manufacturing technology and
chemical synthesis innovation and simplification have been covered in different
chapters. Most of the process developers and designers are not only familiar with
the many elements but may have used them (Tab. 8.6) individually in the develop-
ment and design of different processes. It is possible that they may have been used
collectively also. Their ongoing adoption and application can lead to simplifying
manufacturing and minimizing pharma’s impact on “climate change” [72].

If the pharmaceutical industry wants to contribute to the sustainable develop-
ment goals (SDG12) [73] and lower its “E-factor” [1] emissions that contribute to cli-
mate change, the current business model and their process inefficiencies need to be
evaluated and remedied. The current fragmentation of API manufacturing and the
thought of making appropriate improvements after the drugs have become generic
will not have much of an impact on SDG12 [73] or “climate change” [72]. If any re-
medial steps to minimize the “E-factor” [1] impact are not taken from process

Tab. . (continued)

Gravity decanters.
Screw conveyors as metering feeders for solid raw materials.
Venturi eductors for mixing and blending of solids.
Microreactors.
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inception, not much will change, and with increasing drug demand, the situation
will worsen. Significant effort would be needed to remedy the current landscape.

Various regulatory guidances (old and new) [73] are used to assure drug safety
and product quality repeatability. These, along with speed to market, have thwarted
continuous improvement of the existing processes and any manufacturing technology
innovation. The consequences of all of the above are manifested by pharma’s highest
“E-factor” [1] emissions in the chemical world. The economic impact of new drug regu-
lations on “climate change” [71] is unknown and needs to be evaluated. It is equally
critical that the toxicity of waste chemicals from API manufacturing and their formula-
tion plants that end up in the waste streams be understood [75]. It may be necessary to
have harmonization of the global environmental and safety [76] standards. All these,
collectively, will hasten the progress toward the SDG12 goals and lower the “E-factor”
[1] emissions. Climate change is not a cause of concern to Pharmaceutical industry.

Even with the pharmaceutical manufacturing being stuck in the stone age [77]
and being impacted by different guidances and regulations, most of the API pro-
ducers and their formulators are profitable, and pass every regulatory-based cost
increase to patients. They have shrugged all of these situations and have ignored
manufacturing technology innovation. Pharma’s high “E-factor” [1] is generally
considered a cost of doing business.

A complete understanding of the DNA (Fig. 8.4) of the process chemistries, the
physical properties, and the product demand will lead to a selection of suitable equip-
ment to create the right continuous process. In such processes, a proper process control
technology assures that the produced product is within the established control limits.
Quality is built/designed (QbD) [71, 78–80] in the manufacturing process and not ana-
lyzed in the process (QbA) [71, 78–80], a hallmark of batch process. Since the current
regulatory focus is batch process-based, the industry will have to be doubly sure of the
product quality. In continuous processes, in-process testing would not be necessary as
the quality is built in the process design.

QbA will be minimized/eliminated.

Understanding the process DNA 
we will result in a QbD process.

Fig. 8.4: Process DNA understanding.
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Since companies will have a total command on the quality, this could be bewil-
dering to the regulators as they have never seen such commercial processes.

Manufacturing technology improvements could alter the current model of many
sites producing the same API molecules. Manufacturing of many APIs could be con-
solidated. Consolidation could lead to continuous manufacturing of many APIs. This
would result in a significant reduction of “E-factor” [1] for pharmaceuticals. Large
strides could be made toward meeting pharma’s goals of SDG12 [73].

Conversation about conservation and ecology has been going on for a while.

Invoking the sanctity of the free market to prove that present business practices are sound
and constructive, and using it to rebut every charge of ecological malfeasance is, at its
heart, dishonest. Historically, we have given industry great latitude for its miscalculations
because there was no science sufficiently developed to inform society of industrialism’s ef-
fects. One hundred years ago, industrial cities were coated with grime and cut off from the
sun by permanent palls of smoke; the citizens were beset by disease; the very conditions
under which workers toiled and died were inhumane and exploitative. These conditions
had their analog in the industrial processes of waste and despoliation, and were the direct
costs of the Industrial Revolution. It took many decades before an appreciation of the social
and environmental damage spread beyond a small circle of Marxists and muckrakers to so-
ciety as a whole. Today, businesspeople ready concede the abuses of the early days of this
Revolution, but they do not wholly and genuinely acknowledge the more threatening
abuses perpetuated by current practices. Troubling untruths lie uneasily with in a colossal
economic system that denies what we all know while it continues to degrade our world, our
society, and our bodies. Business economists can explain in detail the working of the mod-
ern corporation, its complex interrelation with financial markets, how its holdings might be
valued on a discounted cash-flow basis, or the dynamics of global competitive advantages.
These pronouncements and equations promise hope but they cannot explain – much less
justify– the accelerating extinction of species, the deterioration of human health, the stress and
anguish of the modern worker, the loss of our air, water, and forests. In short, they cannot explain
the consequences of their actions. [81].

With the recent recognition by the US Department of Health and Human Service
(HHS) that “climate change” is a public health issue [82], it should ask the USFDA
and the US EPA to review the impact of their regulations on pharma manufacturing,
as it has the highest “E-factor” [1].

Different words (“E-factor” emissions, “climate change,” and net-zero) have
been used to describe the same issue. To achieve the desired goal, each industry
has to do its part. However, pharmaceuticals, being the largest emitter [1] in the
chemical sector, will have to put in significant effort. As has been discussed in dif-
ferent chapters, pharma’s current situation is due to multiple sites manufacturing
many of the same APIs and their formulations [83]. Consolidation of many of the
facilities will have to take place if the pharma industry is to lower its “E-factor”
emissions.
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Principles and methodologies of chemistry and chemical engineering discussed can also be
applied to the manufacture of biotech drugs. With ever increasing development and commer-
cialization of bio drugs, considerations and application of unit processes and unit operations
is a must. They have been successfully applied in the production of industrial enzymes [84],
foods and proteins [85]. Their application can result in process simplification, optimization
and reducing equipment size and these can significantly reduce bio drugs environmental foot-
print and global warming.

As stated earlier in this and earlier chapters, it will take an effort and realign-
ment of pharma’s business model, and that will not be an easy task. The process
can start with manufacturing technology innovation and it will facilitate the pro-
cess. Companies and countries will resist the change from the current model, as
the profitability, and consistent and reliable drug supply of the drugs, specially
the generics, could be impacted. Such consolidation could raise “national secu-
rity and supply,” that is, “strategic vulnerability” issues. They will have to be sorted
out.

Regulators will have to play their part, and that is going to more difficult than
what the industry has to do (Fig. 8.2). While FDA and EPA review the impact of
their regulations on pharma’s manufacturing technology innovation, and this could
take time, API manufactures and their formulators, independently and aggres-
sively, should proceed to lower their “E-factor” emissions using “nondestructive
creation” [56, 57] methods and strategies.

Peter Drucker said it right when he spoke, “Innovation can be systematically
managed – if one knows where and how to look” [86]. Industry has all the knowl-
edge and tools that it can use to API manufacturing and formulations, to the space
age [87]. These tools and methods have been reviewed and discussed in different
chapters throughout the book. Pilot plant equipment can be assembled and used as
modular plants and tested. Done correctly, it will immediately lead to a reduction
of solvent use. This will require minimal investment. Fear of failure would be a
learning experience and result in better processes. Actually, some of these pilot
plants could be used for full-scale continuous production and/or in batch cam-
paigns to produce many different products. Another benefit of using pilot equip-
ment, which is same or similar as modular plants, can be that they can be used in
the production of drugs that are needed for national security.

Nondestructive creation [56, 57] is the way to improve pharma’s manufacturing
capabilities and technologies, which will result in improved “profitability through
simplicity” and lower its environmental impact. Value of “nondestructive creation”
is illustrated in Fig. 8.5.
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Abbreviations

API Active pharmaceutical ingredient

FDA Food and Drug Administration

ASTM American Society for Testing and Materials

ICH International Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use
(Pun intended here: What a complex name for a simple organization)

E-factor Emission factor

CMO Contract manufacturing organization

QbD Quality by design

QbA Quality by analysis

IPA Isopropyl alcohol

NDA New drug application

ANDA Abbreviated new drug application

SDG Sustainable development goals

DNA Deoxyribonucleic acid
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