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Stability of Aqueous Foams: Analysis Using Magnetic Resonance 
Imaging 

J. Bruce German* and Michael J. McCarthy 

Aqueous foams differ widely in their structure and kinetic stability. Understanding and particularly 
assigning specific functional roles to  individual components in the foams has been severely limited by 
the inability to analyze such unstable colloidal systems. We report the use of magnetic resonance imaging 
techniques in the description of foam structure and collapse. Foams from cream, egg white and beer 
were imaged, and the signal intensities contributed by aqueous protons were recorded sequentially over 
the lifetime of the foams. We were able to estimate densities, drainage rates, and collapse throughout 
the foam structure, noninvasively from actual food foams. This technique will be of use in the analysis 
of a variety of colloidal systems. 

Foams are thermodynamically unstable colloidal systems 
in which gas is transiently maintained as a distinct dis- 
persed phase in a liquid matrix (Adamson, 1982). These 
forms of matter are characterized by their low density, high 
viscosity and ultimately finite stability (Bikerman, 1973). 
There are a great many practical uses of aqueous foams 
in foods, pharmaceuticals, and engineering, and the num- 
ber of novel applications is increasing rapidly (Aubert et 
al., 1986). Each foam system is unique in terms of its 
chemical composition and formation, and these differences 
lead to quite different macroscopic properties. For exam- 
ple, egg white protein stabilizes very high density foams 
in cakes, meringues, and candies (Cumper, 1953). Alter- 
natively, novel surfactant solutions have proven to form 
effective very low density fire-fighting foams (Bikerman, 
1973). 

The formation, density, and ultimate stability of aqueous 
foams are critical parameters that must be characterized 
both in studying the basic mechanisms underlying foam 
chemistry and in practice estimating changes due to com- 
position, Le., food reformulation (Halling, 1981). Due to 
their inherent instability, sampling and measuring foams 
have proven very difficult (Halling, 1981; German et al., 
1985). Model systems have been developed to examine 
foam collapse utilizing very precise measurements of 
pressure and conductance (Nishioka, 1986). These 
methods, though providing information for theoretical 
background, are not applicable to  complex mixtures of 
surfactants and thus are inappropriate for studying most 
real foams. Noninvasive methods for describing foam 
development and collapse are critical to increasing our 
understanding of these events. 

Magnetic resonance imaging (MRI) is a novel technology 
in which the strength of a signal associated with a resonant 
magnetic nucleus, i.e., proton lH, in a magnetic field can 
be assigned to  a particular volume element in that mag- 
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netic field (Lauterbur, 1973). This allows one to generate 
images based not only on the presence of a nucleus in space 
but on its chemical structure and environment (Morris, 
1986). The strength of MRI is that the image can provide 
density measurements as well as information on the local 
chemical environment (Morris, 1986). In addition to the 
spectacular breadth of chemical information available by 
this technique, it is also nondestructive and noninvasive. 
Sequential scans of materials can thus be used to follow 
changes in the chemical properties of matter dynamically. 
Foams are an intriguing model in which to apply this 
technology. In foam research one is interested in esti- 
mating densities and drainage rates without perturbing the 
structure of the foam to do it. MRI is uniquely suited to 
realize these goals. Our objective in this study was to 
employ MRI to monitor drainage from foams typical of 
food systems. 
MATERIALS AND METHODS 

Foams. Foams were generated with three well-known food 
systems: egg white, heavy cream, and beer. Egg whites were 
separated and 40-mL portions whipped for various times in a 
double-beater mixer (Sunbeam maximum speed). Typical final 
densities of the foams were approximately 0.15 g/mL. Heavy 
cream (40% fat) was chilled and again 40 mL whipped as above 
to densities of 0.344. Cylinders were punched from these foams 
using a Plexiglass chamber and immediately placed in the imaging 
coil of the NMR. For beer foams slightly different protocols were 
used. Commercial samples (30 mL) were carefully poured into 
a 100-mL glass beaker, and this was placed in an ultrasonic bath 
(Bransonic, Shelton, CN) and sonicated for 2 s. This effectively 
nucleated the dissolved COz and generated approximately 50 mL 
of foam on top of 10-20 mL of liquid. Initial densities were 
therefore on the order of 0.3, although the very rapid drainage 
of these foams highlighted difficulties of the more traditional 
measurements of density. The glass beaker was then placed in 
the imaging coils. 

Spectroscopy. A 2-T (General Electric, CSI) imaging spec- 
trometer, with a 15-cm-i.d. imaging coil was used to measure 'H 
signals at 85.5 MHz. A Fourier imaging spin-echo pulse sequence 
was used to generate the two-dimensional image. The same 
sequence with the pulse encode gradient turned off was used to 
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Figure I. NMR image of whipped cream foam. Vertical 4- 
mm-thick planar image generated 10 min after formation of foam. 

Figure 2. Schematic of a foam and the vertical 4-nun-thick plane 
imaged by the MRI system. The MRI system can he tuned to 
image on the basis of a variety of magnetic nuclei, and in this case 
the instrument was tuned to aqueous proton 

generate the one-dimensional spin projections. One acquisition 
was used for collecting data on beer; 16 acquisitions were used 
on the egg white foams and the whipped cream. Predelay values 
were set at 6 s for beer and 1 s for egg whites and whipped cream. 
Echo times were varied between 30 and 80 ms. TI values were 
determined from saturation recovery experiments, and T, values 
were estimated from Hahn spin-echo sequences modified with 
gradients to spatially encode the T,. 
RESULTS AND DISCUSSION 

A two-dimensional image of an egg white foam is shown 
(Figure 1). The signal parameters of the instrument were 
tuned to protons primarily from water; hence, the image 
is essentially that of the continuous aqueous phase in the 
foam. At this resolution individual bubbles cannot be 
distinguished. However, with the proton signal associated 
with water, from the 4-mm-thick planar image in the 
vertical direction we obtain a signal whose strength is 
qualitatively proportional to the water content in the foam 
within that  volume (Figure 2). We then generate a di- 
gitized intensity profile of the foam sample from top to 
bottom. The intensities corresponding to the foam image 
in Figure 1 are graphed in Figure 3. This proton signal 
profile is digitized and represents the analytical result used 
to develop estimates of density, drainage, and collapse. 

The MRI signal is a function of nuclei density and the 
interactions of the nuclei with their local environment. 
This interaction is characterized by two relaxation time 
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NMR Signal Intensity 
Figure 3. Signal intensity profile from foam in Figure 1. Digitized 
analysis generated a one-dimensional array of signal versus height 
of foam normalized to 100% for nure liauid at the bottom of the 
foam, uncorrected for relaxation effects. 
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Figure 4. Variation in T2 as a function of position within the 
foam. Values were calculated from signal intensities located at, 
respectively, the upper middle of the foam, lower middle of the 
foam, and the interface between foam and liquid. 

constants: the spinspin relaxation time constant (T2) and 
the spin-lattice relaxation time constant (TI) .  Signal in- 
tensity is directly related to nuclei density and an expo- 
nential function of the time constants as shown by 

S p exp(-TE/T2)[1 - exp(-PD/TJ] (1) 

where p is density, TE is twice the delay time between the 
90° and the 180' pulses, and PD is the predelay time 
between different signal acquisitions. Care must be taken 
to ensure that the influence of the time constants is ac- 
counted for when accurate values of density are desired. 
For instance, since the object being imaged is composed 
of foam and bulk liquid, we anticipate that the time con- 
stants will vary between the two parts of the sample and 
within the foam as a function of time. This requires that 
we measure the time constants as a function of position 
within the sample. Figure 4 shows the results for T2 
measurements at  different positions within the foam. Note 
the dramatic difference in the shape of the spin-echo plot 
for different positions within the sample. Apparent T2 
values calculated for different positions in the egg white 
foam are approximately 50 7 20 ms. However, it must be 
stressed that this is a rough estimate for the spin-spin 
relaxation time constant. Normally the spin-pin relax- 
ation time constant is comprised of homogeneous and in- 
homogeneous contributions; additional components of the 
relaxation time constant in foams are the contributions due 
to drainage and collapse. 

The drainage contribution can have either a positive or 
negative effect on the apparent spin-spin relaxation rate. 
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Figure 5. Sequential signal intensity profiles for egg white foam 
(A) and beer (B). Scans of egg white foam were taken at 2 (-), 
6 (-), and 10 min (-- -) after formation. Scans of beer were taken 
at 30 (-), 60 (a-), 90 (- - -), 120 (---), and 150 s (--) after foam 
was generated with sonicator. Signal intensities plotted in these 
profiles are unadjusted for differences in relaxation rates. 

In the upper portions of the foam, fluid would be draining 
out of a volume element and hence would make the ap- 
parent T2 smaller than the actual value. In regions of the 
foam close to the bulk liquid surface, liquid is most likely 
accumulating and would therefore make the apparent 
spin-spin relaxation rate appear larger than the actual 
value. In fact, the signal intensity, which should decrease 
as the TE is increased in a spin-echo experiment, can 
increase if enough liquid is flowing into the volume ele- 
ment. This increase is seen in Figure 4 for the region of 
the interface in an egg white foam. 

Collapse of the foam would also have an impact on 
measurements of the spin-spin relaxation rate. Collapse 
in general should increase the local density of liquid and 
hence tend to increase the spin-spin relaxation time con- 
stant. 

Once T2 values are measured, the signal intensity profiles 
can be adjusted to correspond to the true vertical mass 
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Figure 6. Scans of top of foam for egg white (A) and beer (B). 
Sequence times as shown on lines represent time after formation 
in minutes and seconds, respectively. 

distribution. For example, the T, of egg white foam is 50 
and is 300 ms for egg white liquid. Thus, by a spin-echo 
imaging sequence with a delay time set to 15 ms the signal 
intensity of the foam decayed by 25% and the signal in- 
tensity of the liquid by 5%. In addition to corrections for 
the spin-spin relaxation times, the differences in spin- 
lattice relaxation would also need to be used to correct the 
intensities. 

Structure within a foam itself has been historically very 
difficult to measure, and hence estimates of density, 
drainage, and collapse have been limited to average den- 
sity, overall volume, and fluid exiting the foam a t  the 
bottom. The MRI technique elegantly removes this lim- 
itation. In Figure 3, 10 min after foam formation, sig- 
nificant stratification of the foam is apparent from the 
asymmetry of the proton signal. The total water content 
(density) at the bottom of the foam column is significantly 
higher than a t  the top. With calibration of the proton 
signal and corrections for relaxation effects, actual densities 
can be determined. Thus, the ability of foaming methods 
to generate foams of a particular density can now be de- 
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termined in situ nondestructively. 
The ability of the technique to rapidly accumulate se- 

quential scans with tfme adds an even more important 
dimension. When the changes in proton signal across the 
imaging plane are followed with time, this measures the 
changes in density, hence a direct, noninvasive drainage 
pattern for every point in the foam. We are no longer 
limited to simply measuring liquid as it exudes from the 
bottom of the foam. MRI analysis can measure precisely 
the drainage rates throughout the foam. 

This advance in technology has several immediate 
benefits. One of the important technical limitations in the 
measurements of foam breakdown until now is the inability 
to characterize the processes of drainage and bubble col- 
lapse independently. The ability of the imaging technique 
to distinguish distinct breakdown behaviors can be seen 
from analyses of two quite different foams: beer and egg 
white (Figure 5). Egg white is typically more stable than 
beer foam, and measurement rates were altered accord- 
ingly. In addition to the drainage rates, the drainage 
profiles are quite different. This is most clearly seen in 
an expanded view of the top of the foams (Figure 6). 
Liquid drains from the egg foam but maintains a finite 
bubble structure even to very low densities. Alternatively, 
the beer foam collapses completely as soon as the drainage 
reaches a critical liquid content. We interpret this as a 
reflection of the relatively poor ability of beer to form 
stable bubble films compared to the protein-stabilized 
films of egg white. 

The MRI system has proven in initial studies to be 
extremely valuable in the description of the dynamic be- 
havior of aqueous foams. Densities, drainage rates, and 
structural collapse can be readily calculated from digitized 
signal intensity profiles generated noninvasively from ac- 
tual foods. The development of new velocity measurement 
pulse sequences such as spin-echo two-dimensional Fourier 
transform flow-compensated experiments should provide 
the techniques necessary to measure velocities within the 
foam (Majors et al., 1988). This combined with new de- 
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velopments, which may allow for collection of an entire 
image within several milliseconds (Mansfield, 1987), would 
allow for a complete understanding of both the structure 
and drainage of a foam. The breadth of physical and 
chemical information accessible to this technique suggests 
its use in the analysis of a variety of colloidal systems we 
are currently pursuing. 
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Tannins in Wood: Comparison of Different Estimation Methods' 
Augustin Scalbert,*,2 Bernard Monties,2 and Gdrard Janin3 

Different estimation methods of tannins-proanthocyanidins or hexahydroxydiphenoyl esters-have 
been compared and applied to polyphenols of various wood extracts. In the case of proanthocyanidins, 
reaction with vanillin in the presence of sulfuric acid is more sensitive than estimation by anthocyanidin 
formation. It is more specific than the assay by formaldehyde precipitation. Reaction with nitrous acid 
affords a selective estimation of hexahydroxydiphenoyl esters. These methods are applied to tannin 
estimation in wood extracts of 5 gymnosperms and 1 2  angiosperms and the values obtained compared 
to total phenols amounts. 

Tannins are found in leaves, fruits, bark, and wood of 
most trees (Hillis, 1962; Scalbert et al., 1988). In woods 
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such as quebracho (Hillis, 1962), they may account for over 
20% of the dry matter. They are currently extracted from 
quebracho wood in South America and from chestnut wood 
in Europe and used in the leather industry. 

Many of the tannin determination methods are based 
on their ability to form complexes with proteins (Desh- 
pande et al., 1986; Hagerman, 1987). However, these 
methods do not take into account the structural heterog- 
eneity of tannins. Indeed, tannins can be classified into 
two groups (Haslam, 1981): the proanthocyanidins (or 
condensed tannins) and the polyesters of gallic acid and 
(or) hexahydroxydiphenic acid (hydrolyzable tannins, re- 

002 1-856 1/89/ 1437- 1324$01.50/0 0 1989 American Chemical Society 


