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PREFACE

In 2012 the world chemical and pharma market was € 4068 billion (http://www.
statista.com/statistics/263111/revenue-of-the-chemical-industry-worldwide-and-
in-the-eu/). The US market revenue of organic chemical industries is about $147
billion (2009) with an annual growth expected to be 11.2%. The contribution of
chemical and pharma industries to the overall US economy is about 8.7%. The
global biotech market is $289 billion, with annual growth of 10.8% (2009) (http://
www.ibisworld.com/industry/global/global-biotechnology.html). The United
States is the leading biotech player, with more than 60 billion US dollars of rev-
enue. In 2006, biopharmaceuticals generated approximately 150 billion US dol-
lars of revenue worldwide (2011). Biotechnology products represented 21% of
the total $714 billion global market for prescription drugs in 2012, equivalent to
$150 billion of sales. In 2010, the sales of industrial chemicals created by using
biotechnology in at least one step of the production process equalled €92 billion
globally, and this is expected to increase to €228 billion by 2015. The total biotech
industry size in 2013 in India is US $4.3 billion (biopharma taking up 64% of the
share). It ranks second in Asia and 12" globally (http://www.ibef.org/industry/
biotechnology-india.aspx). The above statistics emphasize the fact that chemical/
pharmaceutical and biochemical/biotechnology industries play a very important
role in the global economy, contributing sizably to the GDP, and are expected to
grow in a healthy manner for a long time to come.

While the product is manufactured in a reactor/bioreactor/fermentor, it is re-
covered and purified in subsequent unit operations, which could be several in
numbers. The economy of a manufacturing process is determined by the cost ef-
fectiveness of the downstream operations. The downstream processing steps will
vary depending upon whether the product is a bulk or a high value chemical.
There is some overlap between the downstream processing steps of a chemical
and a biochemical process, although there are a few steps that are unique to the
biochemical process, such as chromatography.

This book discusses downstream and unit operations practiced in chemical
and biochemical industries. The commercial scale of operation of these two in-
dustries, as indicated above from the financial, is very large, and so the efficiency
and cost involved in downstream processing determines the profitability of these
industries.

Chapter 1 introduces the various principles involved in downstream, cost
factors, and other issues. Chapter 2 discusses diverse chemical and biochemical
industrial processes with special focus on downstream unit operations. Chapter
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XVi Preface

3 focuses on particle size reduction, bacterial cell breakage, and recovery of in-
tracellular material. The latter is not relevant if the product is released by the
microorganisms into the extracellular medium. Chapter 4 deals with the isolation
or removal of solids from a solution. Here the solids could be dead biomass or im-
purities. Chapter 5 discusses various product recovery techniques while chapter 6
deals with product purification/enrichment techniques. Product polishing, stabili-
sation, and finishing techniques are discussed in chapter 7. A manufacturing plant
has several utility services, which are discussed in chapter 8. The future trends
and research opportunities in the area of downstream are discussed in chapter 9.
A few basic fundamental concepts of chemical and biochemical engineering are
discussed in chapter 10. The book includes several problems at the end of each
chapter, which will help the reader to assimilate the material. The book contains
several line diagrams and mathematical formulae that could be used for design
purposes.

—Mukesh Doble
October 15, 2015
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1.1 INTRODUCTION

A chemical (Figure 1.1a) or a biochemical (Figure 1.1b) process consists
of an upstream, reactor and downstream sections. The upstream section in
a chemical plant will consist of the raw materials preparation. Whereas,
the upstream section in a biochemical process consists of facilities for the
preparation of micro-organism and media, sterilization of raw materials
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FIGURE 1.1 (a) Chemical process flow sheet; (b) Biochemical process flow sheet.



Downstream Processing Principles, Economics and Issues 3

and inoculation of the micro-organism. The reactor section is the fermen-
tor or a reactor/bioreactor and the associated machinery. An aerobic fer-
mentor may contain air purification, compression and injection systems.
The product is prepared in the reactor section. The downstream in a bio-
chemical or chemical process section may consists of the following:

1. separation, recovery, and recycle of micro-organisms, enzymes,
catalysts (metal, heterogeneous or homogeneous catalyst, if pres-
ent) or raw materials,

2. recovery of the product,

3. purification of the product to the required degree, and

4. effluent treatment and disposal.

Downstream is where the product is recovered, purified, and stabilized.
Recovery of side product is also carried out in the downstream section.

In addition utilities such as, air, steam, coolant, and hot oil are the
other sections, which are also associated with a manufacturing facility.
Figures 1.1a and 1.1b show a typical process flow sheet. Sections 1.2, 1.3,
and 1.4 may be called the downstream processing section and effluent
treatment is generally considered as a separate unit.

Downstream plays a crucial role in arriving at a pure product in an
economical way. Purity becomes very crucial for pharmaceutical and
health care products. A complex downstream section adds to the final sell-
ing price of the product and hence, its competitive nature in the market.
Currently, bulk chemicals, pharmaceuticals, antibiotics and food products
are manufactured using biochemical route. The process could be based
on fermentation or a biocatalyst such as, a pure enzyme or a whole cell.
Chemical route is still competitive than biochemical route for bulk chemi-
cals, but the advantages offered by the latter over the former is tremendous
in several areas (such as, milder conditions, better product quality, green
approach and less effluents, etc.).

Chapter 2 introduces several products manufactured through chemical
and biochemical routes, with main focus on the downstream. A typical
downstream consists of removal of insolubles, isolation of product, its
purification and polishing. The initial removal of insolubles from the
mother liquor includes filtration and centrifugation. Isolation of products
involves removing the desired product from a very dilute product liquid
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(may be from 5 to 15%) and it includes adsorption, solvent extraction,
distillation, etc. This step is meant to concentrate the product. The third
step involves the purification of the product and the operations include
chromatography, electrophoresis, and crystallization (or distillation if
the product is stable at high temperature). Depending upon the product
purity desired these operations are repeated many times. The final step will
include crystallization, lyophilization, stabilization of the product and dry-
ing. Steps such as, crystallization, lyophilization, and drying are required
if the desired product is in the solid form.

After fermentation, if the product is extracellular in nature (i.e., if
the desired metabolite diffuses out and accumulates in the fermentation
broth), then the biomass is collected after the reaction and is disposed
and the liquid will be processed for the product. Whereas, if the desired
product is intracellular in nature (i.e., if the product accumulates inside the
cell), then the biomass has to be collected after the reaction, the cells have
to be broken and the intracellular material needs to be extracted from this
liquor. So the intracellular products will include few more downstream
steps such as, cell harvesting, cell breakage and removal of cell debris and
other unwanted proteins. This issue is not relevant in a chemical process.

1.2 VARIOUS DOWNSTREAM OPERATIONS

Figures 1.2a and 1.2b show the possible set of unit operations involved
in the downstream for recovery of extra and intracellular product respec-
tively from a biochemical reaction. If the product is an intracellular mate-
rial then the cells have to be harvested and they have to be disrupted to
liberate the product. This disruption includes mechanical, chemical and
biochemical methods. Removal of cell debris is also a difficult step.
Several primary, secondary and final recovery and purification steps can be
adopted depending upon the concentration of the product, purity desired,
its physico-chemical properties, and properties of the other impurities in
the medium and cost of the recovery operation.

The various unit operations in the downstream can be listed based on
the physical-chemical principles as shown in Table 1.1.

A typical design of downstream unit includes determining (i) the cycle
time for the operation, (ii) the deciding on the operating parameters such as,



