Thermodynamic View of Primary Gushing
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ABSTRACT
J. Am. Soc. Brew. Chem. 71(3):149-152, 2013

A spontaneous, wild, and uncontrolled liquid expulsion immediately
upon opening non-shaken bottles of carbonated beverages defines pri-
mary gushing. The liquid volume resulting from primary gushing differs
greatly even in the same laboratory. A thermodynamic investigation of the
process can determine parameters responsible for this phenomenon. Alt-
hough the required energy to provoke gushing is believed to be obtained
mostly by the expansion of the nanobubbles, there are many other sources
that might be significantly involved in this case. Providing the required
energy via the explosion of the nanobombs breaks the weak hydrogen
bond between CO, and water molecules and results in the release of the
CO,. In this study, the authors claim that primary gushing is mainly
linked to the CO, properties and consequently related to the liquid tem-
perature at bottle opening (K), the pressure (bar), the CO, concentration
(g/L), and the energy (N.m).
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RESUMEN

A la expulsién de liquido espontdnea, salvaje y descontrolada inmedia-
tamente después de la apertura de botellas de bebidas carbonatadas sin
agitacion define el gushing principal. El volumen de liquido que resulta
de gushing principal es muy diferente, incluso en el mismo laboratorio.
Una investigacion termodinamica del proceso puede determinar los para-
metros responsables de este fenémeno. Aunque se cree que la energia
requerida para provocar gushing a ser obtenido principalmente por la
expansion de los nanoburbujas, hay muchas otras fuentes que pudieran
estar implicados significativamente en este caso. Proporcionar la energia
necesaria a través de la explosién de la nanobombs rompe el enlace de
hidrégeno débiles entre las moléculas de CO, y agua y resulta en la libe-
racién del CO,. En este estudio, los autores afirman que gushing principal
estd vinculada principalmente a las propiedades de CO, y, por consi-
guiente relacionada con la temperatura del liquido en la abertura de la
botella (K), la presion (bar), la concentracién de CO, (g/L), y la energia
(nm).

Palabras claves: Diéxido de carbono, Enlace de hidrégeno, Gushing
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INTRODUCTION

In order to obtain the gushing potential of malt or beer wort, a
reasonable amount of malt extract or wort sample is usually sup-
plemented to a carbonated beverage such as sparkling water or
non-gushing beer (7,15). However, the problem with this common
method is that the volume of the liquid expelled from a test bottle
is greatly dependent on the internal and external variations (13).
The structure of hydrophobin present in the bottle (14), the CO,
concentration, and the type of beverage test (13,15), as well as the
extract preparation method (4) influence the gushing volume.
Beside the Class II hydrophobins, it is hypothesized that gushing
occurs when the barley grain ns-LTP1 level exceeds a threshold
value (9). However, Hippeli and Hecht (11) detected lower
amount of ns-LTP1 in bottles of gushing beer than in non-gushing
beer of the same brand (11,12). Also, it was shown that ns-LTPs
were not gushing inducers (12,16), but in contrast, were able to
reduce the gushing volume induced by Class II hydrophobins
(12). Based on the well described mechanism (6), primary gush-
ing is therefore induced by CO, bubbles stabilized at a critical
diameter (depending on the pressure inside the closed bottle) as a
consequence of the self-assembly of class II hydrophobin.

Sarlin et al (14) reported that only 3 pg/L of class II hydro-
phobin produced by Trichoderma reesei is sufficient to induce
primary gushing and therefore, the quantity of nanobubbles is
limited by the class II hydrophobin concentration. Later, Christian
et al (3) found a relation between the overfoaming volume and the
shaking duration of the bottles. The agitation (i.e., supplemented
energy) was therefore considered as a significant parameter re-
sponsible for the nanobubble quantity. Also it is observed that the
gushing volume is greatly affected by the temperature of the bev-
erage at bottle opening (Fig. 1). The level of carbonation is an-
other issue for the gushing volume.

Although the most effective factors for gushing amount have
been discussed in previous studies (8,13), the thermodynamic
properties of those parameters are still a missing part of this phe-
nomenon. Hence, in this study, the authors attempt to make the
principle of gushing more clear in the view of thermodynamics.

THEORETICAL CALCULATION

Number of CO, Molecules in a Stabilized Nanobubble

To determine the critical diameter of the CO, bubbles at 4 bar
pressure, equation 1 (Boyle Mariotte’s law) for the ideal gas law
is used.

P1par X Vipar = constant
Pivar X Vivar = Papar X Vipar

ey
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Fig. 1. The visual effect of beverage temperature on the gushing volume.
Left, at 2°C only 10 g are expelled from a 330 mL bottle and right, at
25°C, 132 g are expelled from a 330 mL bottle of the same brand.

where Py, and Py, represent the pressure at 1 and 4 bar, respec-
tively, and Vi, and Vi, indicate the volume of CO, bubbles at 1
and 4 bar, respectively. The critical diameter of the CO, bubbles
at atmospheric pressure was reported to be 100 nm (5,6). The
calculated volume of the nanobubble (V = 4nr’/3) at 1 bar is
therefore 5.24 x 10> nm®. It is then possible to determine its criti-
cal diameter at 4 bar by Boyle Mariotte’s law. Considering equa-
tion 1, the volume of the CO, bubble at 4 bar pressure is calcu-
lated as below:

P XVipw  1barx5.24x10° nm’
V4bar = =

=1.31 x 10° nm*(2)
P,. 4 bar

and therefore, the critical diameter (dg,) of the CO, nanobubble
at 4 bar is obtained as below:

5 3
—_— 3/3V4bar _s 3x1.31x10°nm —315nm
4r 4r

d4bar = 63 nm (3)

The volume of one CO, molecule (Vo) was estimated to be
0.033 nm?® using the van der Waals volume. We assume that the
CO, bubble at 4 bar is totally occupied by the molecule of CO,
without any free space or any overlapping between molecules.
The number of CO, molecules in one bubble is therefore esti-
mated to be as the following:

V . 5 3
s _ 1.31X1070m° _ 5 06 olecules ()

Veoa 0.033 nm’*

Thermodynamic Properties of Gushing

The gushing phenomenon follows the first law of thermody-
namics since there is not any thermal transfer. Hence, it takes
place at adiabatic conditions. Furthermore, the system is consid-
ered as the atmospheric environment, because first of all, this is a
closed system where the changes are negligible and secondly, this
system occurs at low pressure (4 bar). Thus, the equation of Avo-
gadro (equation 5), which is applicable only for ideal gases, can
be used:

PV =nRT 5)

where P is the pressure (Pa or N/m?), V is the volume occupied by
the gas (m?), n is the quantity of matter (mol), R is the universal
constant of ideal gas (8.31 J/Kmol), and T is the temperature (K).

Because 1 mole of CO, contains 6.022 x 10 molecules (Avo-
gadro’s number), the quantity of matter present in one bubble is
therefore determined:

6
= 3.9x10° molecules —664%10%mol  (6)

6.022x10* molecules per mol

The energy (E) content in a bubble with a diameter of 63 nm at
25°C (i.e., 298 K) is determined by the equation of Avogadro:

PV =nRT = 6.64 x 10"® mol x 8.31 J/Kmol x 298 K
=1.63 x 107'* J/bubble @)

In order to expel 200 mL (~200 g) of the liquid up to 15 cm
height at 25°C, the nanobubbles deliver the required energy for
expulsion by relaxation during depressurization (Equation 8).

kg kgxm?
2)><m3= =]

Work = energy x pressure = ( 3

ms s
Work needed to expel 200 mL (0.2 kg) up to 15 cm (0.15 m)
L2 )
height in 1 second = 0.2 kg x(lellz#zm) =45x103] (8)

Combining the equations 7 and 8, the number of nanobubbles is
determined as follows:

Number of bubbles =
Work needed to expel 200 mL up to 15 cm heightin1second

Energy in one bubble

45%107%)
1.63x107* J/bubble

The surface of one nanobubble (4nr?) is 1.2469 x 10* nm? In
addition, the solvent accessible area of the hydrophobic patch of
hydrophobin HFBII was reported to be 7.4 nm? (10). Besides, it
should be noted that only 2/3 of the bubble surface is considered
to be covered by hydrophobin due to overlapping of molecules.
Considering the latter, the amount of hydrophobin monomers and
the mass of hydrophobin that totally covers the surface of one
bubble is calculated as below:

=2.76 x 10! bubbles 9

Amount of monomer of HFBII covering one bubble =

2 S 2 124 2
Do dbar _ 2 T2 69nr2n =1,123 monomers  (10)
3 Spen 3 74nm
Mass of 0B _ 75 % 10° Da x 1.66 x 1015 1&
bubble Da
x 1,123 monomers = 1.34 x 10-1 —H&__ (11)

bubble

Consequently, the amount of hydrophobin needed to expel 200
mL up to 15 cm height is determined as follows and corresponds
to 4 pg:

Amount of hydrophobin needed to expel 200 mL =

2.76 x 10" bubbles x 1.34 x 101 —H& 37,6 (12
bubble

Interestingly, after some experiments in 2005, Sarlin et al (14)
reported that only 10 pg/330 mL of T. reesei HFBII is sufficient to
induce an overfoaming of 200 mL. However, our calculation indi-
cate that only 3.7 ug would be enough to expel 200 mL. But we
did not take into account that the height to expel the liquid varies
during the overfoaming. The more the bottle is filled out, the
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Fig. 2. Hydrogen bonds (grey bar) formed between different water mole-
cules (1).

more the height to expel the liquid increases, resulting in a higher
energy requiring more nanobubbles and hydrophobins. The
amount of hydrophobins obtained is then underestimated. If we
take into account the variation in the height, the amount of needed
hydrophobins would be higher than 10 pug observed in practice.
Moreover, our calculations are valid only if all the energy comes
from nanobubbles and if the 200 mL are expelled at 15 cm height.
In practice, the height is much higher than 15 cm, which means
that extra energy needs to be liberated.

The Effect of Bottle Opening Temperature
on the Thermodynamic Properties

If the same bottle, as mentioned above, is opened at 2°C (275
K), the same amount of energy may expel 187 mL of the liquid
instead of 200 mL at 25°C:

Energy liberated by 2.76 x 10'! bubbles if the bottle
is opened at 2°C = 6.64 x 1078 mol x 8.31 J/Kmol x
275 K x 2.76 x 10!! bubbles = 4.2 x 103 J (13)

Practically, a much higher volume is expelled at 25°C (132 g)
in comparison with 2°C (10 g). This difference is explained by the
binding and the solubility of the gas, which depends importantly
on the temperature and also by the nanobomb effect. The binding
and the solubility is higher at chilling temperature (2°C) than at
room temperature (25°C). Considering the nanobomb theory re-
ported by Deckers et al (5,6), it is assumed that at the bottle open-
ing, the depressurization results in explosion of the nanobubbles
stabilized by hydrophobins. This explosion releases an initial
amount of mechanical energy, under the form of vibrations or
shaking energy in the liquid, which is responsible for breaking of
the weak bond (i.e., hydrogen bond [Fig. 2] [1]) between CO, and
liquid. As explained in our previous study (6), CO, in carbonated
beverages is present in the dissolved form (CO,q) and not in the
carbonic acid form (H,CO3). In fact, the oxygen atoms in CO, can
make specific hydrogen bonding with water molecules (2). The
CO, may form a hydration shell from a symmetrical dodecahedral
arrangement of 18 water molecules where each CO, oxygen atom
is bonded to three water molecules (Fig. 3) (2).

By these considerations, it can be proposed that at the bottle
opening (i.e., depressurization), the nanobubbles stabilized by
class II hydrophobin will explode, resulting in the release of vi-
bration energy (nanobomb effect). The latter is sufficient to break
the hydrogen bonds between CO, and water. This results in the
liberation of CO, and gushing by CO, diffusion in the nucleation
sites formed. The higher the CO, concentration is, the greater the
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Fig. 3. The CO,-water cluster. The oxygen atoms are shown in black, the
hydrogen atoms are shown in light gray, and the carbon atom is shown in
dark gray with white dots (2).

gushed liquid is due to the higher pressure (i.e., nanobomb effect).
Consequently, the amount of CO, that escapes is greater. The
effect of the temperature is explained by its influence on the pres-
sure (i.e., nanobomb effect), on the CO, solubility, and on the
CO, binding. At 25°C, after the nanobomb effect, more CO, mol-
ecules escape due to the lower solubility, and this results in higher
overfoaming at 25°C in comparison with the opening at 2°C.

CONCLUSION

At the bottle opening, the pressure drops from 4 to 1 bar, result-
ing in the expansion of the gas. The crystalline layer formed by
the self-assembly of class II hydrophobin around CO, bubbles is
neither solid nor elastic enough to resist against such a gas expan-
sion. The stabilized nanobubbles explode with a release of energy
in the form of vibration energy, which is called the “nanobomb
effect.” This energy is sufficient to break the weak hydrogen bond
between CO, and water molecules and is responsible for the CO,
release. Nevertheless, it is also affected by the type and the con-
centration of hydrophobin as well as the preparation of the grain
extract. This highlights the fact that the overfoaming volume is
mainly linked to CO, properties! In fact, gushing potential is posi-
tively related to the bottle opening temperature, the pressure, the
CO, concentration, and the released energy.
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