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Abstract

Foam formation in bioreactors (fermenters) and other types of reactors is a highly interesting topic that toucheiscipliass.

All of the phenomena involved in foam formation have been the subject of many studies, but their relationships aobgitilaot

to newcomers. This review aimed to give the reader a good background for understanding the various phemiveeria foam
formation, especially in bioreactors. Hopefully, this would give the reader the tools necessary to access any needth informat
about foaming, a task that can be difficult without such basic knowledge.
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Introduction Physics of Foam

Foam formation is observed in many processes associated witDefinition
numerous disciplines. Foam can be observed in mosFoam can beefined as a complex structure composed of gas
fermentation procees, where its presence can greatly reducepockets separated by liquid membrand$3]. Foam is
product yield and overall process performance. Foam hasubjected to strict physics rules and, when observed closely, it
sparked the interest of many researchers, and its formatioreveals a welblefined substructure. Itructure is influenced
implies many phenomena touching a wide array of disciplinesby the liquid fraction, which is the proportion of fluid in the
Since foam formation and its desttioo exploit those  foam. The physics involved in the foam is easier to observe in
phenomena, itds someti mes h arfodm with aslowl ligue frhctiom,nalsm galled drg fbdne ms i n
bioreactors without reading literature from other disciplines. Therefore, the structure of dry foam has beestdied first.
This difficulty is too often reflected in the literature where

Structure of Foam

many emplrlcgl flndlngs on foam_ n blotgchholog)ckag With a low liquid fraction, the foam is wetlefined, and the
physical description of the mechanism behind its formation or

. . . - - i ily visibled] 6]. Iti i fi h
its destruction. The present review aimed at giving thestructure Is easily visiblel] 6]. Itis by observing dry foam that

. . Plateau, in 1873, was able to define its gdtrrecin simple terms
resources needed to understand the principles governing those. . ) i
o ; i 8]. He noticed that the thin membranes and the dense liquid
phenomena and their impact on fermentation processe

S . . . channels form a network of nodes connected in intersections
performed in bioractors. Each section of this review offers an . e I
. . ; . following a specific set of constrairf& 10]. He observed that
accessible explanation for any given basic aspect, supported ba/ . R " o
. S threechannel intersection joins at a specific angleL2®
references of both important publications as well as reports on . S o
veryrecent work and that a fouchannel intersection joins at a specific angle of
y ' 109.4°.he name, fAPl ateau bfoodsber s" i s
The first section offers an introduction to the interesting and channels. The fowwhannel configuration is reminiscent of
physcs of foam. It deals with the structure, the behavior, andthe methane steric configuration (Figure 1). Such a
a few simple concepts that can be helpful to handle the subjectonfiguration is the result of an energetic equilibri@a,[L0].
The second section is focused on foam formation in . .
. . As the bubbles are pushing one against another, the forces at
bioreactors, on the consequences of foaming, on foam), . .
o . the interfaces push the channels to adopt Plateau border strict
mitigation or destructionand, also, on how the foam can be .
. angles §,11]. These shape the bubble edges into polygons. As
used positively. )
naturally forned foam can have a large variety of shapes and
sizes, no specific shape can be found. Nonetheless, the polygon
shape with a small number of corners seems to be unfavorable

in aging foam. With two dimensional foam, bubbles with fewer
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than six edges will slaly collapse, as described by Von t o t he surfaces. A detailed arti.

Neumann in 195212,13]. With three dimensional foam, a ener gy oD mpiun aitd e di fferent foa

simulation seems to fix this number to sixteen ed#jds [ transitioning between dry and we
Drenckhan and HUltzIlArmoirre 2alclcb s f i
introduction to the same subject

2017 . |

Plateau Border Channel

Plateau Border Node

Membrane
(also called Lamella)

Figure 1. Fourchannel Plateau border junction.

Foam exhibits a variety of size distributions. It can have a
broad range of sizes, in which case the foam is defined as
polydispersed, or a narrow range, which is definechaso
dispersed §,7]. Because of various phenomena, which have
been described later, foam is commonly polydispersed. A truly
monacdispersed foam is theoretical, but it may also be
produced on purpose, mainlpecause it offers an easier
structure for investigatiors].

The final | ayout of the foam uing topioc
has beasn udvieé d and i s still

numerous scientistswoB&sed &r

and Fresnel, Lord Kelvin pr e that
minimizes interface areadt.anc border [
Thiisdefadam i-¢di snpeomsed and is f

dodecahedrons.usliatgera daompluac¢
devel oped bl, BWea&kikree [and Ph
another configuration that u
same vol ume. Those shapes a
truncated hexag(ofiadurter a)e.z ol
f
e
f

oam wit h iPthhed aWe aciornef i gur at i ¢
xperimenthp|l yThos@9mdni e @ adna

oams are used to understand foam eneryy warance and to
develop analghi daveerseafbams [dIHaZ (A)Keviesfeay with gagbic dodecahedron ar

(B) Weaire and Phelan foam with the pyritohedron (mager
[ir.

and the hexagonal trapezohedron (gray).
An increase of the liquid- fraction wil!/l relax the strict and
defined angle of the Pl ateau border present in dry foam. The
presence of a |l arger space Jafiming#8ndRhedogynnel s puts | ess strain
tdr surfaces, allowing them tgsinpérandtd knew tise Bthucure offéam to rilérdtandity r at i or
At the extreme | imit, i n wetehdvioraThe phénensetalinyolvedadn its struicture @etetniine n's 0 ¢ |
bet ween the surfaces, and howthee foatntreaots ¢ota fofc& Thadsguttaral €omponknisitad  a

suspension with mnearly un dgideardthande conforMmaiidn erbrezk [ Rdughly, fbamesu i d
fracti on saur fwahciec ho ft hteh e b u b bdeseribdd Sas raoviscodlagtic Oflion eSithce bity structure is

its interactions is d¢abihedi influenced byithe ligidafaction,isdlislits Behakisra c t i on

may be suspected, at this point, there is no more strain app
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With dry foam, the bubbl es tine bow jtisdradmnédnhgw gasrisexclaggadibetveeen bubbles,t h e r .
The channels are thin,-dahfdn@evheh theamemlarane villoyield er s ar e wel |

The interamakegt searff@azmshar r o.def.or since .
9 ﬁe surftace tensiors ione orrnthe most |mpf0rtargt l[|or'e(:es ]gn the

the stiff channels tr aflsmiTthea greaft go.r_lon B or.ce
. o . foam. The surface.tension is create the molecules at the
force transmitted thr dalgdos ttihge . i N ] ]
interface, wi I\?\l have fewel;l mteraFtlons than those in bulk.
omponent of the foam behavi or hen "the or.ce . I S arge

[

c : ’ . .
. . he, energy that would be involved. in those |nteratﬁlons IS,
enougeh,chahnnel s wi l I simply \ . i,z 1 t he
. therefore, fransferred o thestirroundings. s makes the .
net wor k. The force at which 1 |% P ?norpeno arp%eqs
. . molecules at the interface pull stronger on each other. In foam,
called yield strain.

the surface tension manifests itself in the form of capillary

With a wet foam, the bubbl e pressunes Asdtfee liquid gulls onatine sarface, ar differentbe r , a n |
the Pl ateau bor depb]s. |Tohsee cthhagnmeasiiedie desateel. This gradignt pulhe water from the

| arger, and the bubbl es sl i cdhembrare towardithe @latéaybos|[ we | | . Less forc

transmitted by the @ memnmelt E‘(lejrfe‘:ilctsantsrrf!\ro Smtolc:(?efst it ztiffectisarface tension. Since
movement of5thd&hkrulilres [ os I side '

IS
. R they arg mqre stable at tﬁe interfaces, they will preferentiall
clal edv itsheeoaumponent of the foar%. e vl_kljor. y p. y
remain heregﬁl. he surfactant molecules are mobile and can
To obtain a suitable evaluation of those properties, thebe involved in the creation of gradien0]. The Gibbs and
oscillatory shear test has often been used in the literaBie [ the Marangoni effects, which are important for foam formation

It has the advantage of beingrnrdestructive, and it can also and its stabilization, originate from those gradieft&(].
ive information about the thixotropic nature of foam and the . .
9 P The Marangoni effect results from the creation of a surface

ield stress. Oscillatory shear tests can be performed in . . -
y . y P ? nsion gradient at the surface of a liquid. The force, created
parallel plane or in a Couette geometry, where the surfaces are

e
often textured to limit the wall effect by the gradient, can then !ou Loth
soap propelled toypoat are two examples of the Marangoni

The transition between dry and wet foam can be observed bgffect. In the case of foam, the same gradient retains the fluid

the degradation of t he fiel ansideithe dhanrels dgainstigravidiP2]. @ this gtuatiom e cr i t i c 8
fraction is reached, the bubbles do not interact anymoresurfactant creating thimteresting phenomenon comes from

leading to the absence of yielding, at least in theory. In realitythe liquid phase. The surface tension gradient is produced by

the foambecomes unordered, and the yielding phenomenorfluid displacement inside the channels. The Marangoni effect

gradually disappears, as stated in Katgert ebhl. [ is also responsible for a counftow, happening between the

. . . Plateau border and the membrane.
The critical fraction and the surrounding phenomena have been

studied and reported in a large number of articles usingThe Gibbs effect is an important phenomenon while applying
different strategies: geometry, physics simulation, statistics,mechanical stress on a membrane. As the Marangoni effect, it
and so on. Notable publications are from Lui's groLg, [ is also created by a gradient in surface tension. When a film is
which describe and explain the phenomena in general (nostretched, the molecules at the surface are displaced, creating a
focusing solely on foam). Another report, more specific, b gradient.The force of the gradient is opposed to the stretching.
Katgert et al. §], is more concise and focuses on foam The Gibbs elasticityf] is a parameter, which represents the
jamming. force formed in opposition to the stretching of the channels. It
is experimentally determined and formulated by Equation 1,
wh e r e e surfacestensidm, ariis the area of the surface.

qn contrast to the Marangoni effect, there is no exchange of
surfactants between the surface and the liquid phase.

Several articles have reported on the-tlimensional packing

reporting on the change induced itwa-dimensional foam by
variation of the liquid fraction1[9]. The study, using computer
software, focused on the Plateau border geometry and X @

demonstrated how the constraints on the bubble surface arle p he Gibb d M | off q d h
released with a rise in thiguid fraction. n foam, the Gibbs an arangoni effects depend on the

preseice of a surfactant to exist; consequently, pure water

Surface and Drainage alone cannot sustain foan?,23]. Therefore, in foam, the
The forces maintaining foam structures are mostly related thehavior of the surface of the membranes and that of the
their surface. Many phenomena occur at the-ligasd Plateau border is highly linked to the surfactant distribution.

interface, and some are still the subject of intense researclThis is the subject of many studies, the most recent being a
From those phenomena, the surface tenand the Marangoni  computational fluid dynamics (CFD) simulatioroposed by

and the Gibbs effects are of high importance for foamAnazadehsayednd Nasef24] and some models proposed by
formation and stability. They influence how the foam ages withvitasarie et al.21,22].
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As the foam ages, the liquid is drained from the foam toward v — (6)

the bulk liquid. The major driving forces are gravity and, again,

thecapillary pressure existing in the Plateau border, but factorsThe model above is based on a unidimensional analysis. It's a
influencing the gas exchange inside the membrane alssimple model that doesn't include the surface theories, like
influence aging. Gravity pulls the liquid at the surface, while those described previously. It helps a lot to develop an
the capillary pressure pulls it into the Plateau borders. The gasnderstanding of how the licgiiflows in the foam network.

in the lubble is then redistributed against the capillary pressureBetter models have been developed since, but are much more
gradient. This exchange is affected by the surfactant, whichcomplex and are necessitating an adequate introductioseTh
does not only affect the surface tension involved in themodels are described with few others in the review of Wang
capillary pressure but also affect the permeability of theand Narsimhaf30]. Their review also includes foam drainage
membrane. This woujd with membrane thickness and in the presence of solid particles, the kinetics of foam columns,
composition, influence the speed of the gas exchange betweeand few models of growth and collapse.

the bubbles and the conditions for equilibriu2g][ Apparent Viscosity

The draining of the Plateau border forces more water out of thédigh shear conditions break the channels, which makes the
membrane and slowlreduces the distance between the air foam more viscous and less plastic. When this is abstracted to
liguid interfaces composing the membranes. When theapparent global viscosity, it can be said that the foam reacts as
membrane becomes thinner (~100 i), [the forces exerted  sheasthinning fluid. Foam ages and its liquid fraction change

by the membrane towards each other become important. throuch time, and this has the consequence of changing its

heology. This implies that f i idered i i
If they enter in equilibim with the capillary pressure, they rheology. This implies that foam is considered as a thixotropic

will prevent further draining and create a metastable system. IF '

the surfaces come closer, as the liquid is depleted, the pressufegood model for the shedininning viscosity of the foam is
exerted by the interfaces will ultimately join them together. the HerschéBulkley law [31] (Equation7). In this equation,
This will rupture the memtane and cause the coalescence of Uis the shear stressjs the strain, ant) represents the yield
the bubbles and, therefore, coarsening of the foam. The firsstress. The two parameters &yéhe viscosity coefficient, and
chapter of TiesSciane oftDéfmamipiocavirs nis the poweitlaw index.

those phenomena in great detail. zr z Er (7)

A few models have been createdctdculate the draining of Other authors have proposed other laws, often based on this
the foam toward the bulk. One way of doing so has beerequation. In his work on particles stabilized foam, Ozarmut
proposed by Verbist et al2¢]. By using the Plateau border and Steelproposed that the HerschBulkleyi Papanastasiou
geometry, it is possible to model the draining of the foam. Thisequation is better at low shear valu@®][ The Herschel
equation would effdorely work on the dry foam when the Bulkley equation may be extended to a thixotropic equation by
Plateau borders are welefined. With this method, the cress adding a structural decay paramelgr[81].

section f) of an idealized vertical channel is used. Equation 2 zlIr 1z @ 8)

can be used to obtain the velocity) (of the liquid in a channel
of the crosssection Athat varies in function of its heighé)
in a static foam 36,27]. In this equationk: (Equation 3)
regroups gravity\g) and viscosity &), while k2 (Equation 4)
regroups surface tensig¢n) andviscosity.

The yield stressf) is also difficult to determinate. This is not

a problem only fofoam as numerous tests have been created,
and the yield value obtained for each test var&y3f]. A
literature review about the different methods used to evaluate
the yield stress, using ndhixotropic flow, was written by

0 Q0 o 0 @) Coussot 34].
Q (3) The structure of foam does not uniformly wrap around
P surfaces. The term fAwettabilityo
o) (4) contact the surface has with the foam liquid phase. A surface
with a | ow number of contacts, t he

Starting with the equation of continuity for incompressible il s|ip and transfer less energy to the foam. This effect, called
flow and using the Plateau border geometry, it is also possiblgyg|| slip, is to be accounted for a good characterization of foam
to estimate the liquidraction (0 in the foam using  pehavior B5]. Mostofthe studies n f oamés apparent v

Equation 5 28,29]. With this equationg-is a dimensionless have used a serrated or rough surface to avoid this wall effect.
number, which represents the relative position in foam height

®).
— -1 ——

146 |Page Can J Biotech http://www.canadianjbiotech.com November 2019] Volume 03] Issue 02



http://www.canadianjbiotech.com/

Foaming in Bioreactors to minimize the volume of the receiving tarllg]. This type of
fractionation seems to be of high interest in the microalgal

Eonseguencgs i bi ) h field. It was seen as useful for withdrawing contaminad} [
) oam formation in bioreactors |§ a common p e“‘?me”"” an(#or creating a favorable environme9], and for recovering
is very often regarded as a nuisan2@][ Its formation can

) - the microorganism following cultivatiora{)].
causemany problems, some of them serious, while other ones

are often disregarded. The first obvious problem caused by-oaming also influences the growth of microorganisms.
foam generation is its volume, which can occupy a largeMicroorganisms may be trapped around a rising bubble.
fraction of the bioreactor working volume. An example of this Entrapped microorganisms are dragged to the surface of the
is the volume problem dimg beer fermentations, which was fluid, and this phenomenon can be used to isolate them in a
studied by KordialikBorgacka and Ambrozidldg], where the  fractionation. At this point, the bubble can burst or be added to
foam occupied nearly 25% to 33% of the vessel. Foam volumdhe foam structw with the microorganisms attached. A lot of
can be a significant problem, but it would beaitlvised to  strain force is involved in a bursting bubble at a free surface.
consider thiss the sole consequence of foaming. Foaming alsdChisti provided a good depiction of this phenomenon in his
has an impact on the behavior of the bioreactor, and it carieview of animal cell damages in sparged bioreactéi} |
impact not only the broth but also the microorganism involved. While unicellular organisms are usually less affected, this
o . event is destructive for animal cel&l{42]. When the bubble
The presence _Of fo.am can S|gn|f|c§ntly aﬁect.ploreactoris added to the existing foam, there is no immediate damage to
op(.araltlc.Jrlws, leading e!thw a decregse n over.all efficiency pr the microorgaism, but the strain produced by the collapse of
to inhibition of a particular operation. The bioreactor deS|gn,the bubbles and the draining of the lamellae can damage the

choice Pf Fh.e |mp(.ell.er(s), ?d p05|.t|on|ngdof the ,b"’,‘”'?s, all ar:m microorganism 43,44]. Overall, for the cultivation of animal
at maximizing mixing and aeration and at minimizing the cells, the damage caused Miye air/liquid interface can

cr:eatu;‘n O_f dlead Zones. Su?bm's usuall;;lperformed using compromise the fermentation. Often serum and a shear
the physical properties of water, such as viscosity andprotectant, like Pluronic 68, are added to the cellular

rheology. As seen in the previous section, foam behaVes&ﬁuspension to reduce the damages caused by force at the

.dlffsrently fromﬁ\{vgter. This tragsLatels, n thg gnd, :pto agrop air/liquid interface 41]. Theyhinder the attachment of the cell
In bioreactor efficiency caused by lower mixiggality an on the rising bubble and strengthen the cell membrane

higher energy consumptioB][ Foam presence can also hinder [424546]. Interestingly, the hydrophobic nature of shear

the .probes by dist.urbing measurement, leading to falseprotectants may alsoqect the cells by increasing the stability
readings and analysis of the data. If the foam reaches the allt the foam and lowering its drainind4]

filters, serious clogging may occueading to pressure buid

up and contamination of the cultu@.[Also, the presence of Controlling Foam production

foam in a bioreactor creates a barrier to the air in the headspacklany events may occur during any fermentation process, and
while the oxygen present inside the bubbles becomes rapidljoam can be produced via several mechanisms (FRughe
consumed], thus, potentially leading to suboptimal aeration presence of microorganisms itself may contribute to foaming
conditions which, in turn, might affect cellular metabolism but, nevertheless, foaming remains difficult to predict. It was
more or less seriously depending on the microorganism osaid earlier that pure water could not maintain a foam. In any
cellular system being used. fermentation process, the foaming agent(s) may come from the

h | . h " f th I broth [2] and the microorganism. As the energy for foam
Foam has also an impact on the conitis of the culture formation may come from various sources, it is possible to

broth. The amphiphilic mqlecules found n the .n.we(_1|um will control some of those sources to mitigate its production.
have a better chance to find an energetic equilibrium at the

interface between water and a2Q[. By its nature, the foam Presence in the broth or production by the microorganism of
provides a large number aiterfaces, offering a preferential certain types of molecules will raise the foaminess of the
environment for amphiphilic molecules. Key molecules system 86]. Molecules of an amphiphilic or hydrophobic
involved in the desired bioconversion can be trapped into theéhature will tend to be at the interfaces between the liquid and
foam, making it inaccessible to the microorganism or absent irihe gas and, thus, they will stabilize the bebibterfaces. The

the final fraction recovered3f]. This phenomenon may cellular membrane, which is formed of amphiphilic molecules,
deliberately be used to withdraw the target product from theis a source of foaming agents. Hence, the high death rate of the
overall broth 1]. The process, called fractionation, is used in microbial population should naturally promote foam
many fields. This approach may either be used during thdormation. Also, to a lesser extent, the production of pofigne
fermentation or posfermentation 37]. Using the former  molecules, such as proteins, polysaccharides, or fat, can
strategy has the added benefit of withdrawing the foam fromcontribute even further to foam stability.

the bioreactor while possibly enhancing surfactant productionKnOWIedge of the microorganism phenotype can help to

whenever desire3]. The foam may still have to be treated predict its propensity to generate foam. Any microorganism,
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which is known to produce foaming agents, such asenergy to build its structure. Many operations inside the
surfactants, under appropriate conditiois,susceptible to  bioreactor can be a source of energy for foam formation. The
promote foam formation, at least, at some time during theobvious one comes from thexygenation process, where
fermentation process. If the route for the production of thebubbles are sparged inside the liquid phase of the bioreactor.
foaming agent is known, then, finding a way to mitigate its A high gas flow rate combined with a sparger with larger holes
production could help to solve the foaming problem. An will tend to produce even more foar8 41]. As apotential
exanple of this approach was described by Korid@ikgacka  solution, one could think of using an alternative carrier for
and Ambroziak, involving a hydrophobic polypeptide during delivering oxygen. One way for supplying oxygen to the
beer fermentation3f]. They noted that less production of the culture could be, for instance, using a membrane for the
hydrophobic polypeptide, thus less foaming, ocedirwhen oxygen exchange. An even simpler solution could be to use
recycling yeast biomass from a prior fermentation. anaerobic caditions or bubbldess reactors, whenever
possible, for producing the same metabolite of interest.

It is also possible to evaluate the propensity of a broth tOAnother source of energy favoring foam formation is the

produce foam. In 1938, Bikerman proposed a unit called.

. . . . ntensive agitation conditions . often associated ith
Aifoaminesso to ch anad énthisbookz e Ifetrtmqgr?:aﬁon IrB::%spse%j] IAlybioleactor sharesIsimilari\t,vI
he described how to evaluate this propedy].[ Even if the P ' y

. with two chemical reactor models often used: the mixer and
unit does not seem to be commonly used anymore, th

. . ) . $he bubble column. One approach to minimize this problem
techniques proposed by Bikerman are still being cR&49]. ) n. Lne app - o pro
- . . A . _could involve optimization of the mixing conditions, leading
In practice, whenever possible, a simple solution for foaming . . . .
to lower energy input. Finally, highrgperature is known to

mitigation could be to select a culture medium less prone to ) . o
. . o . . reduce foam generation, and this could offer a solution in
foaming. In addition, it is important to keep in mind that

. . several fermentation cases].
foaming agents can be produced at any step of a given =

fermentation process. An example of this could be theFoam fractionation 4], anaerobic fermentation5§], and
sterilization step, during which Maillard reactions occur to bubbleless reawrs [56,57] solutions, to avoid foaming
produce foarenhancing molecule850]. Therefore, a well problems, have been applied to fermentation usagillus
designed sterilization process (for instance, slow subtilis B. subtilisis an organism producing surfactin, a foam
depressurization) can reduce the foaming propensity of thgpromoting agnt. Willenbacher et al. reported a summary of
medium in comparison to other sterilization processes. the results of those trials in his article about the anaerobic

) . fermentation oB. subtilis[55].
With the presence of foaming agents, the foam needs some (59

O Probes

Residuals on probes
A\ Hinder or jam probes

© Aeration / Sparger
4= High flow rate

<= Small bubbles

== Bubble-less aeration
== No aeration

/I Block air input/ouput
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4k Caramelized sugars (Sterilization)
4 Proteins, oil, amphiphilic mol.

O Cooling / Heating 4. Surfactant-producing organism
% Heat effect on — Minimal/simple broth
proteins/organism C— Reduced homogeneity
4k Hot broth /I Draining amphiphilic Mol.
= Cool broth Hostile to organism
O Input 7 A\ Residuals on reactor walls

4 Proteins, oil, amphiphilic mol.

%. pH effect on protein/organism

== Anti-foaming agent

<k Too much anti-foaming agent
Hinder delivery/sampling or
recirculation

O Agitation

4k Strong mixing
High mechanical stress
(stator or design)

== Gentle mixing

= Foam breaker
Foam breaker in contact

- IF\’llr}z.nnoge with broth
itigate /N Increase power input
Conseqguence

Figure 3: Foaming Control / Troubleshooting.
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It is important to keep in mind that foam production is a breaking it. The mechanism by whittte particles act has been
desirable attribute in several fermentationgasses. In those well-studied. Both simulation and visual observations appear
processes, foam can be used to augment the number-of ga® confirm this mechanism.

liquid interfaces, improving the production of microorganisms , . . . .
d P g P 9 A liquid antifoam, usually composed of oil, has many feam

or helping to control the content of the broth. This is . . . .
. . . . breaking modes of action, and these are still the subjects of
particularly useful for the production of autotrophic organisms, . . ) . . .
ntense discussion.f@n, in the literature, they are split into

like algae, which necessitate a large amount of light and CO . .
! gae, whi ! g u 9 wo categories, either as slow/fast3563] or as

[58. In the foambed ph.otoblo.reactor, used for this kind (.)f antifoam/defoamer261]. This observation is lingd to the
fermentation, the foam is continuously regenerated to deliver

fresh CO2 bubbles and avoid thecumulation of O258]. existence of many mechanisms by which dmaming agents

This implies that the older foam has to be broken. It is usuaIIyOperate' One of those_ rr_1echan|s_ms., which §eems brogdly

. . . ~acknowledged, occurs inside the liquid phase in a fully built
done using mechanical foam breakers since the content Irf1oam In such a case, as the oil forms, it disturbs the surface
surfactants is usually high, which is desirable for fdzed : ' ' ’

. . . . stops he flow, and thereby makes the membrane collapse. The
photobioreactorf58]. Numerous studies keep being published P . . y S . p.

. o . . . other potential scenarios, where the oil is interacting with the
on various approaches aiming at increasing the quality of the

foam and the reactor efficiency for this purpose. Amon thesurface, still seem unclear. In one of the scenarios, theorized
y purpose. g . by Denkov BY], the oil would partially ocapy the surface and

various approaches used so far, one may mention the fofjowin . . :
PP ! y o force the dewetting of the membrane by increasing the

ones: the production mechanism, the biosurfactant(s)dis.oinin forces. Both organic or inoraanic comoounds
itself/themselves, bioreactor design, or the producing ) 9 ) 9 9 P

] N . control foaming via the same mechanisms. Many of the
microorganism itself. Several examples of such studies may be

. . ) _._organic compounds used to produce antifoams are alread
found in recent publications by Janoska et al., dealing with g P P y

microalgae productionyvh er e t he aut hors éeStabc!ISeP?d foodowltlvets;Ohovvievr%rbtirwex r\r/u%ht be consumed

a.s
= . b Qhe tar ete}ymicroor anism.
the efficiency of a foarbed photobioreactoBp,58] together y 9 9
with a selection of the best surfactar®i9][ In addition, There are numerous articles and reviews about antifoam
Vasquezt al. evaluated the potential of several different algaeagents. One article from Garre@4] addressed in detail the
[6Q] for growth in such bioreactors. mechanisms presented above. Denkoferefl a review of
methods to characterize antifoam propert&s.[The review
by Junker 2] contained an extensive list of chemical antifoams
Mechanism together with their composition. Finally, the review from
It is not always possible to avoid the formation of foam during Karakashev and Grozdanowef] covered the development of
a fermentation procestmportant or excessive foaming can antifoams and methods to evaluate their efficiency.
arise rapidly, at an iven time during the fermentation, . . .
. PIcly y 9 L g. . Influence of Anti-Foaming Agents on the Fermentation
catching the operator by surprise irrespective of the production . . .
. . ) . Although chemical antifoams usually provide the most
scale. That is why bioreactors are often equipped with one or . . T .
o effective mechanism to control foaming in bioreactors, their
more foam sensors coupled to anfaatin distribution system.

. . . . resence in the broth has consequences. While mechanical
Anti-foaming agents are chemicals that are added, either a8 q

. . h n n itional elemen h roth,
needed or in a more or less planned way, to the broth to |nteracnf::at ods do not add any additional elements to the brot

) . . o chemical antifoams are adjuvants. Consequently, because of
with the foaming agents in the glguid interfaces. Such i - ady d y
: . . L their composition or their gerarnature, they can generate
antifoams are usually organic or inorganitsoparticles, or a . .
. . diverse problems that can be critical for numerous
mixture of both. They can be used to prevent or mitigate

. . . . . fermentation processes.
excessive foam formation during the fermentation or to disturb P

Controls Using Anti-Foaming Agents

or destroy the already formed foaming structuéds [They all Because the composition of antifoams is not always well
have characteristianaking them interact with the géquid known, it is usually wise to perform screening to identify the
interfaces. They show a few modes of action by which they caroptimal antifoam for a particuldermentation. Antifoams can
prevent the formation of foam or provoke its collapse. directly interact with some molecules present in the medium or

. . L with the microorganism itself. Such interactions are usuall
Antifoam particles are known to slip inside the membrane and 9 y

. n ive. Zhan ri hanism where th
to force the two surfaces to fuse.iJldewets the membrane egative ang et adescribed amechanism where the

. . antifoam reduces the resilience of the cells &indts its

and ultimately ruptures it6p]. To successfully bend the ) . ) .
. . . . exchange with the brottb8,66]. Sometimes, the interaction
surfaces, the particles must be hydrophobic. Spherical particles . . "
with the antifoam can be positive, as observed by Routledge et

ith tact I 90° will burst th b . F . .
with & contact angle over Wit burst the membrane OraI. for Pichia pastoris[63]. Teds proposed by DenkoB¥]

other shapes, the ori@tion of the particles will influence their midht be used for investioating a prooer antifoam. like the one
actions. Their surfaces have to be at the right contact angle for g gating a prop '

. erformed by Etoc et al6]] for fermentations usingarrowia
dewetting the membrane. If placed along the surface,p y 67 Y

polyhedral shapes can stabilize the membrane instead Ol{polytlca.
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Even if the antifoams composition is uncertain, most areNonetheless, the foabreaking mechanisms behind those
usually desiged to interact with surfactants. This usually simple devices are surprisingly compléhe shearing force
means that they will, themselves, be composed of surfactante€an come from the direct mechanical input of the foam breaker,
As a consequence, their use should be limited since theithe turbulence in bulk, or from distorting pressure gradients.
optimal efficiency holds only if they are used in the right Ng andGutierrez 1] decomposed the mechanical collapse of
concentration range3/53. A high concentration can even foam into two stepsthe bubble is stretched by pressure
promote foaming, and their presence at theligasd interface gradients and become unstable, then, the blade cuts into the
may lead to numerous consequences. By altering the surfaagisturbed membranes, breaking them. The bubble membrane
tension, antfoaming influences the bubblelistribution, can also collapse during the first step without being cut by the
making the bubble larger2f1,68 while reducing their  blade. Takesono et al7]] stated that the shearing mostly
velocity. Those two phenomena reduce the exchange betweetbpmes from the lowpressure zone in the fluid created by the
the gas and the liquid, lowering the oxygemsfar rate, often  foam breaker movements.

identified askA. In some publications, it was observed that the
addition of antifoam coupled with spargindamage animal
cells [66,69]. The presence of a chemical antifoam at the

Breaking down the bubbles, i.e., creating more, smaller
bubbles, instead of fusing them, i.e., creating less, bugrarg
bubbles, to control foaming is counterintuitive. The foam
?reated by such an approach will, indeed, have a finer structure,
with a smaller bubble diameter, thicker channels, and a lower
gas fraction. In a bioreactor, a denser foam may be
advantageous. nteed, lowering foam volume could be
sufficient to avoid difficulties arising from a small spontaneous
Finally, chemical antifoams will often create difficulties in formation. Also a dense foam, like the one produced by a foam
downstream processing2,J0] or contaminate the final breaker, ages more quickly. Foams with high liquid fractions
product. For example, they calog filtration membranes or at have larger channels and offess resistance against draining.
least reduce their filtration rat&(], or be ceextracted with ~ This makes the surface drain quicker to the bulk downstream
the product of interest. Finally, if the antifoam is used in a[73] and facilitates the delivery of chemidahsed antifoam.
regulated industry, it is important to make sure the chemicalOn the other hand, a thicker foam will be more of a problem
hasbeen approved by a pertinent regulatory body. for sharbased foam breakers. In the literature, a foam that
was treated using a foam breaker is sometimes distinguished
as ifsecondary foamd because

microorganism to the surfacéf], where they can be damaged
by bubble bursting or trapped in the foam. The addition of
shear protectant, like Pluronic@, seemsa mitigate this
mechanism§6].

Foam Control UsingM echanical Means

Foam Breakers behavior. The high [liquid fracti

Foam breakers are devices that use a wide array of physicahakes the membrane more esponsive to yielding since a
means to accelerate the collapse of the foam. Their use doegcondary foam has partially lost its plastic behavior. A good
not add new molecules to the brottgntrary to using a foam breaker design should be able to push out the secondary
chemical antifoam, but they add stress and often requirdoam for better performanc@4]. An alternative could be to
additional power when activated. A large number of operate te foam breaker in a cyclic mode, as proposed by
mechanical foam breakers exist, and new ones are patentédetoshkin [/5,76].

each year. The shape, the composition, and the motio
influence the wa a foam breaker will interact with the foam.
Usually, those characteristics are found by empirical mééns [
with little consideration for the physical phenomena involved.
Foam breakers can be designed to be uséidenin a drin,

or outside of the reactor. Such designs are often seen

rbraining by Centrifugal Force

The major contributor to the natural collapse of foam is
gravity. As mentioned previously, this rée creates a
hydrostatic pressure that pushes the water down in the lamella.
.The centrifugal force can have an equivalent impact on foam.

n . .
. ) . ; . Ithough foam breakers using the centrifugal force are often
processes that exploit fractionation or in febhad bioreactors. 9 g 9

. . et apart from other devices, many rotating devicesatet
The design of a foam breaker may take advantage of dlffereni P . . y g.

- . . ixed on the impeller will produce some centrifugal effect.
physical phenomena. The main ones are the centrifugal force,
sheariy, pressure gradient, and ultrasonic waves. OtherUsing the Plateau border geometry, Equation 9 can be used to
mechanisms are exploited, but examples are scarce, at least determine a critical pressure on which the liquid phase is
biotechnology, to name few: electric field, thermal treatment,drained [,77]. The equation of pressure across a Plateau

and capillary effects. border (Equation 9) can be integrated to give the total pressure

Mechanism of Foam Collapsing by Shearing drop across the network (Equation 10).

The channel inhte foam structures is an obvious target for the — mii ©)
use of physical force. This and the simplicity of the devices 30 mmd Oc 'O (10
make sheabased foam breakers a popular approach.
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At equilibrium, the sum of the pressure exerted in the networkwas observed that pumping flow, which is influenced by the
of the foam, the capillary force, and the atmospheric pressureotation velocity ad size, seemed the most important factor for
will cancel out. Using those equations, Vetoshkin verified foam breaker efficiency8f]. The foam breaker was also tested
whetheror not the pressure in a section of a commercial foamusing aSaccharomyceserevisiadermentation, and the results
breaker vas sufficient to separate the liquid from the @if[ confirmed that the mechanical foam breaker provedrauge

For a large part, foam breakers are rotating devices andt,he chemical antifoam tested in parali]
therefore, will also produce centrifugal force. Even devicesDeshpande and Barigou studied the effect of the paddles
that focus on different means to break foam cotadkle variations B4,86]. The idea behind this was to increase
advantage of this. The centrifugal force can be useful to pusishearing using a narrow passage, sharp corners, and even
out foam with high liquid fractions, which would contribute to needles. They concluded that the geometry proposed (shown
a more efficient desigri7B]. Also, in numerous applications, in Figure 4) needed less velocity and less power to control the
this force is used to drive dm in the geometry. foam than the more widespread disksed foam breakers.
Interestingly, theyalso observed a rise in the performance of

Dralr.ung psmg Vibration . L the foam breaker when the clearance between the liquid
The idea is to use mechanical vibrations or sound to accelerate

. . ) surfaces was large8§)]. It was probably due to the lower
foam drainage and, ultimately, rupture bubbles fift®] [ This o . gesl P y due .
. o . liquid fraction at the top of the foam. Also, it is worth noting
technique has the added advantage of beingrigssive than . . .
. . . e thattheir article also featured a table that contains references
the other mechanical option&d since no additional hardware .
. ) _— - on various foam breakers.
comes in contact with the liquid. Vibration can be generated
using a whistle, a horn, or by making a surface vibrate. The
ions are transported bli¢ gas over the fluid (ultrasounds) or ¥
by the container itself. The material in which the vibrations are 3
transported is important and can influence both the cost and 2
efficiency of the foam breaker. Mechanical vibrations on the i N
surface of the container cée efficient, but the modification R o =
needed can be costly. Using a horn or a whistle is less
expensive, but their influence on foam is limited to a thin layer '
in front of the device. &

Morey et al. 80] concluded that mechanical viltiens were =
ineffective on static foam formed from a Newtonian liquid.
Sadly, the sound wave mechanism for breaking the foam seems
to be subjected to debate. An interpretation for this could be Figure 4: (A) Paddle and @) needle foam breakers fron

that surface waves push the fluid into the film, therefore Deshpande et glg{l,@]. (B) Cone foam breaker from Cooke ¢
accderating foam drainage7p,81]. The acoustic pressure al. [87). (D) A simple bar foam breaker.

deforms the lamella by creating thin and thick zones. Then, the

Gibbs effect pushes the fluid back to the thin section of the

lamella. If theamplitude of the phenomenon is large enough, Inspired by the degasser technologies used in other industries,
the film will break B1]. The effective frequency of a foam Cooke et al. §7] proposed to use an inverted cone to control
breaking horn will vary depending on the foam. The reportedfoaming. This approach was also employed in some older
frequency ranges between 0.02 kHz and 20 Kt98[Li 83]. patents, like the foam breaker describedMgrko in 1985

[88]. As the cone spins, the foam is pumped in and travels in a
gwin layer on the surface. At the top edge of the cone, the foam
gets projected as a film, ligaments, or drops. The cone shape
also induces sufficient centrifugal force on the foam to drain
the water out the channé,87]. The efficiency of a cone foam
breaker in a bioreactor was tested by Stocks et al. to control
foaming in aBacillusfermentation 89].

Rotating Devices

Rotating devices are widespread, and they can be directly fixe
to the shaft in a bioreactoB4], making theirimplementation
easy. In their articles, Takesono et @R][compared different
kinds of mechanical foam breakers together: abtixe
turbine, a sixvlade vaned disk, a twlolade paddle, a conical
rotor, a device called fldiimpact dispersion apparatus, and a
rotating disk foam breaker. The authors concluded that theThe perforated disk design is another interesting approach
fluid-impact dispersion apparatus and the conical rotor quickly[90,91]. Liu et al. 1] compared the efficiency of unperforated
failed to control foaming at a low foaming sei. The six disks and perforated disks in a fractionation fermentation.
blade turbine and the rotating dislerformed better and They proposed that perforations could create a pressure
successfully controlled foaming in all of the scenarios testedgradient that would sttch the bubbles beyond the Gibbs

A follow-up article B5] focused on the blade turbine, where it
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elasticity capacity, making the bubble collapse. This claimthe petroleum industry9B 94]. Wanget al. P4] proposed a
seems backed by their experimental results. two-stage version of the original concept.

Adding a stator to a rotary foam breaker can improve theMore approaches exist, but they are only documented in a few
efficiency of the foam breaker, while moderately increasing patents and some sporadic references in the literature (Table
implementation difficulties. Gutwald and Mersmanmg][ 1). Some of them proposed wirectly drain the lamella
presented two foam breakers using both a rotor and a statoemploying various mechanisms. A remarkable one is the use
Using the flow created with the rotor, the bubbles are forcedof the capillary effect in a foam breaking tower. Katgl.in

on a perforated plate. Then, they enter irepasated section 2016 [95] reported on using a sponge wall to exploit this effect
where the rotor, either a sblade foam breaker or a radial with sucess. JunkerZ] andWanget al. 4] reported on the
accelerator, is in operation. The foam is ultimately projectedpotential of thermal treatment for the control of foaming. An
on the side of the setup, where a drain is platkd.impeller electric field may also be used to break the foam. Pinkel, in
velocity is important, but it was also observed tiath the size 1944, patented high-voltage foam breaker, which used a
and the angle of the plate hold the plate togethign the brush discharge to break the foam bubbles. Many of the
distance between the impeller and the wall as important factorapproaches consume a lot of energy and look rather harsh to
to obtain a dense secondary foam. This suggests that thmicroorganisms. This might explain why biotechnology has
addition of a stator can have a high impact on the effigief not shown interest in them. In addition, theeme approaches

the foam breakers. do not seem to have attracted significant interest elsewhere too.

Even if the majority of mechanical foam breakers used in . .

bioreactors are rotating devices, other designs can also be us@&dvances in ComputerAssisted Research

with success. Good examples would be devices usingProblems involving foaming have been tackled since the 19th
vibrations, airstream, pulverization, or the Coanda effect. Thecentury, and most of the underlying mechanisms have been
use of vibrations in the form of ultrasounds or mechanical onesinderstood onlyacently. The development of better imaging
has been addressed in the previous section. Airstreams mayols and the use of compu@ssisted research are two
also be used to control foam formation. Vetoshkin studied thecontributing factors to this evolution. They are essential to our
mechansm of foam breakers using airstreaid,p2]. These  understanding of foam structure and of various mechanisms,
authors observed that foam breaker capacity was hindered bytich as draining, the displacemef surfactant, and foam
the accumulation of secondary foam. To maximize the foamcoarsening. The use of computer software to compute forces
breaker efficacy, they proped to optimize the location of the and predict foam structure in the dry foam is one example of
probe that operates the air stream and the time the stream is @@mputerassisted research contributions to the fidlf].[By

after foam has been detected. Foam breakers using the Coandging the Brakke's Bface Evolver software, Weaire and
effect push the foam through a higelocity nozzle. The  Phelan were able to compute an idealized rdisperse foam
Coanda effect creates a depressurizede, and the foam is  configuration p]. Surface Evolver computes the surface,
broken by the higtpressure gradient. Although less commonly offering minimal energy using the gradient descent method. In
seen in the biotech world, those apparatuses seem to be useddore recent pilication, Surface Evolver was used to observe

Table 1: Relevant literature on foam control.

Solution References
Rotary device [78.86.87.89.91]
Sonication/Vibrations [79.80.82.83]
Other mechanical approaches/device [72.93-95]
Chemical antifoams and defoamers [2.7.61,62.70]
“Foaminess™ of the broth [2.9.49]
Control of aeration parameters [52]
Surfactant production [36]
Foam collection and fractionation [40]
Advantageous uses of foam [58.59]
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the evolution of the channel network when the foam wasto be quite limited from the physical/mechanical side, and
pushed against a circular structugé][ The PLAT software,  future research will probably fill the gaps using CFD. Such
developed by Bolton, is another software that was developednvestigations should yield an improved understanding of the
to model foam behavior. PLATE designed to model wetter foaming phenomenonnd new approaches for mitigating
foams and focuses on the Plateau border. It was used by Dunrieaming when seen as undesirable.

et al. to evaluate changes in a tdimensional foam from low

to high liquid fraction 19]. Acknowledgments
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to understand foam behavior. The use of statistics can simplify

many aspects of foaming; an example of this is the modelingThe authors declare that they have no conflict of interest.

of the expansion of polyurethane foam. Such a model was

proposed by Krimi et al. to predict the development of List of Symbols

polyurethane foam injection9§], including modeling of
polymerization 99). Using their model, the authors have

solved a population balance equatiofirid the distribution of Symbol Meaning
bubble sizes, the density, and the apparent viscosity of the A Area (m2)

foam under study. By omitting certain characteristics of foam, - -

a CFD software was also used to help in the design of some P Density (kg/m’)
foam breakers and to understand their mechanisihaction P Pressure (Pa)

[94,100. An interesting method, which has not been integrated
yet in conventional numerical methods, is the Lattice
Boltzmann Method (LBM), which gives a good representation R Radius Constant (m)
of the inteactions between the surfaces of the bubbles

r Radius Variable (m)

] i - € Gibbs Elasticity (N/m?)
[101,102. The LBM targets the microscopic and mesoscopic
phenomena by using a simplified kinetic equation derived from Y Surface Tension (N/m)
the Boltzmann equation. This féifs from the commonly used v Velocity (m/s)
approach involving the NavieBtoke equation. An example of - -
an application of the LBM could be its application on the g Gravity Constant (m®/s)
model ing of bubbl esdél0Rehavio i Npmet 3 byhnainie Videdit§ Pa*s)
. Liquid Fraction (v/v %
Conclusion biig d (v %)
o ) . 3 Relative Height (%)
Foaming is a very interesting phenomenon and has been the
subject of research for more than two centuries. Even if the k Viscosity Coefficient
phenomenon still holds some little mystery, foaming is, now, n Power Law Index
slowly yielding its secrets. This review covered only a small
A Structural Decay

fraction of the large documentation about the physics, the
chemistry, and even the mathematics of the foaming T Shear Stress (N/m?)
phenomenon. The goal of this review was to create a bridge
between the various bodies of information available regarding
foaming and the newcomer. Hopefullyetteview would raise Y Strain
awareness, particularly in the biotechnical community, of the
advances made over the years on the foaming phenomenon. As
indicated previously, foaming is common in the fermentation
world and brings lots of serious problems. Variousapphes
and methods to mitigate foaming and even take advantage
foam have been described in the second half of the review. Our .
v aescribed I I es ) T Y ttps://doi . -®9H4NDINOBBROD 53
new understanding of the chemical interactions taking place i .
. . r[2]Junker, B. (2007) Foam and its
foam helps to understand how chemical antifoams perform. . .
. . systRinst.ec h2d: 178840 g
Presetly, the literature on mechanical foam breakers appears

T Yield Stress (N/m?)
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