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Abstract

This chapter presents bioreactors models applidibfarocesses including submerged (stirred
tank reactor, bubble column, air-lift, membranecksa bed and fluidized bed bioreactors)
and solid-state fermentation processes (horizaitah, tray-type, packed bed bioreactor and
bench scale bioreactors) for the production of irtggd biomolecules for industrial
applications.Some recent applications of bioreactors are manamalell culture, vegetable
cell culture and photobioreactors for algae cultwkich are also presented. An overview of
bioreactors types, their design and properties lvéliconsidered for biomolecules production
such as biomass, enzymes, organic acids, aromaotomdp, spores, mushroom production,
pigments, antibiotics and others. In this chap@mme attention was given to bioreactors
applied to animal cell culture and algae productioat require some special specifications
due to some factors that affect these biomolequieduction. Some important details of mass
transfer and scale-up of bioprocesses will alsddseribed.

Introduction

The bioreactors are the main unit operations fdugtrial biochemical transformation in
which the treated materials promote the biotramsé&tion by the action of the living cells or
by the cellular components such as enzymes (Pagtdaly 2008). Bioreactors are tanks or
vessels in which cells or cell-free enzymes tramsfraw materials into biochemical products
and or less undesirable byproducts. These reaaterscommonly cylindrical, ranging in size
from a liter to some cube meters, but differs depsmon the design and the operation mode
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in industrial bioprocesses. Although the bioreaabary be simple or highly instrumental, its
ability to produce the desired product or resudtsniportant to consider. The bioreactor is
designed and operated to provide the environmentpfoduct formation selected by
scientists, bakers, or winemakers. It is the hefirnany biotechnological systems that are
used for agricultural, environmental, industrialdamedical applications (Schaechter &
Lederberg, 2004). All the bioreactors present girepbrtance due the generation of products
in these equipments, which are the heart of therboesses (Cinar et al, 2003). In some
cases, the bioreactor may be applied for biomasdugtion (e.g. single cell protein, Baker’s
yeast, animal cells, microalgae); for metabolitenfation (e.g. organic acids, ethanol,
antibiotic, aromatic compounds, pigments); to tfarm substrates (e.g. steroids) or even for
production of an active cell molecule (e.g. enzymeéhe systems based on the mammalian
or plant cells culture are usually referred asussultures, while those based on the dispersed
non-tissue-culture-forming culture of the microargans (bacteria, yeast, fungi) are loosely
referred to as “microbial” reactors (bioreactomnienter). In the enzyme reactors, no live-
cells are used for the transformation of the sabstrFrequently, these reactors employ
immobilized enzymes where the solid supports amdu® entrap (internally) or attach
(externally) the enzyme (biocatalyst) so that ih de#e repeatedly used to economize the
enzyme consumption (Bhattacharyya et al., 2008).

A bioreactor consists of a complex system of pigigtings, wires, and sensors; it is
exposed to operational problems. With the aid efime monitoring and diagnosis tools, it is
now possible to detect many things that can go gvduring the process (Cinar et al., 2003).

The bioreactor has origin in early history and somportant marks are shown in Table
1. Before 500 B.C. the Babylonians still producerbi@ tanks which had the function of a
bioreactor. Wine was produced in wineskins, whigrencarefully selected for their ability to
produce a beverage that met the approval of thg &imd other members of his sensory
analysis. Early recorded history shows that someerstood the importance of the
components and the environmental or operating tondi of the reactor. This allowed
leavened bread and cheese to be produced n Egypttham 3000 years ago (Schaechter &
Lederberg, 2004).

Bioreactor operation mode is classified in: batcbcpsses, bed-batch and continuous
processes. Normally these operations mode areinseitmerged or liquid fermentations or
during cell culture such as tissue culture or algemwnth. Batch processes has increased
significantly nowadays and are extensively usegréaluce specialty biomolecules for uses in
chemical, biotechnological, pharmaceutical indestriThe production of these high value-
added bioproducts contributes to a significant gnowing portion of the revenue and
earnings of bioprocess industries (Cinar et al,3208atch processes refer to a partially
closed system in which most of the materials reguiare loaded onto the bioreactor
aseptically and are removed at the end of the @paraln a batch bioprocess, the only
material added and removed during the course afatipa is air/gas exchange, antifoam and
pH controlling agents. Most modern bioprocessesrjarate adjustments to the medium to
control conditions and to supply nutrients and coomuls that promote biosynthesis of the
desired product (Cinar et al, 2003).

Bioreactors for fed-batch processes represent aoriant class of bioprocesses, mainly
in the food industry and in the pharmaceutical 8idu but also e.g. for biopolymer
applications (PHB). One of the key issues in theration of fed-batch reactors is to optimize
the production of a synthesis product such as eagyand penicillin or even biomass
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(Dochain, 2008). In fed-batch or also called seamitimuous bioreactor characterize by the
feeding of sterile substrate, the absence of omtfftom the fermenter and the increase in
volume (accumulation of total mass) in the bioreactt can be used to demonstrate the
important characteristics of quasi-ready stateedingrowth, and use of alternative feed
strategies (Dunn, 2003). Besides substrate, ratjnudrients also are added continuously or
intermittently to the initial medium after the gtaf cultivation or from the point halfway
through the batch process. Fed-batch processedbaweutilized to avoid utilizing substrates
that inhibit growth rate if present at high coneatibn, to overcome catabolic repression, to
demand less initial biomass, to overcome the probtéd contamination, and to avoid
mutation and plasmid instability found in continsaulture (Nag, 2008).

In continuous culture, fresh medium is added it lbatch system at the exponential
phase of the microbial growth with a correspondisitiidrawal of the medium containing the
product. The continuous cultivation gives a neda@ed growth, with little fluctuation of
the nutrients, metabolites, cell numbers or bioniBgsod et al, 2008).

Differ from submerged fermentation, solid-statenfentation (SSF) has been defined as
the fermentation process which involves solid ma#md is carried out in absence or near
absence of freewater; however, the substrate nogsegs enough moisture to support growth
and metabolism of the microorganism. The operatimle of solid state fermentation most
used industrially is the batch system. CommonlyduSEF bioreactors can be divided into
four types based on type of aeration or the mixestesn employed. These are tray, packed-
bed, horizontal drums and fluidized bead havingrtben advantages and disadvantages,
which promoted the necessity to develop novel bicie's with better design (Singhania et al,
2009). This process recycles agro-industrial ressdwithout economic fate for many
different applications in bioprocesses such as cbkment, biological detoxification,
production of biomolecules such as enzyme, orgats, food aroma compounds,
biopesticides, mushrooms, pigments, xanthan gungetable hormones (Soccol &
Vandenberghe, 2003) and may be used different tghbsoreactors for lead the solid state
fermentation.

Batch operation systems can be applied for allgdygfebioreactors. However, fed-batch
and continuous operation systems must be analysearding to the different models of
bioreactors and the process itself. These opesmpogsent some advantages, compared to the
batch systems, although they need some investramdsrigorous instrumentation and
control.

Table 1. Main eventsusing bioreactorsin the history

Y ear Event
4000-3000 B.C. Baking, brewer
2000 B.C. Ethanol production and distillation (CGljin
1923 Commercial production of acid citric (PfizEISA)
1940s Production of penicillin by fermentation (USA
1950s Design and scale-up pf large aerated fermsente
1970s More than 100 new drugs and vaccines produgbibprocesses
1980s Control of fed-batch bioreactors

Source: Based on Heinzle et al (2006); Dochain (2008)
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Submer ged Bioreactors

Stirred Tank Reactors- STR

Bioreactors designed for the most efficient expogssf the biological properties of the
living cells must achieve optimal interactions besén the cells and the culture media. In a
closely controlled environment they have to prowfficient means of mixing, mass and heat
transfer between the different phases. (Engas@88)1 Current reactor technologies, new
types of bioreactors are constantly being developedrder to optimize and improve
productivities.

Because of its versatility and flexibility the megtically stirred tank reactors (STR)
remains the mainstay for industry. According todflapur (2008), there are three main types
of fermenters that are used in industrial scale:

1- Non-mixed and non-aerated systems: approximatély 70
2- Non-mixed and aerated systems: approximately 10%
3- Mixed and aerated systems: approximately 20%.

Non-aerated and non-mixed tanks are used in thduption of traditional products such
as wine, beer and cheese. The major part of the preducts are obtained from the
cultivation of microorganisms, which is carried éatmixed and aerated tanks (Najafpour,
2008).

The main hole of the bioreactor is to provide aacate and controlled environment for
cell growth and product synthesis. In this way,réhare several factors that must be
considered in the construction of bioreactor. Amdhgm sterility, aeration and mixing
systems (when necessary), temperature and pH Gogémmetry, low energy consumption
and adequate size and material (Stanbury, 1995).

The most important bioreactor for industrial apglions is the conventional STR due to
its low operation costs. The size of the tanks ey between some dhill hundreds of it
Laboratory-scale tanks with a volume of maximumligfrs are made of glass. For higher
volumes, they are generally made of staining sizifferent materials and their combinations
can be used for their manufacture.

The relation between high and diameter may varwéen 2:1 till 6:1, depending on the
heat to be removed (Najafpour, 2008). The ratidnid probably the most economic because
it presents a lower superficial area and, consdtyjenneeds less material. However, when
the aeration is required, the aeration rate mustigfeer to promote a higher contact between
the air bubbles and the liquid, but also a highgirbstatic pressure on the top of fermenter
(Doran, 1995).

In the bioreactor, the homogeneity and bubble dispe is achieved by mechanical
agitation, which requires relatively high energynsomption per unit of volume (Doran,
1995). There is a great variety of impellers that described, which produce different flow
patterns in the tank.

Generally, 70-80% of the total volume of the STHilisd with liquid. In this case, there
is aheadspace for gas exhaustion and foam formation, which carcontrolled by a foam
breaker.
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STRs are used for free and immobilized cells angymes. The sensibility of the
biocatalyzers must be studied and analyzed in easé (Doran, 1995).

Continuous Stirred Tank Reactors- CSTR

The CSTR are defined as STR that works in a coatiswperation including feeding and
remove of mass and energy. An ideal CSTR can beslmddonsidering a perfect mixing,
without temperature, concentration, fluid propert@ad reaction rate variations. It means that
inlet and outlet streams have the same properigsedioreactor medium. All properties of
the CSTR are determined exactly as for the batoteactor. In this case, the instrumentation
and control systems are different and more sophistl (Laska & Cooney, 1999).

There are two types of CSTR operation strategie® @ them is the Chemostat that is
used for cell culture in which all nutrients areded in excess and the liquid volume is kept
constant by setting the inlet and outlet flow ragdgsial. The second one is the Turbidostat
where the cell concentration is maintained condbgnthe monitoring of the culture optical
density and the liquid volume is kept constant étiisg the outlet flow rate equal to the inlet
flow rate (Laska & Cooney, 1999). CSTRs can be usederies with more than one
bioreactor with different conditions in each one.

Some Dispositive of STRs
Impellers

The mixing in bioreactors is done mechanically gsimpellers. They are normally in the
center and suspended in the superior part of thie tactually, there is a great variety of
impellers, specific for each kind of process. Theg divided into two main groups: turbine
impeller and paddle impeller.

The correct choice of impellers is based on theebictor dimensions, media and total
volume, density and viscosity of the fluid to bexed. The use of different types of impellers
is defined according to the different scales otesity. The propeller type is recommended
for the range of 1 to f@entipoises.

When there is a satisfactory mixing, there is ahhiggree of interaction between the
substrate and biocatalyzers (microorganisms angnees), which is positive to mass and
heat transfer contributing for an efficient reactiblowever, the intensity of mixing depends
on the type of process. Some cells can suffer glyonith the shear stress generated by the
mixing that causes their inactivation or a negaiivituence on them. So, it is critical to
choose the impeller type that is best suited ferghch process. Mammalian and plant cells
are, for example, very sensitive and need a spatfi@htion and of course, if possible, the
development of new models of impellers. Even sth wiwide range of impeller designs, it is
difficult to choose the right one for a certain bgation (Mirro & Voll, 2009). Depending on
the impeller used, there are three flux profilestial, axial and tangential.

Impeller designs are almost as varied as the tgpesll lines they are designed to help
grow. Mirro & Voll (2009) listed several impellecommonly used in fermentation showing
the best suited for each type of cell culture psses.
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Magnetic Mixing

Besides the mechanical impellers, there are alsgnei impellers for industrial
applications. The magnetic agitator is directlyroected to the bottom of the tank. It assures a
very efficient mixing independently of the volumetbe fluid. This fact eliminates the need
of sealing that can provoke contamination or floskes.

Moreover, the use of magnetic agitators requiresllemengines, when compared to the
ones with mechanical impellers, and facilitate¢hleaning of the bioreactor.

Baffles

Baffles are vertical strips of metal mounted against th# of the tank. They are installed
to reduce vortexing and swirling of the liquid. Be$ are attached to the tank by means of
welded brackets; four equally-spaced baffles armallys sufficient to prevent vortex
formation. The optimum baffle width depends on itheeller design and fluid viscosity but
is of the order 1/10-1/12 the tank diameter. Fav-ldscosity liquids, baffles are usually
attached perpendicular to the wall. Alternativddgffles can be mounted away from the wall
with a clearance of about 1/50 the tank diametersed at an angle. These arrangements
prevent sedimentation and development of stagnameész at the inner edge of the baffle
during mixing of viscous cell suspensions (Dor&93).

Massand Heat Transfer in STRs

Fermentation broths containing mycelial cells frefly exhibit a pseudoplastic non-
Newtonian rheological behavior, which can be déstdiby the power-law model. This
behavior exerts a profound effect on the bioreaptmformance, affecting mixing pattern,
power requirement, heat and mass transfer procéSsesilescu et al, 1993). The increase in
the broth apparent viscosity.f) during aerobic fermentations can be partially pensated
by increments in the operating conditions (N and i@)order to maintain adequakga
values. Nevertheless, high impeller speeds (N) tedade formation of high shear zones close
to the impellers, with consequent physical damagie cells and a reduction in the process
productivity (Smith at al, 1990).

STRs are used in a variety of process industriesthe prediction of la is extremely
difficult because of the complexity of the gas—ajtnydrodynamics. Various investigators
have correlated k values to power density W) and superficial gas velocity {vover one
or two similar vessel sizes. Two types of correlati have been proposed for the volumetric
oxygen transfer coefficient (). The first does not make use of any dimensiontdrion. In
these correlations, & is related to the gassed power consumption pervahitme of broth
(P4/V) and the superficial gas velocitys(vas originally proposed by Cooper et al. (Coagier
al, 1944):
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where the values of the constanisaad i may vary considerably, depending on the system
geometry, operational characteristics of the vessebdia composition, type, concentration
and microorganisms morphology, the range of vaembtovered and the experimental
methodology used (Bandino et al, 2001). Galactibale(2005) studied the oxygen mass
transfer rate through the mass transfer coefficitoit a STR and different fermentation
broths, using a large domain of operating variables quantifying the effects of the
considered factors (concentration and morphology bifmass, specific power input,
superficial air velocity) on a for submerged and surface aeration, the expetimeeare
carried out for non-respiring biomass suspensiofis Poopionibacterium shermanii,
Saccharomyces cerevisae and Penicillium chrysogenum, mycelial aggregates (pellets) and
free mycelia morphological structures.

Garcia-Ochoa & Gomez (2009) reported a very immontaview of the oxygen transfer
rate (OTR) in bioprocesses to provide a better kadge about the selection, design, scale-up
and development of bioreactors. First, the mostl mseasuring methods are revised; then the
main empirical equations, including those usingaetisionless numbers, are considered. The
possible increasing on OTR due to the oxygen copiomby the cells is taken into account
through the use of the biological enhancement fadbeoretical predictions of both the
volumetric mass transfer coefficient and the enbarent factor that have been recently
proposed are described; finally, different critédoabioreactor scale-up are considered in the
light of the influence of OTR and OUR affecting ttissolved oxygen concentration in real
bioprocess.

Scale-Up of STRs

Scale-up means reproducing in plant-scale equiprttemtresults from a successful
fermentation made in laboratory- or pilot-scale ipment (Hubbard, 1997). The scale-up
process thus directly influences the productioracay and efficiency of a bioprocess. In this
way, some parameters of the process must be nradtabnstant during the scale-up: reactor
geometry, volumetric oxygen transfer coefficiente&Kimaximum shear; power input per unit
volume of liquid (B/V), volumetric gas flow rate per unit volume ofuid (Q/V orVVM),
superficial gas velocity , mixing time, impeller Reynolds number (Re) andmentum
factor (Ju & Chase, 1992).

Normally, a current scale-up strategy is to mamtame or two of the in the order of
criticality to the performance of the bioprocesSome examples of this strategy were
presented by Ju & Chase (1992). The number ofzad#é factors, however is limited by the
degrees of freedom available in process. Accorgjrntle maximum number of criteria that
can be maintained constant in a conventional sgalstrategy is three. For example, the
following combinations of scale-up criteria haveebesuggested: 1) Geometric similarity (or
constanDI/DT) , constank L a, and constan®/V (or VVM) with N determined by the k L a
correlation; 2) Geometric similarity, constaif€E a, and constant maximum shear (or
constant impeller tip speddDi) with Q calculated from the k correlation; 3) ConstakL a,
constant impeller tip speddDi, and constanQ/V with D t/D T adjusted within the limits
suggested by Oldshi{#966).
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Bubble Column Bioreactors

Bubble column reactors (BCRs) are pneumatic mieedtors, which were developed for
sensitive cells culture such as filamentous furgglis, mammalian and plant cells.

A bubble column reactor (BCR) is basically a cylindl vessel with a gas distributor at
the bottom. The gas is sparged in the form of ebito either a liquid phase or a liquid—
solid suspension. These reactors are generallyredféo as slurry bubble column reactors
when a solid phase exists. Bubble columns are sitely utilized as multiphase contactors
and reactors in chemical, petrochemical, biocheimiaad metallurgical industries
(Degaleesan, 200Kantarcia et al, 2005).

BCRs usually consist of a cylinder with a ratio thijameter of 2:1 or even 3:1,
differently to STRs, in order to allow a better éirof contact of the air and the liquid. For
some applications it is possible to find the rdiigh:diameter of 6:1. On the top of the BCRs
the diameter of the cylinder is larger to faciktdhe liberation of bubbles and foam break.
The aeration is promoted with compressed air thiagae spargers that are installed in the
bottom of the tank. There are not other internahgonents.

Gas sparger type is an important parameter thaaktenbubble characteristics which in
turn affects gas holdup values and thus many off@ameters characterizing bubble
columns. The sparger used definitely determinesbtiteble sizes observed in the column.
Small orifice diameter plates enable the formatbrsmaller sized bubbles. Some common
gas sparger types that are used in literature esfudre perforated plate, porous plate,
membrane, ring type distributors and arm spargers.

Gas holdup is a dimensionless key parameter foigrlgsurposes that characterizes
transport phenomena of bubble column systems (L, €999). It is basically defined as
the volume fraction of gas phase occupied by tlscbgdbles. All studies examine gas holdup
because it plays an important role in design aralyais of bubble columns (Kantarci et al,
2005).

Some important applications of bubble columns dre production of industrially
valuable products such as enzymes, proteins, afitibj etc. Several recent biochemical
studies utilizing bubble columns as bioreactors pél presented in Table 2.

Although the construction of bubble columns is den@ccurate and successful design
and scale-up require an improved understanding oliphase fluid dynamics and its
influences (Kantarci et al, 2005). The most impatrfzarameters in this type of bioreactor are
the bubble ascending speed, the residence timéhtie up”, the interfacial area and the
mass transfer. Hold up is the proportion of ligthdt is occupied by the gas or the bubble
volume in relation to the liquid.

Air Lift Bioreactors

Airlift bioreactors (ARL) are a variation of the BS. The main difference is a central
tube or other components (channels) that are rsggenfor an efficient mixing and re-
circulation of the fluid. This fact reduces the lesaence of bubbles, which circulate through
the reactor, and equalize the shear stress timbimked by the mixing. The term Airlift is
linked to the characteristics of pneumatic contddhe gas-liquid or gas-liquid-solid defined
by the circulation of the fluids in a cyclic patidFlickinger & Drew, 1999).



Application of Different Types of Bioreactors indjirocesses 63

There are two main basic configurations of the ALRgernal loop reactors and internal
loop reactors. In the first one, the circulationtbé fluids follow distintc channels; in the
second one there is only a barrier strategicallsitmmed in a unic vessel, which crieates
some channels for the circulation or concetric subfeat creates a central and a periferic
channel (Flickinger & Drew, 1999).

There are some different structures of externgb lemactors and internal loop reactors.
These configurations can be re-worked with the lbgwveent of new possibilities for tha
amelioration of the fluid dynamic and a better fdd®n of the gas in the liquid according to
the different processes. For example, in the imldoop with concentric tubes, depending on
the number and position of spargers, the ascergintflux can be produced at both the
central or periferic part of the bioreactor.

Scale-up studies of ARLs pass through the sameysisainade for BCRs, where the
superficial gas velocity, holdup and dynamic of fllnéls must be analysed.

Packed Bed Bioreactors

The Packed Bed Bioreactors (PBRs) typically consisi packed-bed that supports the
cells on or within carriers and a reservoir thatised to re-circulate the oxygenated nutrient
medium through the bed. Two major configurations gossible, with the packed-bed
compartment located either external to, or withive reservoir of the medium (Wang et al,
1992a,b). A frequent approach in developing PBRs first use a small-scale model bed to
identify the optimal packing matrix for the celhd of interest. An optimal matrix is one that
provides the requisite combination of cell attachimeroliferation and productivity. This
matrix is then used to optimize the operationalapeeters (e.g. packed-bed height and
volume, medium perfusion rate, etc.) of the PBRodlgh perfusion experiments that are
generally performed at laboratory-scale (MeuwlgleR007).

There has been an increasing trend in identifyigpert materials that were compatible
with different types of cells (microorganisms cedisd mammalian cells). Higher internal
porosities ranging from 0.80 to 0.95 were reachéith whe next generation of packing
materials such as disks made of non-woven polyestdr polypropylene screen, ceramic
spheres and other shapes, glass fibers (Perry &W#89; Chiou et al, 1991), polyurethane
and polyvinyl foams or resins (Meuwly et al, 2007).

PBRs can provide extremely high productivity witlircompact size is the. PBRs have
been used widely for perfusion culture of immolgitizmammalian cells. Many authors
presented the potential of the use of PBRs asfitéti organs” (Allen et al, 2001) in
biomedical applications. A relatively well-known axple of such application is the
bioartificial liver device (BAL) (Allen & Bhatia, @02).

Fluidized Bed Reactors

Fermenters for fluidized bed (FB) operation aredalumns, where the ratio of height to
diameter (aspect ratio) is typically greater thabll Dempsey [1994] reported that
fermenters with an aspect ratio of either 20:1 @d shave been designed and operated. The
column diameter should ideally be at least 50-tinles particle diameter; but in the
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laboratory it is often necessary to compromise betwthis ideal ratio and the need to
minimize the volume of the fermenter. Typicallybiacale fermenters have a ratio between
25:1 and 40:1. The fluidizing medium can be gamjidl, or a mixture of the two; with the
flow being upwards for fluidization of particles neodense than the fluid, or downwards for
particles of lower density, in the case of thediped bed fermentation (FBF)s, the fluidizing
medium is usually the broth; and for biologicalidized bed (BFBs), the wastewater; with
the liquid flowing up through the bed.

As well as applications in wastewater treatment,t&&nology can also be applied to
pure culture fermentations for the production ofmobial metabolites or biomass.

Membrane Bioreactors

Since 1990, membrane bioreactors (MBR) are beed. 03wy are maily composed by
installations that are constructed in external igumétion, in which case the membrane
modules are outside the bioreactor and biomagsdgculated through a filtration loop. After
the mid 1990s, with the development of submergedRBiBtem, MBR applications in many
areas extended widely (Meng et al, 2009).

Membrane bioreactor (MBR) technology is advanciagidly around the world both in
research and commercial applications. Several ggars of MBR systems have evolved. Up
to this date, MBR systems have mostly been usddetd industrial wastewater, domestic
wastewater and specific municipal wastewater, wheremall footprint, water reuse, or
stringent discharge standards were required. dixpgected, however, that MBRsystems will
increase in capacity and broaden in applicatioa duee to future, more stringent regulations
and water reuse initiatives (Cicek 2003; Visvanatbaal, 2000; Yang et al, 2006; Meng et
al, 2009).

In the water and effluent treatment context, an MiiRprises a conventional activated
sludge process coupled with membrane separatioetao the biomass. Since the effective
pore size is generally below 04m, the MBR effectively produces a clarified and
substantially disinfected effluent. In additiongcdncentrates up the biomass and, in doing so,
reduces the necessary tank size and also incrdasesficiency of the biotreatment process
(Santos et al, 2011). MBRs allow high concentraiafi mixed liquor suspended solids
(MLSS) and low production of excess sludge, enaligh removal efficiency of biological
oxygen demand (BOD) and chemical oxygen demand (CQ@Dd water reclamation.
However, membrane fouling is a major obstacle te thide application of MBRs.
Additionally, large-scale use of MBRs in wastewatieratment will require a significant
decrease in price of the membranes (Meng et aB)200

Applications of Submerged Bioreactors

For many reasons STRs are the most widely use@dstors in the biotechnological
industrial applications. They have one or more illepe that are used to generate flow and
mixing within the reactor. STRs offer unmatchedxifidity and control over transport
processes occurring within the reactor. Howeveiit agms presented bellow, there are some
variations and more recent developed models ofhiiors such as the bubble columns and
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airlift bioreactors. Other models of bioreactore aiso being exploited such as the packed
bed and membrane bioreactors for immobilized @ll¥/or enzymes.
Some of the important applications of submergedebictors are presented in Table 2.

Table 2. Some applications of submerged bioreactors

Typeof

. Process Reference
Bioreactor
STR Antibiotics Ohta et al., 1995, Luti & Mavituna, 2D1
Citric acid Papagianni et al., 1998
Exopolysaccharidt Xu et al., 200
Cellulase Szabo et al., 1996, Hreggvidsson €1 296, Kim et al.,

Bubble Column

Air Lift

Fluidized Bed
Packed bed

Membrane
bioreactor

Chitinolytic enzymes
Laccase

Xylanase

Lipase

Pectic and pectate lye
Polygalacturonases
Succinic aci

Tissue mass culture
Algal culture
Chitinolytic enzymes
Antibiotic
Chitinolytic enzyme
Exopolysaccharides
Gibberelic aci
Laccase

Cellulase

Lactic acic
Polygalacturonases
Tissue mass cultu
Laccase

Laccase

Hydrogen
Organic acid
Mammalian cells
Alginate

Antibiotic

Cellulose hydrolisi
Hydrogen production
Water treatmel
VOCs treatment

1996, Reczey et al., 1996, Belghith et al., 2001enS
and Xia, 2004, Szijarto et al.,, 2005, Jang & Chang,
2005, Ahamed & Vermette 2008a,b, 2
Chen et al., 2010
Galhaup & Haltrich (2001), Blanquez et (2D02),
Galhaup et al. (2002), Hess et al. (2002), Varitimve
(2002), Fenice et al. (2003), Sedarati et al. (2003
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Bioreactorsfor SSF

Solid state fermentation (SSF) has several biotolgical advantages over submerged
fermentation, although nowadays it is mainly useddaboratory scale. May be listed higher
fermentation productivity, the higher the conceitra of end products, higher product
stability, lower catabolic repression, cultivatiof microorganisms specialized for water-
insoluble substrates or mixed cultivation of vasdungi. Besides these, the sterilization of
the medium is not critical and often unnecessarg thulow water activity used in SSF
(Singhania et al, 2009).

Commonly used SSF bioreactors can be divided mto tiypes based on type of aeration
or the mixed system employed. These can be cledsifs follows: static bioreactors (fixed
bed, perforated trays), stirred bioreactor (thezemtal drum or drum stirred), and bioreactors
with or without forced aeration.

The construction of bioreactors must take into antdhe peculiarities of the SSF the
variety of materials that can be used as growthiaeahd their characteristics such as
composition, size, strength, porosity and watedingl capacity, coupled with the fact low
humidity of the substrate, which gives problem&@ét transfer system. All items listed must
be taken into consideration in the design and obstrategies of a reactor that will operate
on a solid state cultivation. The solid state femtagion is a process that occurs in the absence
of free water, so filamentous fungi are microorgars naturally adapted and appropriate for
this type of condition. The morphology of the fusgwith respect to the presence of septate
hyphae or not (which gives more or less mechamesistance to possible unrest in the
middle), and the necessity or otherwise of stgriiit the process are other factors that
influence the design of bioreactors for SSF. Thhs, bioreactor may or may not forced
aeration, may be without stirring, stirring occasilly, or only with continuous rotation.

The number and types of bioreactors used in pildtiadustrial scale is small compared
to those used in the laboratory scale. They ardlynapplied in laboratory scale due some
important reasons and necessities which are:

+ The hyphae can be damaged by mechanical agitaspecially if they are non
septate, allowing very few drawings that meet teeds of aeration and heat
removal;

* The solid medium can become compacted during tbeegs, causing many
problems;

e There are difficulties with the inoculation, cortrand sterilization of large
volumes of medium;

e The maintenance and procedures for filling, emgtyamd cleaning of large
reactors;

e The maintenance of uniformity is difficult for lagolumes of biomass.

Applications of Bioreactorsin SSF

Table 3 below shows some types of bioreactors uisethe process of solid state
fermentation. Most articles emphasizing the prodacdf bioproducts by comparing different
types of bioreactors,and its mode of operationcamdrol.
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Table 3. Examples of Bioreactorsand products development in solid-state fer mentation

Type of Aeration Microorganism  Substrate Product Reference
Bioreactor system
Column Forced Aspergillus. Cassava Citric acid Vandenberghe
fermenter aeration niger bagasse et al (2000)
Erlenmeyer Natural Kluyveromyces Palm bran Aroma Medeiros et
flasks marxianus Cassava compounds al, (2000)
bagasse
Horizontal Forced Ceratocystis Coffee Aroma Medeiros et
drum  and aeration fimbriata husk compounds al, (2006)
glass
columns
Trays Natural A. oryzae Red gram o- Shankar &
convection plant Galactosidase Mulinami
waste + (2007)
wheat bran
Horizontal Forced A. niger Cassava Citric acid Soccol et al
drum aeration bagasse (2007)
Erlenmeyer Natural Monascus Jackfruit Pigments Babitha et al,
flasks purpureus seeds (2008)
Erlenmeyer Natural A. niger Sugarcane Xylanase Maciel et al,
flasks convection bagasse + (2008)
soybean
meal
Erlenmeyer Natural A. niger Citric pulp  Citric acid Rodrigues et
flasks al, (2009)
Column Forced Bacillus Sugarcane Spores Sella et al,
bioreactors aeration atrophaeus bagasse + (2009)
soybean
molasses
Polyethylene Natural Bacillus Sugarcane Spores Sella et al,
bags; convection atrophaeus bagasse + (2009)
Erlenmeyer soybean
flasks molasses
Rotating Forced A. niger Mussel Glucose Mirén et al
drum aeration processing oxidase (2010)
waste
Raimbault Forced A. niger Citric pulp Phytase Spier et al,
columns aeration bran (2011)

Bioreactor Type Perforated Trays

The tray reactors are characterized by being sisysgems in which the substrate is laid
out on trays, wooden or stainless steel, usualjoped to facilitate air convection. The
substrate is placed in the tray in thin layersi¢gity 5 to 15 cm) and the trays are arranged
on each other with a spacing of several inches ichamber or room with controlled
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temperature and humidity. Scaling up is easy @tdases the number of trays) but requires
large area of operations, labour intensive andcditfto apply for sterile processes.

Problems can occur in the transfer of oxygen. Tiusion rate of Q transport
properties depend on the tray. At the beginningemthe substrate is inoculated, the oxygen
concentration is uniform in all layers of the subtd. Over time, the shrinkage of the
substrate layer due to the formation of the mycelichanges the porosity and thus the
effective diffusivity. The release of GGand heat also prevents the transport gft@the
bottom. Under these circumstances, the oxygen otrati®n, which was once uniform, gives
space to a gradient. In some deeper places oxygerentration becomes small enough to
reach zero. Obviously the reaction can not prodeedreas where there is no oxygen.
Therefore, to have an efficient process, it musivigie the profile of @ concentration in
different layers.

Fixed Bed Bioreactors

The fixed bed reactors differ from the tray becatlsey are closed systems where
aeration is forced. These bioreactors have beesidened interesting due to process control,
especially by removing heat (which does not hamgféciently in large-scale processes).

Despite having several advantages for processaipfirced aeration can result in water
evaporation and drying the substrate. This canigeounfavorable low water activity (a
and humidity, resulting in poor microbial activity.

Column reactors, amongst those with implementirgrgsses on solid medium, are the
most studied in the laboratory scale. The use ainto reactors minimizes problems with
temperature gradients, due to the convection cabgedir entering the reactor directly.
Furthermore, the CPOreleased during metabolic reactions, can be etitady allowing its
replacement by air. Temperature control is donepllaging the reactor in a bath or using
tactical terms columns jacketed with circulatinglemt. However, the reduction in porosity
of the bed, with the progress of fermentation, israblem to be overcome in this type of
reactor. The column reactors are associated wittblcterial contamination because they are
closed systems, unlike the reactor tray. Moreotlez, same reactor can be used for both
fermentation and extraction of the final product.

Adopting mixing coupled with forced aeration is pdde to increase the homogeneity of
the cell population and the substrate concentratioBSF. The geometry of the stirred bed
reactor is similar to that used in fixed bed, mdludes a mixing system for biomass systems
as bolt or other type of agitation device. Theigbif this type of bioreactor is scalable to
several tons (Pandey et al, 2008).

Drum Bioreactor

Agitated drum reactors are those that use agitaticdhe process. They are traditionally
built in drum-shaped and may or may not contairflésfinside. There are also static drum
reactors, in which other systems of agitation teuea mixing of solid medium, such as a
horizontal cylindrical vessel with a worm insideheTagitation in this type of reactor can be
continuous or sporadic, and may lead to problemshefir and damage the structure of the
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mycelium. Medeiros et al (2006) studied the producof aroma compounds in a 3kg drum
bioreactor. The schematic system is showed in Ei¢Lix.

Rotating drums have been used as bioreactors lidrstate fermentation since the 1930s
and are already applied to make many products.tiRgtdrum bioreactors (RDB) provide
relatively gentle and uniform mixing by improvingffie design, since there is no agitator
within the substrate bed. The engineering prinsige RDB have recently received interest
for biofuels production using cellulosic materi@lgang et al, 2010).
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Figure 1. Horizontal stirred drum bioreactor sysfemsolid state fermentation: (1) compressor AR)
filter, (3) humidifier, (4) horizontal drum, (5)ister, (6) motor, (7) speed controller, (8) airdaiarge,
(9) silica gel columns, (10) (11) gas chromatogré#t) computer. Source: Medeiros et al (2006).

Examples of L aboratory-Scale Bior eactors

Laboratory-scale bioreactors are of simple confijan, based on monitoring (most
often manual) of the important variables of thecpss. Several types of equipment are used
for SSF. Erlenmeyer flasks, small perforated tr&aimbault columns, Petri dishes, jars,
Roux bottles and roller bottles offer the advantafysimplicity. Without forced aeration and
agitation, only the temperature of the room, whey are incubated, is regulated. Easy to
use in large numbers, they are particularly welpdd for the screening of substrates or
micro-organisms in the first step of a researchdewe@lopment program (Durand, 2003). The
different types of bioreactors are presented below.

Erlenmeyer Flasks

The Erlenmeyer flasks are used in laboratory seetors, often to initiate studies and
optimization of procedures developed in laboratrgle. They are made of glass and have
limited size. These bottles are closed using cqttags. The process occurs without agitation
and aeration by diffusion. Its advantages are: edideandling during research, low cost,
allows multiple simultaneous tests, passive aeratis disadvantages are: inability to control
parameters; inability to regulate the process.
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L ab-Scale Columns

The column-type bioreactors (Raimbault & Germon/@)9are in glass columns with 4
cm in diameter and 20 cm which are filled with s@did substrate, this being sterilized and
inoculated separately. Subsequently, the columms amnected to air bubblers, and
introduced into a water bath with controlled tengpere. Aeration (saturated air is pumped
through the columns) is adjusted to the desireduauinaf air flow and controlled with the aid
of a flowmeter attached to the air outlet of theuom. This model of bioreactors allows study
of the influence of forced aeration on the process] the evaluation of respirometry
(measurements of consumed and CQproduced) of the microorganism. This study is of
extreme importance for the understanding of theabwism of microorganisms used in SSF
process.
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Figure 2. Typical lab-scale apparatus for solidestarmentation . Components are: (1) air pumpaiR)
distribution system; (3) humidifiers; (4) fermerat columns immersed in a water bath with contblle
temperature; reactor; (5) filter; (6) flow sens@v) controllers display; (8) computer with data
acquisition and control software; (9) cylindricainsor base, where the following sensors are iestall
CO,andQ, humidity and outlet temperature. Source: Spied €2011).

Due to the use of a few grams of solid medium &edgeometry of the columns, the bed
temperature fermentation can be maintained easibalse the heat removal by the column
wall seems to be efficient. The disadvantage of tigpe of reactor is the impossibility of
withdrawing the sample from the column. Over cualtion is necessary to destructive
sampling, removing a column in every certain indr¥Figure (2) shows a model of columns
reactors made of glass coupled with a system thalyses the oxygen and carbon dioxide
composition in the exhaust airflow from the column.

Examples of Bioreactorsto Pilot Scale/ Industrial

As it was mentioned before, the number of bioreattpes used at pilot and industrial
scale is less then in the laboratory scale. Bdgjddle configurations of bioreactors at pilot
scale have more industrial instrumentation androbdevices.
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Trays are an example of SSF bioreactor withoutefraeration. The system consists of
the following elements: a controlled environmentichhhas ejectors and air filters, inlet and
outlet air, humidifier, heater, air recirculatigerforated trays and stands.

The tray bioreactors are applied on commerciaksespecially for oriental products such
as the famous Kaoji process. Wood, metallic or pasays may be perforated or not, and
posses various sizes according to their design.solié medium is disposed at a maximum
depth of 15 cm, and the trays are incubated imtbstated chambers or rooms. Although it
has been extensively used in industry, this teadgylequires large areas, intensive labour
and the sterilization process is difficult. An aftative to maintain sterility is the use of
sterilizable and microporous bags (Durand, 2003).

In a horizontal drum bioreactor with forced aematiothe agitation may occur
continuously or intermittently. Discontinuously atihg drum operates like a tray reactor. The
agitation is necessary to remove the heat accuiomlé the substrate bed. The system
consists of a horizontal drum and some auxiliaryigment such as compressor, air filter,
humidifier, spindle, motor, speed controller, diege air, silica column, autosampler, gas
chromatography (respirometry), computer.

Rotating drum bioreactors with air circulation acohtinuously mixed are commonly
used in pilot or lab scale process. According toddd (2003) the largest reactor cited in the
literature was a 200 L stainless steel rotatingrdwhich used 10 kg of steamed wheat bran
as substratéor kinetic studies oRhizopus. The continuous mixing is necessary to maximize
the exposure of the substrate particle to theimiulating in the headspace.

In packed-bed bioreactors, the air is introducemuhh a sieve which supports the
substrate. Pre-pilot bioreactor was developed at defining the control strategy and
optimizing the air-inlet temperature, the airfloate, the addition of water and agitation
during a SSF process (Durand et al, 1988). Thig typbioreactor consists of: a basket
containing the solid medium; valves for adjustirig tair flow, air temperature probe,
humidity probe; valves for outlets; box, heatingl eimermal resistance.

Scale-Up Aspects

Bioreactors for solid state fermentation are usedarge-scale traditionally processes
such as Koji and Sake, whereas in other bioprosesgse is an absence of commercial
designs of bioreactors. The major problems to aweec are related to the engineering
aspects, such as lack of standardized processewraied reproducibility of the experimental
results. A large numbers of patents and publicatime available on how to design, operate
and scale-up SSF bioreactors. The scale-up ofitnedztor are difficulty mainly by intense
heat generation and heterogeneity in the systera. gfadients of temperature, humidity,
substrate concentration, which may arise during phecess, affecting not only those
processes that involve static solid beds, but gdeoesses involving agitation of the substrate,
such as those performed in rotating drums.

Factors such as oxygen content, moisture levetemgerature are important parameters
in SSF which are difficult to control. The microbgrowth under aerobic conditions in the
bioreactor results in a considerable productiohesft that causes fast increase in temperature.
This effect is often undesirable especially in sphietechnological processes in which heat
sensible products or enzymes produced during ttmeefetation can be heat-denatured at the
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end of the process. In the absence of a free aquatase, the produced heat is difficult to
remove, for example, via the bioreactor double svadfistead, the cooling of the process takes
place through evaporation. However, this requilay high aeration rates because the rising
metabolic activity and the associated increased preuction have to be overcompensated
by high aeration intensity. The water lost by evation has to be in many cases replenished,
and this can lead to undesirable local increaseater activity during static processing. In
semi-sterile processes, this increased water pctoan in turn have adverse effects by
facilitating the growth of bacterial contaminantgereas sterile fermentations, it may bring
about local insufficient oxygen supply to the mamganisms. Substrate mixing may help but
it should be noted that many microorganisms resparg sensitively to the shear stress
caused by it. Another factor that is difficult tacaunt for is the production of metabolic
water by aerobic microorganisms, which can causelpms especially in the formation of
conidiospores.

Bioreactorsfor Plant Cells Cultures

The interest in plant cell cultures for the produetof valuable natural products such as
pharmaceuticals, flavours and fragrances and finenichés has been growing. However,
several problems have limited the commercial exglicin and application of plant cell
cultures. The low and unstable cell productivitipws growth, genetic instability, and an
inability to maintain photoautotrophic growth atgetmain problems (Paek et al, 2005).
Besides, distinct properties of plant cell cultunese to be considerate in bioreactor design
including: large cell size and complex morphologyndency for aggregation, time-dependent
rheological behavior, foaming and wall growth, sheensitivity, and relatively low growth
and oxygen uptake rate (Xu et al, 2011). The inatilims of these factors on bioreactor
design and operation have been comprehensivelgwed (Huang & McDonald, 2009).

Culturing plant cells in reactors has many simiiesi with the growth of mammalian
cells, but with different nutritional and contra@quirements. The design and operation of
bioreactors is critical for successfully developlagge-scale production process using plant
cell cultures. For large-scale culturing plant ellvariety of bioreactors are usually described
according three classes of culture systems:

» Bioreactors for biomass production (cells or orgaooor embryogenic
propagules, shoots or roots as the final product),

» Bioreactors for metabolites and enzymes production

* Bioreactors used for biotransformation of exogehoadded metabolites.

The conventional stirred tank reactor (STR) fornoiéal cultures have been modified to
allow better conditions to plant cell cultures. Thedifications include a variety of impellers
design distinct from the blade turbines for agitati Those bioreactors are fundamentally
classified by agitation methods and vessel con#ruaito:

- mechanically agitated (stirred tank bioreactoratioy drum bioreactor, spin
filter bioreactor)
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- pneumatically agitated and non-agitated bioreadfgimnsple aeration bioreactor,
bubble column bioreactor, air-lift bioreactor, loalh type bubble bioreactor-
BTBB).

The goal in bioreactor design and operation isravige a prolonged and sterile culture
environment with efficient mixing and oxygen excbann an effort to support optimized cell
growth and achieve high productivity.

Stirred-Tank Bioreactor (STR)

Prakash and Srivastava (2007) successfully scaledzadirachta indica suspension
culture for azadirachtin production in a stirredkéioreactor with two different impellers.
The studies were carried out in a stirred tankdaotor equipped with centrifugal impeller
and compared with similar bioreactor with a seinpeller to investigate the role of O2
transfer efficiency of centrifugal impeller bioréac on overall culture metabolism. The
maximum cell mass for centrifugal impeller bioremand stirred tank bioreactor (with setric
impeller) were 18.7 and 15.5g/L (by dry cell wdjgland corresponding azadirachtin
concentrations were 0.071 and 0.05 g/L, respegtivel

Bubble Column Bioreactor

Bubble columns are suitable for plant cell cultudes to low shear stresses, mechanical
simplicity, easy operation, and good mixing. In bigbcolumns, the hydrodynamics of the
liquid phase has a strong influence on column perémce and cell response, particularly for
long term cultures.

This type of bioreactor was used by Wu et al (2008 authors investigated the effect
of elicitation with linoleic anda-linolenic fatty acids inPanax ginseng C.A.Meyer
adventitious roots cultured in balloon-type bioteac

Soccol et al (2008) developed a Bioreactor of Imsioer by Bubbles. It was used to
produce many plant species. The equipment is maitheoylindrical Blindex® glass, with
two compartments, divided transversally by a ponglase with 170 a 220 um. The inferior
part has 3.5 cm height, with the air entrance. Jugerior part has 24.5 cm height and at this
compartment are placed the tripods with 2 to 5 emgtit each, angle of 120° and the sieves
(mash 18). All the internal components are madstafiless steel. The bioreactor totalizes 28
cm height with 90 mm of diameter, but can be chdrageording to the needs of the process.
The equipment works with an interlinked system hitises of flexible rubber, through which
the plant tissues receive air and nutritive sotutig bubbling (Figure 3).
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Figure 3. Front view (A) and side view (B) of a Btactor of Immersion by Bubbles; (1): Air
exausting; (2) screws; (3): metallic perforatedsrg4): porous plate distribution; (5) supportdiets;
(6) Air inlet. Source: Soccol et al (2008).

Novel Bioreactors Types

Wave Bioreactors

The potential application of wave bioreactors faftieating tobacco, grape and apple
suspension cells have been demonstrated. Eibl d&dd2006) achieved high plant ceN.(
vinifera) biomass productivities of 40 g/(L.day) with a 8bng time of 2 days and observed
that there was no significant change in cell molpiy when compared to cultivations in
stirred-tank bioreactors. Other advantages of wlaieeeactors include time savings (the
cleaning and sterilization processes are not ngetstliced foaming, easy operation and low
risk of contamination.

M embrane Bioreactors

Membrane bioreactors utilize specialized membranmits specific molecular weight
cutoff for either in situ aeration, nutrient suppdy product separation. They are designed to
retain cell biomass and also possibly recombinaatepn product in a cell compartment.
Although, membrane bioreactors result in less statggss to cultivated cells, studies
indicated that mass transfer is an important cemattbn even for relatively slow growing
plant cells (Huang & MacDonald, 2009). McDonald at (2005) applied a membrane
bioreactor for the production of recombinant humapha-l-antitrypsin (AAT) using
transgenic rice cell culture with a rice alpha amsgl promoter, Ramy3D, resulting in
extracellular product titre close to 250 mg/L andl@% of the extracellular total soluble
protein. However, the membrane bioreactor is piipmased for small scale processes and is
difficult to scale up for large-scale applications.
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Disposable Bior eactor s

The use of disposable bioreactors for large-sdalet gell culture with a goal of reducing
production costs and minimizing validation effotsder GMP regulations. Disposable
bioreactors are usually made of FDA-approved bigzatible plastics such as polyethylene,
polystyrene, polytetrafluorethylene, polypropyleaed ethylene vinyl acetate (Eibl et al,
2010). Since the bioreactor vessel is pre-stedliard discarded after harvest, clean-up and
re-sterilization steps are eliminated and assatiateks with culture contamination are
reduced (Xu et al, 2011).

Bioreactorsfor Mamalian Cell Culture

Animal and human cells are extremely sensitiveluot@iations in culture environment
and the traditional depletion and toxic by-prodactumulation associated with batch culture
can adversely affect them. Tissue culture traditigrfollows the methods of batch or semi-
batch culture, with the carbon source presenteitsthrt of the culture. The majority of 2D
tissue culture systems are T-flasks and well-pleteghich cells are grown statically without
any mixing. These static systems have limitatidms tarise from their non-homogeneous
nature. Without mixing, concentration gradientspéf, nutrients, toxins, gases and growth
factors will occur in the culture medium (Collinsad., 1998). This will give rise to different
cell behaviour in different spatial locations inetltulture and will also reduce culture
reproducibility. It has been documented that thealeur of cells in 2D can be very different
in 3D culture (Abbott, 2003) and this has importamplications for the in vitro generation of
functional human tissues. Tissue growth is dynammon-steady state process where
biological parameters, physical rate process ara Iltital mechanical environment are
continually changing with time — in essence tisemgineering is a 4D challenge. Some
bioreactors used in mammalian models and in viteqpaesented in Table 3.

Bioreactors are currently used for primary livell celture and clinical liver support as
showed in Tabela 3such as hollow fiber whictexhibit two functional compartments.
Another study pointed out, that four bioreactor pamments are necessary to enable integral
oxygenation and distributed mass exchange with domdients. A specific bioreactor was
developed for clinical liver support that accomnteda400-800 g of primary cells (Gerlach
et al., 2001) and can be used for growing livergpriotors (Table 3). A spontaneous
reassembly of primary cells inoculated into a kacter established of a scaffold or biomatrix.
A homogeneous mix of adult liver cells from orgaallagenase digestion containing
parenchymal hepatocytes, non-parenchymal cell$(@ssinusoidal endothelial cells, stellate
cells, and liver progenitor cells) will restructuafter injection into specific bioreactors to
form well-defined liver structures, such as neaisoidal structures and neo-spaces of Dissé,
reminiscent of the native liver (Gerlach et al, 800

Bioreactors provide a manner for efficient exchaofjputrients and mechanical stimulus
necessary for tissue engineered bone grafts. bliestueported by Zhang et al (2009), a
biaxial rotating bioreactor with fluidics through-silico modelling was applied to generate
osteogenic bone graft using polycaprolactone-tioat phosphate scaffolds seeded with
human fetal mesenchymal stem cell. This bioreastached cellular confluence earlier (day
7) compared to static culture (day 28), and allowesl maintenance of cellular viability
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beyond the limits of conventional diffusion, withcreased proliferation and osteogenic
differentiation both in vitro and in vivo.

Table 3. Bioreactors used in animal modelsand in vitro

Technology Céll type Reference
Stirred tank for the production of Namalwa Cartwright (1994)
alpha-interferon to the clinical
use in cancer and viral infecti
Stirred tank for producing tissueCHO Cartwright (1994)
plasminogen activator used for
thrombolysis
Roller bottles CHO Cartwright (1994)

Hollow fiber-based bioartificial Porcine liver cells

liver with integral oxygenation

Spirally wound flat sheet andPorcine hepatocytes
hollow fiber-based bioartificial

liver with integral oxygenation

Flat plate bioartificial liver with Porcine hepatocytes
integral oxygenatic

Hollow fiber-based renal tubule Human renal tubule cells
assist design

Early perfusion chambers

Gerlach et al (2001)
Janke et al (1999)
Flendrig et al (1999)
Shito et al (2003)

Humes et al (2002)

Chick heart fibroblasteimhn Christiansen et al (1953)

malignant epithelial cells, ChineseRose (1954)

hamster cells, hybridomas

Commercially
perfusion chambers
Commercially available systemsHybridomas

for non-adherent cells:

VectraCell gas-permeable bags;

Rotary Cell Culture System;

Wave bioreactor; CELLine;

miniPERM Bioreactor; CellMax;

Tecnomouse

Commercially available systemHematopoetic stem cells
for bone marrow expansion:

AastromReplicell

Hollow fiber-based bioreactor Human leukemic cell lines
with integral oxygenatic
Hollow fiber-based bioreactors Mouse fibroblasts;

Human choriocarcinoma cells;
Reuber hepatoma cells;
Human hepatocyt:

Coaxial hollow fiber-based Rat hepatocytes
bioreactor with integral
oxygenatiol

Hollow fiber-based bioartificial Porcine and human liver cells

liver with integral oxygenation

Flat sheet and hollow fiber-basedPorcine hepatocytes

bioartificial liver with integral

oxygenation

Titanium mesh bioreactor Rat bone
osteoblasts

Flat membrane bioreactor withPorcine hepatocytes

integral oxygenation

marrow

available Bone marrow-derived osteoblasts

Freed (1963)
Katinger (1985)
Minucells &
Vertriebs GmbH
Diagnostic Chemicals Limited;
Synthecon, Inc;
Wave Biotech LLC;
Integra Biosciences AG;
Sartorius AG;
Spectrum Laboratories, Inc.;
Integra Biosciences AG
Aastrom Biosciences, Inc.

Minsttis

Gloeckner & Lemke (2001)

Knazek et al (1972)
Wolf & Munkelt (1975)
Hager et al (1978, 1983)

Macdonald et al (2001)
Gerlach et al (2003)

Sauer et al (2002)
Flendrig et al (1997)

stromBlancroft et al (2003)

De Bartolo et al (2000)

Sour ce: Gerlach et al (2008); Cartwright (1994)



Application of Different Types of Bioreactors indjirocesses 77

Photobior eactors

Although some models of photo bioreactors have Ipeeposed, only a few of them can
be practically used biomass from algae. The mapliaions of photo bioreactors are in
photosynthetic processes, involving vegetable bgsrgrowth or microalgae growth under
controlled conditions. According to Ugwu et al (3)0one of the major factors that limit
their practical application in algal mass cultuissmass transfer, which is necessary for
efficient operation of mass algal cultures. Theniags from algae is commonly used in water
treatment, in the field of aquaculture, for the darction of fine chemicals and as useful
supplements in humans and animals, for biosorptidreavy metals, C£fixation. The photo
bioreactors range from laboratory to industrialescaodels and besides they are classified in
closed photo bioreactor, open ponds, flat-platejzbotal/serpentine tubular airlift and
inclined tubular photobioreactors (Ugwu et al, 2008e introduction of more sophisticated
cultivating methods of microalgae with higher protivities and capable of avoiding
contamination, which are offered by different types closed photobioreactors applied
outdoors. The same author describe that the adyamtaclosed as compared to open ponds
or tanks, is that the light path length is notidgaleduced leading to higher cell densities,
which diminishes the chance of contamination ancilifates harvesting. And besides,
reduces evaporative losses and temperature caoteegasily controlled (Tredici, 2004).

In general, laboratory-scale photobioreactors dificéally illuminated using fluorescent
or other light lamp distributors. Some of thesectes include open ponds, flat-plate, tubular,
bubble column, airlift column, helical tubular, d¢cal, torus, stirred-tank, seaweed type
photobioreactors.

Open Ponds

Open ponds are easy to construct and operateyésgmqis some limitations such as poor
light utilization by the cells, evaporative lossafiffusion of CQ to the atmosphere,
requirement of large areas of land, and contanundby predators and other fast growing
heterotrophy. Due to inefficient stirring mechanssm open cultivation systems, their mass
transfer rates are very poor resulting to low bissnproductivity (Ugwu et al, 2008). Putt et
al (2011) studied a system for carbonation andagbigh biomass production during algae
culture, reducing one of the limitations of the wgmnd photobioreactor, difficulty in GO
diffusion. The proposed device can be used with erljaust gas stream with higher
concentrations of C£Qn conjunction with raceways for optimizing algamduction. Park et
al (2011) produced algal biomass for conversiobitduels with minimum environmental
impact using wastewater I8hlorella sp. andSpirulina sp. in open ponds photobioreactor.

Flat-Plate Bioreactors

In this type of photo bioreactor the photosynthetiicroorganisms are cultivated in a
large illumination surface area. Studies of veltiglveolar panels designs and flat plate
reactors for mass cultivation of different algageveeported (Tredici & Materassi, 1992; Hu
& Richmond, 1996; Zhang et al (2001); Hoekema et 2002). Generally, flatplate
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photobioreactors are made of transparent of traespanaterials for maximum utilization of

solar light energy. Accumulation of dissolved oxgygeoncentrations in flat-plate

photobioreactors is relatively low compared to honial tubular photobioreactors. It has
been reported that with flat plate photobioreagtbigh photosynthetic efficiencies can be
achieved (Richmond & Cheng-Wu, 2001). Flat platetphioreactors are very suitable for
mass cultures of algae.

The flat-plate reactor geometry was chosen by Taimlat al (2011) for H production
due to its superior surface-to volume ratio, whidsulted in the highest observed
photochemical efficiencies. This photobioreactoswlavided in two compartments: the first
compartments holds the algal culture and providetrob measurements, while the second
turbulent culture mixing was achieved by a ciranlgigas-lift system that is operated with a
customised liquid diaphragm pump. An illustrative ptoduction experiment achieved a H
yield of 105 ml/L at a maximum Hproduction rate of 1.1 mL/L/h and a photochemical
conversion efficiency of 0.24% (Tamburic et al, 2D1

A flat plate photobioreactor was applied fhannochloropsis sp. cultive, a marine
unicellular photoautotrophic alga producer of ER#Acdsapentaenoic acid, 20:5w3). This
bioreactor was made of number of units (8-10 mruoktlglass plates each unit), measuring
200 cm long, 110 cm high protected and sustainatiiglers. The inside width composed by
10 cm light-path and form a 500 to 1000 L unit deped for outdoor production. It requires
a relatively small ground area, utilizing stronghli very effectively by having a large
illuminated surface to volume ratio (i.e. 50 L% monsidering the area of all the illuminated
reactor surfaces. The investment cost per litetureilwas US$ 4 T considered one of the
lowest available for large-scale operation (Cheng-2001).

Tubular Photobioreactors

Tubular photobioreactor is a type of reactor fotdoor biomass cultures with high
surface area for illumination, constructed withsglar plastic tube. They can be in form of
inclined, conical, horizontally serpentine, nearirmntal photobioreactors. Efficient light
distribution to the cells can be achieved by imprigwhe mixing system in the tubes (Ugwu
et al, 2005). The cultures are re-circulated eithigén pump or preferably with airlift system.
An outdoor tubular photobioreactor were used fasmass culture oflsochrysis sp., a
microalgae rich in docosahexaenoic fatty acid (podaturated). The reactor tested consisted
by horizontal serpentine-like, 60m (10mx6m) of &cryjtubes connected with 180 fits
(photostage amounting to 200 L) and a 400-L fitasglgas exchange tank (culture volume
200 L). The tubes had an inner diameter of 6.4cmiefodiameter 7.0 cm) and were
submerged in a water bath in order to mitigate tnadpire variations. This work showed that
outdoor tubular photobioreactor seemed to be pdatiy sensitive to the variable conditions
outdoors and we suggest that new designs of clpketbbioreactor try to achieve more
stable and homogeneous conditions throughout thiersyand over the daily cycle (Bergeijk
et al, 2010).
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Vertical-Column Photobior eactors

Vertical-column photobioreactors are compact, l@stc and easy to operate
monoseptically (Sanchez Miron et al., 2002). Furtiege, they are very promising for large-
scale cultivation of biomass algae. It was reportbdt bubble-column and airlift
photobioreactors (up to 0.19 m in diameter) canirata final biomass concentration and
specific growth rate that are comparable to valygscally reported for narrow tubular
photobioreactors (Sanchez Miron et al, 2002). Stmieble column photobioreactors are
equipped with either draft tubes or constructedsi cylinders. In the case of draft tube
photobioreactors, intermixing occurs between thserriand the downcomer zones of the
photobioreactor through the walls of the draft tuBBlorella sp. was cultivated in 2 L
bubble-column photobioreactor and investigated fbiodiesel production. The
photobioreactor consisted of different parts. Gtesde cylinder, four plastic tubes with a
diameter of 6 mm which were used for gas inlet, gatdet, feeding and sampling, porous
bulk stone which was used for bubbling the air,mimp, top head plastic cover with four
ports for plastic tubes. The biomass concentratfoGhlorella sp. at the end of exponential
phase was approximately 1.9 g/L. It has doublimgetiof approximately 15 h during the
exponential phase (Rasoul-Amini et al, 2011). Tipe of photobioreactor has good light—
dark cycling and low surface/volume (Mata et all@0

The airlift photobioreactor was study by Ranjbar &t (2008) for -cultivating
Haematococcus pluvialis cells and astaxanthin production. This reactorssbed in a draft-
tube internal-loop type made of Pyrex glass, witlhaaking volume of 1.0 liter, exposed to
certain light/dark cycles and by light intensitystlibution and mixing inside the
photobioreactor. The authors achieved the highest eeported cell numbers (7)816ells
mL™) after 300 h cultivation, and the regular lightidaycles and laminar flow had a positive
effect on the astaxanthin accumulation. The ineea$ light intensity during the
accumulation of astaxanthin resulted in a bettsultg600 mg [*,) of this pigment, which
was several times higher than previously reportddes (Ranjbar et al, 2008).

Sanchez Mir6n et al (2002) studied relatively lamygdoor bubble column and airlift
bioreactors that were compared for monoseptic #adkb culture of the microalga
Phaeodactylum tricornutum and concluded that the three photobioreactors pextigimilar
biomass versus time profiles and final biomass eotration. Pigment-rich biomass is
generated in light-limited culture. The carotenadideitents irP. tricornutum are much more
sensitive to available light in light-limited cutithan are the chlorophyll contents. Bubble
column and airlift photobioreactors of up to 0.18@mdiameter can attain a final biomass
concentration and specific growth rate that is caraple to values typically reported for
narrow tubes (e.g. 0.03m in diameter) of convemtidrorizontal tube reactors. The good
performance of the large-diameter vertical reacta&ds explained by an absence of
photoinhibition and photo-oxidation of the biomasal also the biomass in vertical reactors
does not experience oxygen inhibition of photosgsih (Sanchez Mirén, 2002).

Some photobioreactors can be internally illuminatedh artificial light, mainly
fluorescent lamps. This equipment is equipped viitipellers for agitation of the algal
cultures. Air and C@are also supplied to the cultures. This type aftpbioreactor can also
utilize solar light.
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Scale Up of Photobior eactor s

For photobioreactor scale-up, several photobioceachave been proposed for small
scale, but most of them present limitations oricliffies to scale-up. Scale-up success
depends on the good light supply to the cultivabbphotosynthetic organisms. However, an
appropriate method for harvesting the solar enexgg distributing the light inside the
photobioreactor is required. According to Ogbonhale(1996), internal optical fibers for
light distribution have been reported for scalephptobioreactors, although these fibers are
expensive and may present technical problems.

Future Per spectives

Bioreactor design and the association with procegSmisation are essential for
transfering the parameters obtained from lab at gitale experiments to efficient production
processes in industrial large scale bioreactords Ihecessary more efforts to improve
bioreactor technologies and performance during aijmrs. Besides, technical costs of
construction and low energy losses should be cersit] even if the product has high-value
aggregated. The establishment of a more sustaifistiole industrial production is the key to
develop new and innovative industrial bioprocesses.

Conclusion

Several operation models of bioreactor permit tdtivaie since vegetable, algae,
microbial and mammalian cells or its culture fotadb interest products. Even fermentation
processes such as submerged and solid state fatroardgre commonly used using microbial
cells (bacteria, yeast and fungi) aim biomolecudegnetabolic for commercial purposes.
Most of them are projected for maximize processwglitions, but each of them presents
limitations, depending to the application and th&ure of the cell culture.
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