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Definition of a bioreactor

* An apparatus for growing organisms (yeast, bacteria,
or animal cells) under controlled and repeatable
conditions.

« Used in industrial processes to produce

pharmaceuticals, synthons, vaccines, antibodies, or
biocatalysts.

 Also used to convert raw materials into useful
byproducts such as in the bioconversion of
hemicellulose into ethanol.



Materials used for bioreactors

Not only metal is used for bioreactors:

* Borosilicate glass: Sight glasses

* Silicone rubbers and ethylene propylene diene monomer
(EPDM): Gaskets

» Polytetrafluorethylene (PTFE): Sleeves and support of bearings

 Silicone carbide (ceramic): Mechanical seal

* Graphite: Seals and rupture discs

However, all materials need to
be certified in order to be used
in bioreactors (e.g., food
contact materials).



Metal used for bioreactors

Stainless steel
Stainless steel refers to various alloys of primarily iron, nickel and chromium. Molybdenum may
also be added to increase the resistance of the steel to corrosion.
Stainless steels come in different grades. The commonly encountered grades are designated by
standard codes, for example:

« 302

» 304

* 316

« 318
In general, the higher the number, then the greater the resistance of the steel. The grade of
stainless steel most widely used in the construction of bioreactors is 316L. The "L" indicates the
steel has a low carbon content.
Stainless steels used in bioreactors are often polished to a mirror finish. This finish makes cleaning
and sterilization easier. Stainless steel components used in the construction of bioreactors are
joined in an oxygen-free environment using a special technique known as TIG welding.TIG stands
for Total Inert Gas and the technique involves the use of argon to displace the air. The presence of
oxygen in the welds can cause corrosion at the weld. In addition, hydrochloric acid as pH control
acid should be avoided because of corrosion. Suitable acids are 2M H;PO, or 4M H,SO,.

- Same metals used for chemical reactors!



Bioreactor/Fermenter vs. Chemical Reactor

a) The specific density of the cells are almost identical to the
medium and sedimentation is slow. In contrast, in chemistry often
chemical reactions are carried out with heavy metal catalysts.

b) The cells are much smaller than chemical catalysts. Big
Reynolds numbers cannot be reached.

c) Polysaccharides and/or mycelial structures influence the flow
performance of the culture medium significantly. Consequently,
the design of new bioreactors for such bioprocesses represents a
significant challenge.

d) The transfer of nutrients is strongly limited by diffusion in large
cell agglomerates (e.g. pellets of mycels or clumps) and can
hardly be influenced neither by mixing nor agitation.



Bioreactor/Fermenter vs. Chemical Reactor

The CO, that is produced by the cells can influence the cell metabolism
(e.g., growth inhibition) and therefore needs to be removed.

Many parameters (e.g., pH, T) have to be controlled continuously and
accurately in order to avoid irreproducible results or even irreversible
damage to the cells.

The concentrations of substrates and products are usually quite small
in bioreactions and therefore the gradients that boost the mass transfer
are also small.

The reaction speeds for microbial processes are smaller than for
chemical processes. That's why bioreactors are larger than chemical
reactors. In continuous processes the residence time needs to be larger.



A new trend: Single-use bioreactors

https://www.sartorius.com/en/products/fermentation-bioreactors/single-use-bioreactors




Criteria for selecting a bioreactor

General:

SErIGE
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Figure 13 Factors affecting the design and selection of bioreactors.



What is the best bioreactor for my process?

There are three groups of reactors currently in
use for industrial production:

1. Non-stirred, non-aerated system: about 70%
2. Non-stirred, aerated systems: about 10%

3. Stirred and aerated systems: about 20%



1. Non-stirred, non-aerated systems



T-flasks CHO cells

Animal cell cultures are very sensitive to shear forces caused by gas bubbles.
A gentle mixing is therefore of utmost importance.

Exhaust vent

fitter Inlet air filer

Infiated plastic bag
forms a disposable
cultivation chamber.

Rocking
( Motion
| 1
/ Pivot
Cell culture angle: 5- 10 deg
media in bag rate: 5-40 rpm Base

air: 0.01-0.1vwm

Wave bioreactors



[ e— HATURAL GS
WGAS L e HETVAMIK

Biogas fermentors l“‘TFTﬁ%m

!Tﬂﬂ.ﬁﬁ[

LT N
FU[LA‘NF'!/_—‘_ ™, # T 1
i | £ - i |
' ‘ f 1 I.
> D T I-u=m1m
o) —
SIRES Ve :'-"
s 2

; ="l
e SRS | ﬂlwm e
suumr o HEAT PROCES S0R WI

|||||

PHELBSHARY TANE

Wbt is Cogensration? T3

Cogeneration, also known 88 combined heat a ndpuw nc}ﬁl the: wse of & hoat engine or a power
sation b simaitanecusly generate both electricity and

http://www.tetaproject.co.uk/en/biogas.html




2. Non-stirred, aerated systems



Bubble column reactor

Air outlet

Intermediate
sieve plates

Cooling water I
out

Cooling water
in

Air inlet

BUBBLE COLUMN REACTOR

In general all column reactors have a high aspect ratio of about 8 to 20.



Air outlet

Air-lift reactor

An air-lift fermenter differs
from a bubble column
bioreactor by the presence
of a draft tube.

Cooling water
out <4—

Cooling water
in

Air inlet

AIR LIFT REACTOR
with CENTRAL DRAFT TUBE

Note: Aspect ratio for column reactors minimum 6:1



Air outlet

!

Jet- loop reactor

Cooling water
out <4

Cooling water
in

Nozzle

Recirculation
Loop

Jet loop reactor
(example of internal loop reactor)



Bubble column reactors
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Fluidized-bed reactor for research

80 liter internal loop
reactor

Lab scale: Siran beads

2 L culture volume,
100-500 mL microcarriers

wal

&

T
Cytopilot (Vogelbusch)
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Macroporous support matrices

Cytopore
Cytoline

1.1 m?/g dry weight

Pore size: 30 um




Various types of cell support

Adsorption on solid particles or on surfaces, e.g. glass or
polymer beads, T- flask, roller bottle.

Adsorption within macroporous supports, e.g. Cytolines,
Cytopores, Cultisphere, Siran glass beads or HDPE
structures (for waste water treatment plants)

Membranes, e.g., hollow fiber reactors
Encapsulation in agar beads

ol g o
MR
G

Siddique, N.A et al. 2006. J. Plant Sci., 1: 106-118.



Fluidized-bed reactor for industry

Scale-up and scale-down
are difficult tasks.




3. Stirred and aerated systems



STR: Stirred Tank Reactor

Air out

T Typically, a STR is equipped with:

« An agitator system
« An oxygen delivery system
« A foam control system
» A temperature control system
» A pH control system
« Sampling ports
* A cleaning and sterilization
Cooling water system.
in » A sump and dump line for
Air in emptying of the reactor.

Cooling water ¢

out Baffles

Note: Laboratory scale bioreactors with liquid volumes of less than 10 liters are
constructed out of Pyrex glass. For larger reactors, stainless steel (V4A, 316L ) is used.



Small stirred tank reactors for
research: Volume ca. 0.5 L




Stirred-tank reactor

STR

20 liter STR




The stirred tank
bioreactor (STR)

o w jos] -~ & P Wy —

reactor vessel

jacket

jacket connections
ports for pH, temp., pC2 elek.
sample valve with
steam connection
harvest valve with
steam connection
inoculum valve array
with steam connection
connection for

acid, base, antifoam

3 blade segment impeller
air inlet filter

of aeration basket

air outlet filter

of aeration basket
aeration basket
exhaust cooler

high foam alarm
exhaust filter

relief valve
mechanical seal
motor

sensor port

several sight glass
with Ii?ht ?not shown)

lateral sight glass




STR in mdustry

Large production bioreactors are
installed in special buildings over
several floors. They are in use for
more than 340 days per year.



Advantages of STR

Polyvalent: It may be used for multiple products
Low installation costs
Ease of operation and maintenance

Suitable for suspension, immobilized and
encapsulated cells

May be operated in batch, fed- batch or continuous
modes (CSTR)

May be combined with cell recycle and perfusion
systems to increase productivity

Ease of validation, lot-to-lot variation reduced, robust



Disadvantages of STR

Mass transfer limited- requires sparging (low O,
solubility)

Shear sensitivity of cells

Scale-up difficult to maintain transfer rates constant
High labour costs

Integration with DSP requires suitable scaling
Large energy input results in high cooling costs



Standard geometry of STR’s

A stirred tank reactor will either be approximately cylindrical or have
a curved base. A curved base assists in the mixing of the reactor
contents.

Stirred tank bioreactors are generally constructed to standard
dimensions.

That is, they are constructed according to recognized standards
such as those published by the International Standards
Organisation and the British Standards Institution.

These dimensions take into account both mixing effectiveness and
structural considerations.



The design of STR’s

Standard geometry

T Specific
N R s
ALk H
ucs 2ol
L= s—"Y
L4 ; I
A mechanically stirred tank bioreactor fitted with " Vel bledes

* a sparger and :
* a Rushton turbine %

#

will typically have the following relative dimensions: Flat disk



Ratio

Typical values

Remarks

Height of liquid in reactor to height of H,/H, ~0.7-0.8 Depends on the level of foaming produced

reactor during the fermentation

Height of reactor to diameter of tank H/D, ~1-3 Bioreactors for animal cell cultures have
aspect ratios of 1, for microbial cells in STR
about 3.
In general, European reactors tend to be taller
than those designed in the USA

Diameter of impeller to diameter of tank | D_/D, 1/3-1/2 Rushton Turbine reactors are generally 1/3 of
the tank diameter. Axial flow impellers are
larger.

Diameter of baffles to diameter of tank D, /D, ~0.08 - 0.1

Impeller blade height to diameter of W/D, 0.2

impeller

Impeller blade width to diameter of L/D, 0.25

impeller

Distance between middle of impeller E/W 1

blade and impeller blade height

Note: A tank's height:diameter ratio is often referred to as its aspect ratio.




The stirred tank bioreactor (STR)

Headspace volume

A bioreactor is divided in a working volume and a head-space volume. The
working volume is the fraction of the total volume taken up by the medium,
microbes, and gas bubbles. The remaining volume is called the headspace.

Headspace
volume

| .

H, Working
volume ‘

Typically, the working volume will be 70-80% of the total fermenter
volume.

This value will however depend on the rate of foam formation during the
reactor. If the medium or the fermentation has a tendency to foam, then a
larger headspace and smaller working volume will need to be used.




Mixing in a stirred tank reactor

800¢-01
7.50e-01
7.00e-01
6 50e-01
6.00e-01
5.50e-01
500e-01
450e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.502-01
1.00e-01
5.00e-02
0.002+00




Mixing in a stirred tank bioreactor (STR)

Agitation system

The function of the agitation system is to
o provide good mixing and thus increase mass transfer rates
through the bulk liquid and bubble boundary layers.
o provide the appropriate shear conditions required for the
breaking up of bubbles.
The agitation system consists of the agitator and the baffles.
The baffles are used to break the liquid flow to increase turbulence and
mixing efficiency.

The number of impellers will depend on the height of the liquid in the
reactor. Each impeller will have between 2 and 6 blades. Most microbial
fermentations use a Rushton turbine impeller.

A single phase (i.e. 240 V) drive motor can be used with small reactors.
However, for large reactors, a 3 phase motor (i.e. 430 V) should be used. The
latter will tend to require less current and therefore will generate less heat.



The stirred tank bioreactor (STR)

Agitation system - Top entry and bottom entry impellers
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Bioengineering KLF 2000



The stirred tank bioreactor (STR)

Standard geometry: stirrer

Disk stirrer <~ail g,.-t’a. Radial mixing
- - ‘_J
:-\‘l r f“\\
" ' ¢ 3 . "
Propeller stirrer : ?‘3 :- Axial mixing
1
“\ (‘; h ‘_‘ ‘;’

- - — -

T S

S R - Tangential stirring

-l g —

Anchor stirrer



Pitched-blade

Helic impeller

Ribbon

Flat-blade radial

Gate anchor

Rushton turbine
with three blades

l
3

Helical screw

Propeller

- N

D
‘l-’.!_. : |'

Flat-blade disc
turbine

All stirrers are made
of stainless steel.
Most of them can be
fixed at different
positions of the
stirrer shaft.



Behilterhthe z [mm]

The stirred tank bioreactor (STR) :
Power Input (W/kg)
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Bioreactor - Baffles

« Baffles are obstructions on the side of the vessel that generate turbulence in the flow of the
culture.

« Baffles are made out of stainless steel and are welded to the inside of the vessel.
» Baffles help to mix the culture by creating a more turbulent flow.

Agitator Shaft

Baffle




Aeration of stirred tank bioreactors




The stirred tank bioreactor (STR)
Oxygen delivery system - Sparger

The air sparger breaks the incoming air into small bubbles.
Various designs can be used such as porous materials made of glass or metal.
However, the most commonly used type of sparger used in modern bioreactors is
the sparge ring: O
O O .Bubbles rise directly heneat_h
O O O the impeller. Shear forces are highest

around the impeller. This maximizes
efficiency of bubble break-up.

ol

U
The sparge ring must be located below ° e o o °
the agitator and be approximately the o : o 2 "
same diameter as the impeller. —1 |

‘ Thus, the bubbles rise into the impeller blades, facilitating bubble break up.



The stirred tank bioreactor (STR)

Oxygen delivery system - Sparger

Ring sparger

Air

Openings on ring sparger

Micro sparger

Fig. 4.5 Flat-blade turbine and sparge ring.



Oxygen delivery system - Air flow rates

Air flow rates are typically reported in terms of
Volume air per volume liquid per minute
or

vvim

v, F, [L min™1]
— vvm =
v, [L]




Oxygen delivery system — Foam control

Foam control is an essential element of the operation of a sparged bioreactor. The
following picture shows the accumulation of foam in a 2 liter laboratory reactor.

Excessive foam formation can lead to blocked air exit filters and to
pressure build up in the reactor. The latter can lead to a loss of
medium, damage to the reactor and even injury to operating

personnel.

Foam is typically controlled with aid of antifoaming agents based on
silicone or on vegetable oils. Excessive antifoam addition can
however result in poor oxygen transfer rates.

- Factors affecting antifoam requirements
The following factors affect the foam formation and the
requirement for antifoam addition:

* the fermentation medium

* products produced during the fermentation

* the aeration rate and stirrer speed.

» the use of mechanical foam breakers

* the head space volume

» condenser temperature




Factors affecting antifoam requirements —
medium and cells

Media rich in proteins will tend to foam
more readily than simple media. For
example, the use of whey powder and corn
steep liquor, two common nitrogen sources
will contribute significantly to rate of foam \
formation and the antifoam requirement. Bubble

Media components

acids released after

cell lysis /
-

Proteins and nucleic O

T \
CH gl
=~ O

Many cells also produce detergent-like molecules.

These molecules can be nucleic acids and proteins released
upon the death of the cells or proteins and lipid compounds
produced during the growth of the cells.



The stirred tank bioreactor (STR)

Factors affecting antifoam requirements - Mechanical foam breakers

Mechanical foam breakers can eliminate or at least reduce the antifoam requirement.

These devices generate sit above the liquid and generate high shear forces which break
the bubbles in the foam. High shear agitators and nozzles connected to high shear pumps
are often used.

For small scale reactor systems such as those used in the culture of animal cells,
ultrasonic foam breakers are sometimes used. These generate high frequency vibrations
which break the bubbles in the foam.

S The foam is sucked into a high shear device and
L4 in the process is broken up.

For small scale reactor systems such as those used in the culture of animal
cells, ultrasonic foam breakers are sometimes used. These generate high
frequency vibrations which break the bubbles in the foam.



The stirred tank bioreactor (STR)

Oxygen delivery system — Foam control

Headspace volume

In laboratory scale reactors, a cold condenser
temperature can help to control the foam. The density of
the foam increases when it moves from the warm

., headspace volume to the cold condenser region.

This causes the foam to collapse.

o E it air
ilter

| _Condenser

Inlet air
ilter
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12. reciprocating-jet-bioreactor



Kriterium Einheit Zuordnung der Reaktoren zum Kriterium
Viscosity inPa:s = <2 <04 <0,1
Reaktor —»  9/11/12 10 3/4/6/7/8 11215
Ease of pumping s. schlecht  schlecht gut sehr gut
medium Reaktor —»  9/11/12 10/1 2/47718 3/5/6
Stability of m.o. ® mcdt ciwas gut
_>rabriity of m.0 Reaktor - 172 4/6/9/10 3518/11/12
Max. size of inm' 5500 <400 <300 <100 <10 <5
reactor Reakior —» | 9/4/12  2/11 3/5/6/10 7 8
Content of solid sehr hoch —> schr gering
particles Reaktor—» 9 11 12 10 4 2 1 8 3 6 5 7
Tendency for sehr groB > sehr gering
foam formation Reaktor— 10 3 9 7 11 2 1 8 12 4 5 6
Ease of ! sehr schlecht — sehr gut
homogenization Reaktor— 10 9 11 12 8 3 6 5 4 7 2 1
Heat and mass sehr groB — sehrklein
transfer Reaktor— 3 9 10 11 12 8 7 6 2 4 1 5
Sterility :n sehr grol » sehr Klein
requirements Reaktor—» 1| 2 3 4 8 9 10 11 7 12 6 5
Biological safety ‘ g el —  sehr klcin
Reaktor— 1 2 3 4 8 9 10 11 7 12 6 5
Very high Very low



Mass transfer



Mass transfer in practice

What happens in reality.......

» The kinetic characteristics of a biological catalyst (cellular or enzymatic) do not always
limit the rate of the overall reaction.

« Mixing is not always close to perfect and neither are the catalyst nor the substrates
always in aqueous forms.

» The transfer of molecules between phases e.qg.
- from gas to liquid
- non aqueous to aqueous
- solid to liquid or liquid to solid
is often the rate limiting step in a biological reaction!

Important:
In any reaction, mass must move and if the rate of movement
of mass is slow, then the reaction rate will also be slow.




Basic mass transfer

The rate of mass transfer of a gas into a liquid can be represented by the
basic relationship:

Rate = driving force/resistance

CH,.O,:-N
SottiaJs I;.inr(::ssms
C-Source
\ / Products of
Minimal metabolism,
q L .
medium — I-, II-Metabolites

\ CO, in solution
/02 in solution \

H,O
it Gas
Air Additives



The Requirements for Growth: Chemical
Oxygen (O;) Requirements

TABLE 6.1 The Effect of Oxygen on the Growth of Various Types of Bacteria

a. Obligate b. Facultative c. Obligate d. Aerctolerant e. Micro-
Aerobes Anaerobes Anaerobes Anaerobes aerophiles
Effect of Only aerobic Both aerobic Only anaerobic Only anaerobic Only aerobic
Oxygen on growth; oxygen and anaerobic growth; ceases growth; but growth; oxygen
Growth required. growth; greater in presence of continues in required in low
i oxygen. presence of concenfration.
nxyg&n.
Bacterial i,
Growth in D =]
Tube of Solid A i
Growth
Medium %
Explanation Growth occurs Growth is best Growth occurs Growth occurs Growth occurs
of Growth only where high where most only where there  evenly; oxygen only where a
Patterns concenirations oxygen is is no oxygen. has no effect. low concent-
of oxygen have present, bul ration of oxygen
diffused into the occurs has diffused inte
medium. throughout tube. medium.
Explanation Presence of Presence of Lacks enzymes Presence of one Produce lethal
of Oxygen’s enzymes catalase enzymaes catalase to neutralize enzyme, SOD, amounts of toxic
Effects and superoxide and SOD allows harmful forms allows harmful forms of oxygen
dismutase (SOD) toxic forms of of oxygen; forms of oxygen if exposed to
allows toxic forms  oxygen to be cannot tolerate to be partially normal
of en to be neutralized; oxygen. neutralized; atmospheric
neutralized; can can use oxygen. tolerates oxygen. axygen.
use oxygen,

Copyright © 2004 Pearsaon Education, inc., publishing as Benjamin Cummings.



Oxygen Transfer

Oxygen is very important because:

« Non-reacting gas in aqueous solution

» A major substrate for aerobic processes
» Poorly soluble in aqueous culture media
* Frequently growth limiting

 Often dictates bioreactor configuration

Solubility of O, in 1 liter H,O at 20°C:
0.3 mM =9 ppm =9 mg L

But:
Solubility decreases with increase of temperature and salt concentration!



Bacteria and oxygen consumption

* Microorganisms have a much larger oxygen demand
per unit of mass than plant and animal cells.

~7  Bacteria Fish
f/ 1-490y(gh) 0.03 g 0,/(g -h)

ﬁ

7 ‘Q Yeast
« Therefore, the aeration of bacterial cells is a substantially
larger problem than e.g. the aeration of a fish aquarium.

Human (working)
0.01 g O,/(g-h)

i/ e |
'/ 01g0ygh)
_\“..— -(.-'/




Oxygen Limitation

= Atoo small oxygen concentration in the growth medium leads to an
oxygen limitation. Under such growth condition cells could use more
oxygen than if made available per unit of time. Consequently, the entire
production process is affected:
 In the growth phase only a constant quantity of biomass can be
formed per unit of time. Growth changes from exponential to linear
(u decreases continuously).
 In the stationary phase energy production decreases and the
formation of product per unit of time is reduced.
= Products of the anaerobic metabolism (e.g., acohols or organic acids)
can be formed, which negatively affect the production process.



Oxygen solubility

* In microbial cultures, an oxygen limitation develops if the dissolved oxygen
concentration drops below 2-7% of the saturation concentration

* The saturation concentration of any gas can be calculated by using the Henry’s law
(which states that the solubility of a gas in a liquid at a given temperature is almost
directly proportional to the partial pressure of that gas):

cc = Hg - pg

o [mol/L] Saturation concentration of gas G in liquid
phase

H. [mol/(LPa) Henry coefficient for gas G in liquid phase

DG [Pa] Partial pressure of gas G in gas phase




Correlation of Truesdale

* The Henry coefficient is temperature-dependent. Since the temperature of
fermentations may vary, the Henry coefficient must be adjusted accordingly.

* For oxygen, the empirical correlation of Truesdale (1955) is helpful.

m
CSZ (T) = Po, - (67.75 — 1.887°C™1 - T 4+ 0.0369°C~2 - T2 — 0.000309 °C~3 - T?’)Tg

atm

052 [mg/L] Saturation concentration of oxygen in liquid

phase

Datm [Pa] Standard normal pressure

Po, [Pa] Partial pressure of oxygen in gas phase

T [°C] Temperature




Gas/liquid mass transfer

gi(:s %ﬁ: « Microorganisms can take up only
dissolved gaseous substrates
l J\ from aqueous media. Therefore
‘\ /' an oxygen molecule must escape
from its gas bubble and dissolve
OO:O Into the fermentation broth before
o It can be metabolised.

0,  This step is known more generally
& .0 as gas/liquid mass transfer.

O
Q
o)




Rate limiting steps

All physical mass transfer steps occur in series. The
slowest step therefore will be the rate controlling step.

Diffusion of oxygen in air is 10.000 times faster than
compared to the diffusional process in water. The oxygen
transfer rate in the gas film therefore can be neglected.

If the bulk liquid is well mixed, the convective transport of
oxygen through the bulk liquid is much faster than
compared to the diffusion in the liquid films.

The rate limiting steps therefore are the oxygen diffusion
through the liquid films (gas phase and microorganisms).

F Diffusional coefficent of O, in gas approx.:  10% m%s
2}
Diffusional coefficent of O, in liquid approx.: 10° m?s



Two liquid film model
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(Cell agglomeration)

A combination of the following transfer
resistances are typically found for O,:

1. Diffusion from bulk gas to gas-liquid

interface

Passage through gas-liquid interface

Diffusion through the poorly mixed

liquid film to well mixed bulk liquid

4. Transport through the bulk liquid to
liquid film (poorly mixed) surrounded
cell

5. Transport through liquid film at cell
interface

6. Diffusion into flocs, cell aggregates,
mycelia or immobilisation matrix

7. Transport across cell envelope into
cell and internal diffusion to reactive
site e.g. mitochondria

2.
3.

Remember: The diffusion of O, in air is about 100’000x faster than in H,O!



Resistance to oxygen transfer from air
bubble to microbial cell

gas-liquid liquid-cell
boundary boundary

=N

o

.
01/ /
o

N

gas gas bulk liquid cell
bubble film fluid film

Note: Antifoam and protective agents (e.g. Pluronic™ F-68)
increase O, solubility but also increase mass transfer resistance.



Oxygen transfer rate OTR (1)

To quantify the rate (speed) of oxygen transferred from the gaseous phase to
the microorganisms the following relation is used:

driving force of concentration difference
diffusionalresistence

OTR =

o AC
R

The driving force A c in this relation is the concentration
difference of oxygen at both sides of a film or barrier.

The main transport residence R is the mass transfer through the gas and
liquid films, the boundary layers and the bulk medium.



Liquid films: k, and A

The mass transfer rate in liquid films can be described by:

 The size of the boundary surface area A (thus the surface area of the gas
bubbles or the surface of the microorganisms).

 The mass transfer coefficient k, ,which is determined by:
- The rate of molecular oxygen diffusion through the liquid films.
- The thickness d of the liquid films.

The diffusional resistance R of the liquid films therefore can be expressed as:




Oxygen transfer rate OTR (2)

1
k,-A
1

By introducing the term: R =

in the relation: OTR = E - AC

reformulation gives: OTR = k,_ -A-AcC



Specific surface area a

» For practical reasons it is advantageous to introduce the
specific (referred to the volume) surface area a:

1
kL-a

R=

@ gas bubble
approx. 1 mm

» The specific surface area of the
gas bubbles is substantially
smaller than compared to the
specific surface of the small
bacteria. Therefore the diffusional
procedures within the liquid film
and the boundary layer of the

microorganisms can be neglected. o bacteria
approx. 1 ym




Convective mass transfer

Rate of mass transfer is directly proportional to the driving force for
transfer, and the area available for the transfer process to take place. This
can be expressed as:

Transfer rate o« (transfer area) x (driving force)

This proportionality coefficient in this equation is called the mass
transfer coefficient, so that:

Transfer rate = (mass transfer coefficient) x (transfer area) x (driving force)

Ny=kaAC,=ka(C,,—Cn)

N, .rate of mass transfer of component A k: mass transfer coefficient
k: mass transfer coefficient C,.: bulk concentration of component A away
a: area available for mass transfer from phase boundary

C,i. concentration of A at interface



Oxygen transfer rate OTR

If the concentration difference A c is replaced by the difference of the oxygen
saturation concentration c,,”* and the actual measured concentration of oxygen
Cop, following equation for the oxygen transfer rate OTR results:

OTR =k a-(co, —Co,)

OTR [mg/(I-h)] oxygen transfer rate

ki a [1/h]  volumetric mass transfer coefficient

Coz [mg/l] (liquid phase) oxygen saturation concentration
Co2 [mg/l] actual measured (liquid phase) oxygen concentration



Volumetric mass transfer coefficient k a

« The unit of k, results from a further definition for k:
k. = Ds/d
K, [1/h] liquid film coefficient
D [m?/h] diffusional coefficient
d [m] liquid film width

« Multiplied by the unit of the specific surface
area a [m?/m?3] the unit of k a results as:

2 2

m.1_m
h m mt

.
[ =]

* Typical k a-values in bioreactors are in the
range of 100 to 1000 1/h.



How is k, a affected? (1)

The value of the volumetric mass-transfer coefficient k a depends among other
factors:

« On the medium viscosity (k, and a):
- Increase of the viscosity leads to thicker liquid o

films (higher d) => k_a decreases.

- Increase of the viscosity leads to bubble e
coalescence (smaller a) => k_a decreases.

« On the degree of mixing (k)

- Increase of mixing leads to an increase of the @
relative velocity between gas bubble and fluid
phase => k a increases.



How is k, a affected? (2)

The value of the volumetric mass-transfer coefficient
k a depends among other factors:

« On the employment of surface-active substances
(k_and a):

- Antifoam agents decrease k_a substantially. o

« On the salt concentration (a):

- An increase of the salt concentration reduces the @
gas bubble size => k_a increases.

(But: An increase of the salt concentration
decreases the oxygen solubility!)



How can OTR be increased? (1)

The following methods are frequently used to increase the oxygen transfer rate
OTR:

. Increase of the stirrer speed = increase of the specific power input:
- Shear stress reduces the gas bubble size.
- Relative velocity between gas bubbles and fluid phase increases.

* Increase of the aeration rate (Caution: High aeration rates could
lead to impeller flooding!)
- Number of gas bubbles per unit volume increases.
- Reduction of O,-depletion in the gas bubbles. @



How can OTR be increased? (2)

The following methods are frequently used to increase
the oxygen transfer rate OTR:

* Increase of the reactor pressure to 2-3 bar:
- Co," and therefore A c increases.

- Co," and therefore A c increases.

» Enrichment of aeration air with pure O, (expensive!) @

» Using of a fermentation protocol with a low process

temperature:
- Co," and therefore A c increases.



Oxygen Transfer

Problem:

« HCDC = High cell densities of exponentially growing E.
colilead to an exponentially increased oxygen
consumption.

m, 1
OUR=—2 = D ¢
VL y X0,
OUR Oxygen uptake rate [g O,/(I-h)]
Mg Mass flow of O, [9 O,/h]
\'A Liquid (suspension) volume [1]
Y xo2 |Biomass substrate yield coefficient | [g Biomass/
(for O, as substrate) g O]
L Specific growth rate [h-1]

X Biomass concentration [a/1]




Oxygen Transfer

Standing cultures

In standing cultures, little or no power is used for aeration. Aeration is dependent on
the transfer of oxygen through the still surface of the culture.

l l Oxygen
™~ transfer
through still
surface of l l l l
medium

\_/ - _/

The rate of oxygen transfer will be poor due to the small surface area for transfer.
Standing cultures are commonly used in small scale laboratory systems in which
oxygen supply is not critical. For example, biochemical tests used for the
identification of bacteria are often performed in test-tubes containing between 5-10
mL of media.



Oxygen Transfer

Shake flasks- factors affecting k, a

The rate of oxygen transfer in shake flasks is dependent on the
* shaking speed
* the liquid volume
« shake flask design.

k a decreases with  k a increases with liquid k, a is higher when
liquid volume surface area baffles are present

« The k_a will increase with the shaking speed.

+ At high shaking speeds, bubbles become entrained into the medium to further increases
the oxygen transfer rate.

* The appropriate liquid volume is determined by the flask volume. For example, for a
standard 250 ml flask, the liquid volume should not exceed 70 ml while for a 1 litre flask,
the liquid volume should be less than 200 ml.

« Larger liquid volumes can be used with wide based flasks.



Oxygen Transfer

The presence of baffles in the flasks will further increase the oxygen transfer
efficiency, particularly for orbital shakers. The following photographs show how
baffles increase the level of gas entrainment in a shake flask being shaken in
an orbital shaker at 150 rpm.

Note the high level of foam formation in the baffled flask due to the higher level
of gas entrainment.

The same improvement in oxygen transfer is not as evident with horizontal
reciprocating shakers.



CO, mass transfer

Example of a dissolved gas which can undergo liquid phase reactions

C,=[CO,] + [H,CO,] + [HCO,] + [CO,?]
CO, + H,0 <-> H,CO, <->H* + HCO," <-> 2H* CO,*

Concentration of each species depends on pH:

pH Major species
<5 CO,

7-9 Bicarbonate
>11 Carbonate

Note: Carbonic acid H,CO, is not stable and reacts directly to bicarbonate HCO4

‘ CO, addition is used to control the pH of animal cell cultures.



CO, mass transfer

10

Co, HCO; o

01T

0,01 +

0.001

4 5 6 7 8 9 10 11 12 13



Summary: General requirements for bioreactors / fermenters

Materials should not influence the metabolism of microbes

Big oxygen transfer (OTR) and kLa values

Homogeneous distribution of all reactants in the bioreactor

Avoidance of badly mixed zones

Efficient heat removal

Minimization of foam formation

Robust equipment and uncomplicated to handle

Sterile process guidance must be guaranteed
- System must be suitable for scale-up
- Energy consumption of the agitation system should be low

- System should be flexible for different process requirements



...and finally the 1 million $ question:

What’s wrong on the picture?

http://marine-vectors.eu



