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Abstract

Gas, which is trapped in either solid or liquid pockets, results in foam formation. Foam formation is common in many
industries, i.e., in detergents, food and beverage, cosmetics, and fire-fighting. Foam formation in excess causes biotech-
nology fermentation instabilities, including material loss and the danger of contaminating the fermentation and the envi-
ronment. Many foam-controlling measures have been reported, including thermal, enzymatic, mechanical, ultrasound
pretreatments, steam explosion, reducing digester mixing, and surface sludge spray. Using antifoaming agents for foam
control in fermentation is the most common method, sometimes supported by mechanical foam breakers. However,
antifoam can be costly and can complicate product purification. Indeed, effective foam control can significantly impact
the economics of the whole process. This mini-review summarizes some unconventional foam destruction techniques,
including their various challenges.
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1 Introduction

Foam formation is a very interesting phenomenon and has been the subject of research for more than two centuries. In
most fermentation processes in which foaming is observed, the product yield and overall performance are significantly
reduced. Simply, foam is a complex structure composed of gas bubbles separated by liquid membranes [1-4]. Living
cells could be adversely affected by physical methods of foam destruction, such as thermal, electrical, and ultrasound [5].
In fermentations, product formation and cell growth could be inhibited due to severe foam formation by reducing the
bioavailability of the substrates, working volume, oxygen transfer rate, and many other biological and physical adverse
effects [6]. Furthermore, excessive overflowing of the foam through gas outlets of the bioreactor would have many
harmful impacts on the fermentation process, including culture medium loss, loss of cells and product, and a higher risk
of contamination [7].

To overcome foaming, chemical and physical foam destruction methods are commonly used. Chemical methods
include antifoaming agents, which can act as cell inhibitors, depending on the process stage [8, 9]. Physical methods
used for foam destruction include the mechanical transmission of shear stress through contact with a blade of the
destruction element [8, 9]. Ultrasound is another physical method of foam destruction, which has been discussed in
detail [10-13]. Antifoaming agents, otherwise known as defoamers, have been widely used in biotechnology, including
the improvement of cell cultures and fermentations. Additionally, research findings claim that antifoaming agents have
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many advantages, such as preventing foam formation or increasing the rate of foam decay. The antifoam agent’s function
is to weaken the foam’s liquid film stability. Furthermore, it can boost the liquid discharge rate, thereby increasing the
decay rate of the foam [4, 14]. Although manufacturers claim that antifoaming agents pose no risk to health and preserve
the nutritional value of the food, there is an increasing preference for physical methods of foam destruction, especially
in the food industry. Specifically, this is true among small food manufacturers, who can then present their products as
natural and healthy. However, there are several drawbacks to using physical methods. For instance, the performance of
upscaled devices decreases while energy consumption increases. Furthermore, while the produced foam is removed
during the production process, the tendency of the liquid to foam formation is not eliminated [15].

This review highlights recent advances in thermal methods and ultrasound foam destruction that might be applicable
in the industry.

2 Foam destruction

Defoamers or antifoaming agents are chemical preservatives that reduce foam production and destroy formed foam in
industrial process liquids. There are two methods of using chemical agents for foam control: 1) They are applied before
foam production to control foaming (antifoaming agents), or they are applied to the solution after the production of
foam in order to control foaming (defoamers) [4, 16]. They are also used extensively in biotechnology, such as cell cultur-
ing and microbial fermentation [17, 18], bioprocess industries [19], biogas production [20], and anaerobic digesters [21].
However, the antifoam agents’ biological effects are poorly understood because of a wide range of molecular structures
and insufficient data about their composition [22]. Antifoaming agents are often added to the fermentation process
despite having little knowledge about their impact on cell viability and productivity. However, antifoaming agents can
affect the growth of both eukaryotic and prokaryotic organisms, changing surface properties, i.e., lipid contents, which
results in permeability changes. These results emphasize the importance of understanding and optimizing the addition
of an antifoam to the bioprocess [19]. Furthermore, the negative and positive effects of the antifoaming agents on the
oxygen transfer in bioprocesses have been observed, for instance, silicone-based antifoaming agents were shown to have
an adverse impact on mass transfer co-efficient, velocity, and hold up of gas inside the medium [23]. Koch et al. found that
antifoaming agents without silicone oil did not significantly affect the oxygen transfer rate, while silicone oil significantly
affected the process at the beginning, which gradually decreased with time [18]. In addition, some of the defoamers
used in fermentations can significantly affect the membranes in downstream processing, i.e., reduction of the flux [17].

In order to limit the adverse effects of foams, a range of foam control technologies are discussed or are already in
industrial fermentation. For example, adjusting media components and culture conditions can facilitate control of the
foam formation [3, 24]. Using defoaming agents or mechanical equipment is the most common strategy to destroy
pre-existing foams, thereby effectively avoiding foam accumulation [25, 26]. Additionally, it has been reported by Zaky
et al. that in biofuel production, foam formation can be controlled using seawater [27, 28]. Although these methods of
preventing foam have achieved positive results, there is still a need to optimize resource use (e.g., energy, chemicals)
without compromising on foam control in industrial fermentation processes resulting in, i.e, final titer, high carbon yield,
and productivity [29]. Here, thermal methods and ultrasound foam destruction, two unconventional physical defoaming
procedures, are reviewed.

2.1 Thermal methods

Thermal defoaming, by increasing or lowering the temperature, may collapse foam. The foam will collapse at high
temperatures as surface viscosity decreases and the solvent evaporates or because of chemical degradation of the
foam-producing materials. Foam instability occurs by lowering the temperature due to a reduction in surface elasticity
or freezing. Methods for foam destruction by temperature changes that have been used include the following: The
foam has been collapsed through a hot wire placed in the foam or a heating tape wrapped around a glass column
filled with foam [30], by passing steam or hot water through a condenser attached to the top of a foam column, and
by reducing the temperature [30]. Thermal methods often function by using thermal stress to destroy the bubbles.
The bubbles are compressed and expended by cooling and heating the foam, which eventually destroying them [31].
The disappearance of yield stress at high temperatures could be attributed to the liquid phase’s thermal thinning,
which weakens the bubble structure’s strength [32]. The increase in temperatures reduced the consistency index of
foam more than that of the base fluid. Consequently, the normalized consistency index of foam mainly decreased
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with the temperature [32]. Thermal methods have minimal applications in fermentations and may have drawbacks.
For instance, the product cost increases due to high energy consumption, and the viscosity is decreased, affecting
the texture and product [33-36]. Furthermore, the proper mechanism of action is not well known. For example,
the potential of thermal foam control is reported by Wang et al. [37] and Junker et al. [2]. Table 1 lists some thermal
methods used for foam destruction at various temperatures.

2.2 Ultrasonic defoaming

Ultrasonic methods of foam control were reported. Using a powerful ultrasonic transducer directly in the head-
space of a foaming solution generates a shearing force on the surface of a bubble, which is produced due to the
high acoustic pressure [43]. Airborne ultrasonic plate transducers have been used for defoaming by Rodriguez et al.
[13]. Defoaming efficiency positively correlates with increasing ultrasonic intensity (at 10W/cm? to 5cm?) and the
treatment time. Ultrasonic treatment of two different types of foam was reported: a light and dry foam containing
0.71 g/L of surfactants and bubble sizes ranging from 0.2 to 10 mm, and a stable foam having 2.85 g/L of surfactants
and bubble sizes ranging from 0.2 to 2 mm. The volume ratios were 0.02 and 0.005 liquid to foam, respectively. After
the ultrasonic treatment with the applied intensity of 10W/cm? for 98 milliseconds, the heavier foam (2.85g/l) had a
defoaming volume of 5cm?, compared to 13 cm? for the lighter foam (0.71 g/1). The main benefit of airborne ultrasonic
defoaming is that the device has no contact with the foam, thus keeping the product sterile and ensuring that the
foam is clear of adjunct materials such as flammable liquids [43].

Furthermore, it is already well known that ultrasound treatment changes the foam’s properties by adjusting the
molecular forces among EWP (Egg white protein) to form clusters because of protein aggregates jamming in the
fluid interstices between bubbles and/or to the higher viscosity of the aqueous phase [44]. The static foam structure
was destabilized using a higher intensity of ultrasound vibrations. The supply of ultrasound vibrations periodically
was found to be more efficient than supplying continuously in terms of energy costs [45]. Up to now, several stud-
ies have been conducted to study the ultrasound effect on foaming during fermentation processes. Due to lacking
quantitative data, the commercial use of ultrasound as a defoaming method has previously been limited, although it
is an elegant alternative to mechanical and chemical foam breaking (e.g., for sterility reasons). Ultrasound has been
used during fermentation for controlling foam, degassing, and jet fuel oil pumping [46].

As the source of ultrasound vibrations, an ultrasonic horn was also used for foam destruction. The ultrasonic horn
generates ultrasonic vibrations that produce surface waves leading to high rates of local drainage at the foam surface,
causing bubble collapse and foam destruction [45]. For the destruction of higher volumes of foam, the ultrasonic horn
is very efficient, but the tip position of the horn plays a vital role. Periodic pulses of ultrasound vibrations would be
a good step in the right direction in achieving significant savings in the operation cost and energy for the destruc-
tion of foam [45]. For nearly 70 years, ultrasound has been used as a method for defoaming (destruction of existing
foam) and antifoaming (foam prevention). An ultrasonic vibration generator, most often piezoelectric, is used in
this method which is placed in the air above the foam. The generated waves destroy the existing foams or work as
an antifoam, which helps prevent foam formation. Foams constituted by large bubbles easily and quickly collapse
at low-power ultrasound, whereas fine bubbles need a much higher intensity [47]. If the ultrasonic vibration source
is placed inside the liquid, there will be only a little ultrasonic energy transfer to the foam. Therefore, this method is
ineffective for foam destruction [47].

The ultrasound-based mechanisms for foam destruction still need to be better understood and studied, especially
in non-aqueous foam [12]. The destruction of foam using ultrasound is attributed to the pressure of sound vibrations,
the vibration resonance in bubbles, the turbulence produced by the sound vibrations, and the efficient drainage from
capillary waves [36, 48]. By adjusting the power and acoustic intensity, the efficacy of ultrasound defoaming/antifoam-
ing can be optimized [10]. Additionally, the variable frequency can be optimized, as bubbles resonance vibration could
help in defoaming [10, 12]. In some cases, such as old foam, there is a foam boosting and stabilizing effect by the ultra-
sound vibrations, but it is still being determined when destabilizing and stabilizing occurs [31]. These unknown effects,
combined with a general need for understanding ultrasound’s first principles on non-aqueous foam, make optimization
difficult. As foam destabilization based on ultrasound is non-contaminating and non-invasive, this method is commonly
used in food processing to prevent non-aqueous and aqueous foams [31]. See Table 2 for more details.
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Whether used alone or in combination with other procedures, ultrasound processing can significantly improve food qual-
ity, e.g., to improve microbial inactivation in liquid foods, ultrasound is combined with other treatments such as pressure
(manosonic), heat (thermosonic) or both [49-51].

The main applications of ultrasonic pretreatments in the food industry are freezing, cutting, homogenization, drying,
defoaming and foaming, emulsification, filtration, and extraction. Ultrasonic defoaming methods are powerful because
they do not interfere with production procedures and can easily be sterilized and cleaned, thus fulfilling industry food safety
requirements [51]. However, ultrasonic defoaming systems have significant drawbacks related to noise (usually operating at a
frequency in the hearing range), higher air generation capacity, controlled airflow, contamination, and energy consumption.
Furthermore, ultrasound that uses high intensity and high power uses an intensity higher than 1W/cm? at a frequency range
between 20 and 500kHz, which is very disruptive and affects the chemical, mechanical, physical, and biochemical properties
of the food fermentation process. For these reasons, physical foam breakers are preferred over chemical antifoaming agents to
overcome the drawbacks (i.e., reaction inhibition, mass transfer rate reduction, toxicity, and effects on downstream process-
ing). In stirred tank reactors, mechanical foam control significantly reduces the need for agitation power by the increase in
the gas hold-up. Additionally, the ultrasonic method helps in the enzymatic hydrolysis reaction due to having the advantage
of being a short-term measure, easy to use, and effectuating lower temperature changes [52-54].

3 Outlook and future perspectives

The increase in temperature shows a decrease in fluid viscosity, which affects the foam solution’s stability, and foamability.
The viscosity reduction due to the thermal thinning of the liquid phase aggravates the drainage in the plateau borders and
hence reduces the foaming. However, industrial application of thermal defoaming is limited due to high energy consumption
and its effect on product yield. Antifoaming agents can also be added to the aqueous phase before the production process.
However, this may also affect the product yield by reacting with the product. Furthermore, Progress in mechanical defoam-
ing is mainly confined to new insights concerning the use of ultrasound. We here argue that defoaming using an ultrasonic
technique can efficiently overcome challenges caused by excess foam formation in industry. The advantages of sonication
are the ease of tool cleaning and effective non-contact operation. However, this technology needs further industrial trials
to adapt to a broader range of applications. In addition, for further optimization, it is a prerequisite to deepen the basic
knowledge about defoaming mechanisms and to quantify their influence on the overall process. Ultrasonic parameters used
in defoaming should be adjusted to specific requirements. For instance, a comprehensive range of operating frequencies
and energy inputs for current ultrasonic defoaming technology should be available to provide a more versatile solution to
industrial problems. Future developments of this technology will depend on pursuing basic and applied research studies
of the mechanisms of ultrasonic defoaming, and, as a result of these advancements, optimized ultrasonic systems may be
developed catering to specific requirements. The future of ultrasonic defoaming relies on fundamental research on the
triggering parameters of foam collapse. In addition, close collaboration between industrial end users and manufacturers of
ultrasonic technology will be much welcome.
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