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A simple stopped-flow apparatus has been devised to follow the growth of gas 
bubbles formed after the rapid establishment of a supersaturated aqueous car- 
bon dioxide solution by the reaction of hydrogen ions with bicarbonate ions. 
Turbidimetric measurements taken over a period of c.200 ms, supplemented by 
analysis of photographic and videotape recordings at later times have shown 
that bubble growth is a diffusion-limited process. Experimental results obtained 
with a hydrophobised cell led to the conclusion that at supersaturations typical 
of carbonated beverages the mechanism of bubble formation probably involves 
pre-existing gas cells trapped on the surface. Adsorption of sodium dodecyl sul- 
phate, B-casein or /3-1actoglobulin onto the hydrophobic surface reduced the 
number of bubbles, but solutions of sodium dodecyl sulphate above the critical 
micelle concentration produced additional bubbles. 

INTRODUCTION 

Bubble release from aqueous solutions which are super- 
saturated with respect to dissolved carbon dioxide is of 
obvious interest in the production of carbonated bever- 
ages. The number and size of the bubbles formed are 
influenced by factors such as the degree of supersatura- 
tion, solution viscosity and the addition of surface- 
active agents. In order to study the effect of these and 
other factors, most previous experimental work has 
involved saturating a solution under a high pressure of 
gas and then rapidly releasing the pressure to produce 
supersaturation (e.g. Lubetkin, 1989). In this paper, 
data are presented which were obtained from experi- 
ments in which supersaturation was achieved by the 
rapid chemical formation of carbon dioxide in situ. A 
preliminary report of some of these results has already 
been published (Hilton et al., 1993). 

In aqueous solution, carbon dioxide can be rapidly 
generated by the reaction of hydrogen ions with bicar- 
bonate ions 

H + + HCO 3 ---) CO2(aq) + H 2 0  

At 25°C and an ionic strength of 0.055 mol dm -3 the 
second-order rate constant is 5.5 × 104 dm 3 mol 1 s 1 
(Gibbons & Edsall, 1963). For reagent concentrations 

of 0" 1 mol dm -3, therefore, the half-life of the reaction 
will be of the order of 10~s and reaction will be 
essentially complete before gas bubbles begin to form. 
Supersaturations can thus be readily controlled by 
choosing appropriate initial concentrations for the 
reagents. To achieve rapid mixing of the reagent 
solutions, a simple stopped flow apparatus has been 
constructed. Bubble growth was monitored turbidimet- 
rically over an interval of c.200 ms following mixing 
and by videophotography after that. The number of 
bubbles in the reaction cell was recorded photographi- 
cally. 
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MATERIALS AND METHODS 

Stopped flow apparatus 

Gas bubbles were generated in the cylindrical glass 
reaction cell (internal dimensions: length 8-28 cm, di- 
ameter 0.38 cm) of the stopped flow apparatus shown 
diagrammatically in Fig. 1. Equal volumes (2 cm 3) of 
equimolar hydrochloric acid and sodium bicarbonate 
solutions were expelled from two identical syringes into 
the reaction cell by pushing the syringe pistons forward 
in unison with a driving plate. When the pistons 
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Fig. 1. A schematic diagram of the stopped-flow apparatus 
(from Hilton et al. , with permission). 

in the cell went to the analogue input of a BBC Model 
B microcomputer (Acorn) where analogue-to-digital 
conversion was started by the trigger signal. Turbidities 
were calculated as a function of elapsed time (t) after 
the trigger signal according to the equation 

ln(Vo/V) 
1" - (1) 

1 

where V is the voltage recorded at time t, V0 is the ini- 
tial voltage and I is the internal cell length. 

For some experiments the reaction cell was hydro- 
phobised by filling it with a solution of a perfluorinated 
acrylate polymer (FC723,3M) dissolved in a perfluori- 
nated hydrocarbon solvent (Freon 113,3M). Adsorption 
of the polymer onto the cell surface for 1 h produced an 
extremely thin, hydrophobic film as shown by scanning 
electron microscopy (JEOL JSM 35C) and contact- 
angle measurements carried out on glass microscope 
slides treated in the same way. The adsorbed polymer 
layer could be removed by treatment with a mixture of 
Freon 113 and methanolic sodium hydroxide solution. 
Protein-covered surfaces were prepared by soaking the 
hydrophobised reaction cell for 3 h with sodium phos- 
phate solutions of/3-1actoglobulin (Sigma) or /3-casein 
(90%; Sigma) buffered at pH 8.9 after the surface had 
been preconditioned by leaving the cell filled overnight 
with the buffer solution. Protein concentrations of 1.0 
mg cm 3 were used to ensure saturation coverage of the 
surface (Lucy et al., 1991). 

reached the end of their travel, the flow of liquid 
through the cell stopped and a small vane attached to 
the driving plate interrupted a light beam to trigger a 
flash gun and the shutter of an Olympus OM-2 camera 
which was mounted directly above the reaction cell. 
The delay between the trigger signal and the opening of 
the shutter was measured and found to be 130 + 5 ms. 
A Quantimet 970 Image Analyser (Cambridge Instru- 
ments) was used to obtain bubble sizes from images 
read directly from 35-ram film negatives placed on the 
stage of a microscope, using low power magnification. 
Lead shot of known diameter were photographed in 
the cell to check that the images were not distorted or 
magnified by the cell walls. Video recordings made of 
the later stages of bubble growth were viewed and 
edited on a television monitor. Photographs of frames 
displayed on the monitor screen were used in conjunc- 
tion with a Zeiss Particle Sizer (TGA 10) to estimate 
bubble sizes at intervals of 0.2 s. 

In order to monitor solution turbidity, a tungsten 
filament lamp was positioned so that a light beam 
passed along the axis of the cell to fall onto a sensitive, 
high area, fast response photovoltaic detector (RS 303- 
674). A zero control applied a backing voltage to offset 
the signal level when the reaction cell was filled with 
bubble-free solution. After amplification, the difference 
signal resulting from the scattering of light by bubbles 

Preparat ion  o f  so lut ions  

Aqueous solutions of AnalaR grade reagents were 
made up with de-ionised water which had been triple- 
distilled in an all-glass apparatus. Glassware, including 
the stopped flow apparatus, was cleaned by soaking in 
concentrated nitric acid for 24 h followed by copious 
rinsing with purified water. Stock solutions were soni- 
cated to ensure complete mixing and then filtered under 
pressure through 0-22-tzm membrane filters (Millipore) 
to remove dust particles. Before use in the stopped flow 
apparatus all solutions were thermostatted at 25°C in a 
water bath for a minimum of 1 h. 

Some solutions were prepared by dissolving the 
reagents in water containing 25% (v/v) glycerol. Rela- 
tive viscosities of solutions of NaC1 in water and in the 
glycerol/water mixed solvent were determined at 25°C 
with an Ostwald viscometer, using purified water as a 
reference standard. An allowance was made for the 
effect on efflux times of differing solution densities. 

Carbon d iox ide  solubi l i ty  

The solubilities of CO2 at 25°C in water and in aqueous 
NaCI solutions corresponding to those produced by the 
hydrochloric acid-sodium bicarbonate reaction were 
determined by introducing gas at a known initial pres- 
sure into commercial aerosol cans containing measured 
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volumes of solution. After vigorous shaking to equili- 
brate the gas/liquid mixture, the final gas pressure was 
recorded by a transducer. The mass of CO2 dissolved in 
the solution at the final pressure was calculated on the 
assumption that the gas behaved ideally. For an 
equilibrium pressure of 1 atmosphere of CO2, the con- 
centration of dissolved gas was calculated as 0.035 mol 
dm 3 in water compared to 0.034 mol dm -3 from pub- 
lished data (Fogg & Gerrard, 1991) and 0.025 mol dm 3 
in 25% aqueous glycerol. In salt solutions, a reduction 
of approximately 20% was observed in CO2 solubility 
as the NaCl concentration was increased to 0.50 tool 
dm 3. The results of these experiments were used as a 
basis for quoting supersaturation ratios. 

tering which takes place at the liquid/gas interfaces. The 
turbidity r of the suspension is defined by the equation 

I : Io exp(-r/) (2) 

where I and I0 are the transmitted and incident light in- 
tensities respectively of a light beam of path length l. A 
monodisperse suspension containing N bubbles/unit 
volume has a turbidity given by 

r = N C  (3) 

where C is the bubble scattering cross-section. For 
spherical bubbles of radius r, C is related to the geo- 
metric cross-section by an efficiency factor such that 

Surface tensions C-- Q'rrr 2 (4) 

The apparatus constructed to measure the surface ten- 
sions of sodium dodecyl sulphate (SDS) solutions was 
based on the dual capillary modification of the maxi- 
mum bubble pressure method (Sugden, 1924). Two 
glass capillaries of tip radii 0.11145 and 0.00972 cm 
respectively were immersed in a test solution to the same 
depth and the difference in pressure required to liberate 
CO2 bubbles from the two tips determined. A manome- 
ter containing a diffusion pump oil (Apiezon B) and 
thermostatted at 25°C by a water jacket was read with 
a travelling microscope. Surface tensions were calcu- 
lated from the Young-Laplace equation. 

Contact angles 

Advancing and receding contact angles were measured 
for liquid drops placed on glass microscope slides 
which had been treated and cleaned in an identical pro- 
cedure to that used for the stopped flow apparatus. The 
equipment consisted of a telescope fitted with a gonio- 
meter, sample platform, adjustable wedge and filament 
lamp. Microscope slides supported on the sample 
platform were mounted on the adjustable wedge which 
could be tilted at a variable angle to the horizontal. 
After deposition of a drop on a slide in the horizontal 
position, the angle of tilt was adjusted to produce a dis- 
tortion of the drop shape. The illuminated profile of 
the drop in a plane normal to the axis of rotation of 
the wedge was then viewed with the telescope. Cross- 
wires in the eyepiece used in conjunction with the 
goniometer allowed the contact angles at the leading 
and trailing edges of the drop to be measured as a 
function of the tilt angle. 

RESULTS AND DISCUSSION 

Bubble growth 

The intensity of a light beam passing through a non-ab- 
sorbing suspension of bubbles is attenuated by the scat- 

The value of Q which ranges from near 0 to about 5 
depends on the refractive index of the solution, the 
ratio of the bubble radius to the wavelength of the light 
in the liquid and the solid angles subtended by the 
beams of incident and measured radiation. Theoretical 
treatment is simplest if an incident parallel beam of 
zero angle is assumed and if the receiving device also 
subtends zero angle at the scattering particles, when, for 
example, Q approaches 2 for bubbles large compared 
to the wavelength of the light and small compared to 
the cross-sectional area of the beam. However since 
beams of zero angle are never realized in practice and 
the apparent values of Q will be reduced below the the- 
oretical values, Lothian and Chappel (1951) recom- 
mend that when turbidity measurements are used to 
estimate particle sizes, the relevant value of Q should 
be determined experimentally with the particular condi- 
tions of apparatus and particle to be used. 

Some typical turbidimetric data are shown in Fig. 2 
in which the turbidities are divided by the number of 
bubbles/unit volume at 130 ms after mixing of the 
reagents. The linearity of plots of r/N versus time for 
different initial CO2 concentrations suggests that N 
remains constant over the measurement period, imply- 
ing that bubble formation occurs in a short burst in ~he 
first few milliseconds following establishment of super- 
saturation. Hence the change in r/N can be interpreted 
as a constant rate of increase in the scattering cross- 
section of a growing bubble, i.e. r 2 ~c t. This relation- 
ship is characteristic of a diffusion-controlled process 
and has been observed in a study of the growth rates of 
microscopic air bubbles resting underneath a Perspex 
plate in supersaturated water (Manley, 1960). 

Figure 3 shows how the rate of change of r/N 

depends on initial CO2 concentration. An approximately 
linear relationship is evident. To confirm that a diffu- 
sion-limited rate process was occurring during bubble 
growth, rates were re-measured in the presence of 
added glycerol. The results presented in Fig. 3 show 
that when the viscosities of the reagent solutions were 
doubled by the addition of 25°/,, (v/v) glycerol, the rates 
decreased by a factor of 4-5. Since the scattering effi- 
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Fig. 2. Increase in turbidity normalised with respect to number 
of CO 2 gas bubbles/unit volume of solution following estab- 
lishment of supersaturation. Initial CO~_ concentrations: (m) 
0-15, (0) 0-30 and (D) 0.50 mol dm 3. Error bars are 
estimated from the standard deviations in mean values of N. 

ciency factor Q may also change in the glycerol solu- 
tions, this reduction factor may not be correct for rates 
expressed in terms of the geometric cross-sections; nev- 
ertheless the decrease is of the order of magnitude ex- 
pected for a reduction in the CO2 diffusion coefficient. 
Figure 3 also includes data obtained from a hydropho- 
bised cell. Although many more bubbles were produced 
for a given CO,_ concentration so that the turbidity 
increased much faster than in the untreated cell, the 
rates of increase of r/N were similar in the two cells. 

The problem of calculating the rate at which gas 
bubbles either dissolve or grow in undersaturated or 
supersaturated solutions respectively has been consid- 
ered by Epstein and Plesset (1950) who used a 'quasi- 
stationary' model in which convective transport terms 
are neglected. In their simplest model these authors 
also ignored the surface tension of the bubble bound- 
ary, since its inclusion generally means that valid ana- 
lytical solutions cannot be obtained. Later numerical 
calculations, however, predict that growth rates in 
supersaturated solutions which are inhibited initially by 
surface tension do achieve the analytical asymptotic 
regime for growth ignoring surface tension (Cable & 
Frade, 1988). 

The result of  solving the diffusion equation for these 
conditions is to obtain a time-dependent expression for 
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Fig. 3. Rates of increase of normalised turbidities plotted as a 
function of initial CO2 concentration: (0) untreated cell, (~3) 
untreated cell + 25% added glycerol, (A) hydrophobised cell + 

25% added glycerol. 

the concentration gradient around the bubble. Further 
simplification can be achieved by assuming that a 
steady-state gradient is reached, when the equation for 
the growth rate becomes 

dr -- D ( c i -  Cs) 
(5) 

dt pr 

where D is the diffusion coefficient of  gas molecules in 
solution, ci is the concentration of dissolved gas, cs is 
the concentration in a saturated solution and p is the 
gas density in the bubble. Integration of eqn (5) with 
r -- r 0 at t = 0 gives 

r2 2D(ci-c,)t 
---- ro 2 + ' ( 6 )  

Equation (6) can be combined with eqns (3) and (4) to 
give the time dependence of the turbidity of  a suspen- 
sion of  growing bubbles 

- + k(cc-cs)t 
N o 

(7) 



Carbon dioxide gas bubbles from supersaturated solutions 353 

0.04 

0.03 

-~ 0.02 

V 

0.01 

/ 

o 

o /  

/ 

/ 
/ 

/ 
/ 

I 

I 

I 

I 

I 
I 

I 

I 
I 

I 

I 
I 

/ o  
/ 

/ 

/ 
o 

/ o 
/ 

i I i i I 
0 1 0.2 0.3 0.4 0.5 

[CO2] /mol  d m  "3 

t = 130 ms after mixing are shown in Fig. 4. For  each 
CO2 concentration, more than 100 bubbles were sized 
to obtain a surface-averaged radius. A plot of  the 
square of  the mean bubble radius against CO2 concen- 
tration is linear, in accordance with eqn (6), for gas 
concentrations less than about  0.25 mol dm 3. The 
gradient of  8 × 10 i1 m 5 mol-t corresponds to a value 
for g of  1-9 × 10 -9 m 5 m o l t  s t which when combined 
with the turbidity data leads to a scattering efficiency 
factor of  0-5 in the glycerol solutions. 

Video images of  bubbles recorded up to 1 s after for- 
mation allowed a direct estimation of  their growth 
rates to be made. In Fig. 5 the mean square radius of  
bubbles growing in 0.2 mol dm 3 CO2 solutions is plot- 
ted against time. For  the glycerol-containing solution 
the plot is linear with a gradient of  1.5 × 10 7 m 2 S I 
but with no glycerol present the plot, which has an ini- 
tial gradient of  3.7 × 10 -7 m 2 s ~, deviates from linearity 
at the later times. The corresponding values of  g are 2.7 
× 10 9 and 7.0 x 10 .9 m 5 mol J s J respectively, with a 
ratio of  0-4, which is comparable with an expected 
value of 0.5 based on the theoretical inverse relation- 
ship between the diffusion coefficient of  solute 
molecules and the solution viscosity. 

Fig. 4. Mean square bubble radius at t : 130 ms as a function 
of initial CO2 concentration. 

Bubble formation 

where k = 27rQD/p. In view of  the approximate nature 
of  the analytical solution to the diffusion equation 
however, it is more realistic to write k = Qg and to re- 
gard g, the rate of  increase of  the geometric cross-sec- 
tional area normalised with respect to (co-G), as an 
empirical parameter.  

The gradients of  the plots in Fig. 3 give values for k 
of  approximately 4 x 10 -9 and 1 × 10 -9 m 5 mol ~ s i for 
the aqueous and glycerol-containing solutions respec- 
tively. Bubble size data obtained from image analysis 
of photographs of the glycerol-containing solutions at 

In seeking a plausible mechanism to explain the origin 
of  the bubbles formed in the reaction cell, we first con- 
sider the effect of  hydrophobising the cell by coating its 
internal surface with perfluorinated polymer. As Fig. 6 
shows, this treatment produces a superabundance of 
bubbles, with the rate of  increase in bubble number 
versus supersaturation being much greater than for the 
untreated cell. Extrapolation of the data to zero bubble 
formation in the latter case indicates a critical supersat- 
uration of  about  3. Extrapolation is more uncertain for 
the hydrophobised cell, but the critical supersaturation 
appears to be closer to 1. 
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Fig. 5. Time dependence of mean square bubble radius obtained from video recordings of solutions with initial CO~_ concentrations 
of 0.2 mol dm 3: (0)  no added glycerol, ([S]) 25% added glycerol. 



354 M. J. Hey, A. M. Hilton, R. D. Bee 

160 

I40  

1213 

I 

100 [ 

~6 8C 

E 

60 

40 

0 
4 

i 

7 

I 

1; 1; 1; 1; 21 2; 
supersa tura t ion  rat io  

:'ig. 6. Number of CO~ gas bubbles/cm 3 of solution at t = 130 
ins plotted against supersaturation ratio: ([]) untreated cell + 
25°/,, added glycerol, (A) hydrophobised cell + 25% glycerol. 

Error bars indicate standard deviations. 

To characterise the nature of the treated surface, 
measurements were made of  the contact angles of NaC1 
solutions against tilted glass microscope slides which had 
been subjected to the same cleaning and hydrophobising 

procedure used for the cell. The results revealed that 
the advancing contact angle was virtually constant but 
that the receding angle decreased markedly as the tilt 
angle was increased (Fig. 7). For rigorously cleaned 
surfaces this contact angle hysteresis is characteristic of 
surface roughness. 

Before rationalising these observations we first refer 
to some calculations of nucleation rates in aqueous so- 
lutions of  CO2 at 298 K for a supersaturation of about 
5 (Wilt, 1986). Classical nucleation theory was used to 
predict that neither homogeneous nor heterogeneous 
nucleation on surfaces which are smooth planar or 
which contain conical or spherical projections can 
occur. For large contact angles, heterogeneous nucle- 
ation is predicted from conical cavities with sufficiently 
narrow cone angles (e.g. for 0 = 94 ° the required cone 
angle is about 10°). Results for spherical cavities were 
inconclusive, but in a further paper, Ciholas and Wilt 
(1988) state that spherical cavities small enough to be- 
come nucleation sites cannot be treated by classical 
nucleation theory. 

A recent experimental study of aqueous solutions 
which were supersaturated with 50 atm N 2 gas has 
confirmed that bubble formation is not facilitated by 
smooth surfaces, whether hydrophilic or hydrophobic 
(Ryan & Hemmingsen, 1993). In contrast to this 
behaviour it is a commonplace observation that rough 
surfaces are often very effective in initiating bubble for- 
mation, e.g. when naturally carbonated mineral water 
is pumped through pipes with rough surfaces CO2 gas 
is evolved (Fox, 1988). 

In most cases, the mechanism of bubble formation 
on rough surfaces is unlikely to be de novo nucleation 
from conical cavities since unusually large contact 
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Fig. 7. (0) Advancing and ( I )  receding contact angles for 0.15 mol dm 3 NaCI solution on hydrophobised glass microscope 
slides. Error bars indicate standard deviations. 
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Fig. 8. Schematic representation of gas entrapment in a crevice 
by an advancing liquid surface. 

angles are required. A more probable explanation is 
that tiny pockets of  gas held at the surface act as nuclei 
(Newton Harvey et al., 1944). Most real solid surfaces 
will contain pits, scratches and other irregularities and 
if the surface is not completely wetted by the liquid, 
some of these cavities may be expected to contain 
trapped gas. The mechanism of entrapment is illus- 
trated in Fig. 8 for a liquid front advancing over a gas- 
filled groove. Because of the convex shape of  the liquid 
surface, the advancing liquid with contact angle 02 will 
strike the opposite wall of the cavity before the contact 
line reaches the bottom of the groove. The liquid front 
with contact angle 01, on the other hand, will advance 
to fill the cavity completely. Since the requirement for 
gas entrapment is Oa>2a, where 0a represents the 
advancing contact angle, and 2a the cone angle, 
hydrophobic surfaces should contain many more 
trapped gas pockets than hydrophilic surfaces. 

For a cavity containing trapped gas to be active as a 
nucleation site, the supersaturation must be above a 
critical value to cause the gas to expand out of the cav- 
ity to form a detached bubble. This critical value can 
be related to the size of  an idealised conical cavity with 
a mouth radius R and a cone angle of 2a if the gas/ 
liquid interface is assumed to be part of a spherical 
surface of radius r. Figure 9 shows the manner in 
which the liquid profile changes as the gas volume in- 
creases (Cole, 1974). For  contact angles satisfying the 
condition 2ct < 0< 90 ° (Fig. 9(a)), r first increases as the 
interface moves up the cavity. However, as the contact 
line turns the corner at the mouth of  the cavity, r de- 
creases and then begins to increase again. As a result, 
R/r decreases initially and then increases to a maximum 
value of  1 as the interface emerges from the cavity. At 
higher contact angles the interface may be concave ini- 
tially (Fig. 9(b)), when the radius of  curvature is 
defined to be negative. As the gas volume increases, the 
interface becomes flatter until, as the contact line 
reaches the mouth of the cavity, the curvature reverses 

(a) 2ct<0_<90 ° (b) 0>90°+ct 

R/r 

1 

g.  olu i 

Fig. 9. Variation in the radius of curvature (r) of a gas bubble 
as it increases in volume and grows out of a conical pit with a 

mouth radius R. 

and R/r changes sign. On further growth R/r passes 
through a maximum value which approaches 1. Thus, 
over a significant range of contact angles, r has a mini- 
mum value approximately equal to R. For  a gas bubble 
in equilibrium, a minimum in r corresponds to a maxi- 
mum in the pressure difference across the interface 
according to the Young-Laplace equation: 

A p -  2y (8) 
r 

where y is the surface tension. If an emergent bubble is 
to continue growing therefore, the supersaturation must 
be equivalent to a gas pressure which exceeds 2T/R. 

The effects of  changing contact angle and supersatu- 
ration on bubble formation shown in Fig. 6 can now be 
explained on the basis of  pre-existing gas cells. In our 
model the increase in the number of bubbles from the 
hydrophobic surface is attributed to an increased num- 
ber of trapped gas cells while the increase with super- 
saturation reflects the activation of  cavities with 
decreasing exit radii. Equation (8) can be used to esti- 
mate the maximum size of gas-filled cavity in the sur- 
face from the critical supersaturation of 3 found in the 
hydrophobic cell. By putting the excess pressure in the 
bubble (Ap) equal to 2 × 105 N m 2 and y equal to 72 
mN m ~, a value of  0-7 p,m is obtained for r. The lower 
critical supersaturation indicated for the treated cell im- 
plies that larger cavities are active as nucleation sites 
on the hydrophobic surface. 
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Table 1. Effect of sodium dodeeyl sulphate (SDS) on the number of CO 2 gas bubbles/em 3 present in the reaction cell 130 ms after 
supersaturation of 4.62 was established in 0.15 mol dm -3 NaCI solutions 

[SDS] y Hydrophilic surface Hydrophobic surface 
(mM) (mN m i) 

o N o N 
(deg) (cm 3) (deg) (cm 3) 

0 71.9 33 + 9 8_+ 2 107 + 2 373 + 91 
0.208 66.8 28 _+ 5 2 92 + 6 172 + 50 
0.415 45.4 26 + 5 3 88 + 5 119 + 30 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.830 37.8 18 + 5 14_+ 1 79 + 6 61 + 15 
1.660 35.3 14 + 5 49 + 12 74 + 9 86 + 19 

SDS concentrations below the dashed line exceed the critical micelle concentration. Contact angles (0) were measured against 
glass microscope slides. Error limits represent standard deviations. 

As a further check on the model, the effect of  altering 
the contact angle (0) by the addition of sodium dodecyl 
sulphate (SDS) was investigated. Results are summarised 
in Table 1 where the quoted value of 0 represents an ex- 
trapolation of advancing and receding angles to zero tilt. 
It can be seen that whilst 0 on the hydrophilic surface is 
practically unaffected by the addition of SDS, on the 
hydrophobic surface it is initially reduced at low SDS con- 
centrations. As expected, there is a correlation between 0 
and the number of  bubbles observed, with fewer bubbles 
being formed as 0 decreases. However, at higher SDS 
concentrations the number of  bubbles begins to rise 
again, although 0 remains virtually constant. This phe- 
nomenon occurs with solutions whose surface tensions 
have reached a constant value, indicating that the SDS 
concentrations are above the critical micelle concentra- 
tion and that SDS micelles can act as nucleation sites for 
bubble formation. 

Finally, a few measurements were carried out in which 
protein was adsorbed onto the hydrophobic cell surface. 
Two proteins were chosen for study: /3-casein, which is 
a disordered protein with pI = 5.2 and/3-1actoglobulin 
which is a globular protein with pI -- 5.1. Both proteins 
lowered the contact angle and inhibited bubble forma- 
tion. The data (including standard deviations) were 
as follows: /3-casein, 0 : 53 _+ 10 °, N -- 137 + 39 cm 3; 
/3-1actoglobulin, 0 = 77 + 10 °, N -- 447 + 77 cm 3. A 
comparison of  the results for the two proteins shows 
that the number of  bubbles correlates with 0 in the 
same way as for the SDS data. 

C O N C L U S I O N S  

Turbidimetric measurements together with analysis of  
photographic and videorecorder images show that car- 
bon dioxide bubbles formed in aqueous solution by the 
reaction between hydrochloric acid and sodium bicar- 
bonate grow at a rate which is diffusion-controlled. At 
supersaturations typical of  carbonated beverages, 
bubble formation in the glass stopped-flow apparatus 
originated at the walls of  the reaction cell where the 

nucleation sites were probably pre-existing pockets of  
trapped gas. When the surface of  the cell was hydro- 
phobised by the adsorption of a perfluorinated polymer, 
bubble formation was greatly enhanced. The effect of  
adsorbing sodium dodecyl sulphate, /3-casein or /3- 
lactoglobulin onto the hydrophobic surface is to reduce 
the number of  bubbles formed. SDS micelles appear to 
act as nucleation centres. 

In the context of  the technology associated with the 
production of carbonated beverages, it is concluded that 
the surface properties of  the container are extremely im- 
portant in determining the number of bubbles which 
form in a solution after critical supersaturation is 
exceeded. The results suggest that by modifying the wet- 
ting characteristics of  containers, some control over the 
extent of  bubble release might be achievable. 
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