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The technique of stray field diffusion NMR is adapted to study the diffusion properties of water in
monodisperse wet foams. We show for the first time, that the technique is capable of observing q-
space diffusion diffraction peaks in monodisperse aqueous foams with initial bubble sizes in the range
of 50–85 lm. The position of the peak maximum can be correlated simply to the bubble size in the foam
leading to a technique that can investigate the stability of the foam over time.
The diffusion technique, together with supplementary spin-spin relaxation analysis of the diffusion

data is used to follow the stability and coarsening behaviour of monodisperse foams with a water fraction
range between 0.24 and 0.33. The monodisperse foams remain stable for a period of hours in terms of the
initial bubble size. The duration of this stable period correlates to the initial size of the bubbles.
Eventually the bubbles begin to coarsen and this is observed in changes in the position of the diffusion
diffraction maxima.
� 2016 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Aqueous foams are of commercial importance in the food, cos-
metic and personal health-care industries [1] and therefore attract

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2016.04.053&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.jcis.2016.04.053
http://creativecommons.org/licenses/by/4.0/
mailto:eric.hughes@dur.ac.uk
http://dx.doi.org/10.1016/j.jcis.2016.04.053
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


K. Smith et al. / Journal of Colloid and Interface Science 476 (2016) 20–28 21
a lot of research interest. Much of the research involves under-
standing and improving the stability of the foams in terms of drai-
nage, coalescence and coarsening [2,3]. All three processes can
occur simultaneously, each one influencing the other, leading
quickly to a destabilised foam. This makes it difficult experimen-
tally to isolate and study the main destabilising processes occur-
ring in a particular foam. A number of studies have resorted to
monodispersed foams confined to one and two dimensions [4–6]
to reduce the complexity of the problem while focusing on one
or two destabilisation phenomena. Other studies interested in
coarsening, have resorted to performing experiments under
micro-gravity conditions [7,8] to slow down drainage.

Liquid monodisperse foams can be classified into two broad
groups, wet and dry, depending on the percentage of water present
in the foam. Foams with a water percentage (water fraction) below
5% (0.05) [4] are classed as dry, the bubbles are deformed and poly-
hedral in nature, with bubble faces sharing the same interface.
Bubbles in wet foams become increasingly spherical in shape as
the water fraction increases and above a certain water fraction,
the wet limit, the bubbles lose contact with one another. This limit
lies between 0.26 and 0.33 depending on whether the monodis-
perse foams are packed in a crystalline or disordered manner [4,9].

The coarsening of foams, where large bubbles grow at the
expense of smaller bubbles due to Laplace pressure differences is
of interest at both an academic and industrial level. The coarsening
dynamics of dry and wet foams differ as the dominant gas trans-
port mechanism between bubbles is not the same [7,9]. In dry
foams the transport of gas is direct, proceeding through the large
interfaces between touching bubbles leading to a growth rate of
the bubbles proportional to t1=2. In wet foams, above the wet limit,
the transport of gas is dominated by diffusive properties of the gas
in the liquid phase with a growth rate proportional to t1=3.

For two-dimensional (2-D) dry foams von-Neumann proposed a
simple model for the coarsening of foams based upon the number
of faces a bubble possesses [10]. This model has been verified
experimentally [11,12], leading to a coarsening phenomena at long
times, where the growth rate of the bubbles in the foam becomes
self-similar. In three-dimensional (3-D) foams it was not obvious
that coarsening behaves in the same manner. Only recently, has
an exact von-Neumann-like growth equation been published for
dry 3-D foams [13]. Experimental evidence is only now being pub-
lished based on fast X-ray tomography [14,15] and light scattering
techniques using magnetically levitated foams [7,8].

Wet foams with intermediate water fractions between that of
dry and the wet limit, are expected to show coarsening dynamics
which lie between the two extremes. However, this may not nec-
essarily be the case when other factors such as viscous or inertial
hydrodynamics act [16] and growth rates greater than 0.5 are pre-
dicted. Therefore, there is scope for applying other physical spec-
troscopic methods to understand foam stability and dynamics in
this water fraction region that are non-invasive and relatively fast.
In this paper, nuclear magnetic resonance diffusion experiments
are developed to investigate the coarsening behaviour of monodis-
perse foams with diameters in the range of 50–80 lm and water
fractions between 0.24 and 0.33. In this intermediate regime, the
bubbles are touching and only slightly deformed from the ideal
spherical shape observed at higher water fractions.

1.1. NMR background

Magnetic resonance, in its many forms, has been used to study
the structure of foams. Magnetic resonance imaging has been used
to measure foam drainage [17,18] and structure to give bubble size
distribution directly from 3-D data sets for bubble diameters
greater than 200 lm [19,20]. More recently, there has been an
emphasis on speeding up the experiment time by reducing the
image dimensionality and using Bayesian statistical methods to
extract the bubble size distribution of a foam [21–23]. This
approach has advantages in that the experimental data collection
is simple, however, the building and validation of the statistical
model can be quite involved.

NMR spin-spin relaxation ðT2Þ data has been used to give the
bubble size distribution in a hydrogel foam [24] and the method
has been applied to the study of lung microstructure [25] to under-
stand disease. The approach has been developed from NMR studies
of porous media [26–28]. The T2 relaxation of a fluid in a porous
medium becomes a function of the surface to volume ratio of the
pores and diffusion of the liquid in the internal gradients arising
from the susceptibility differences at the liquid/solid interface
and therefore becomes a probe of the pore structure. The approach
requires a number of supporting parameters to be obtained from
other methods in order to arrive at a final size distribution.

Self-diffusion NMR has been used extensively with emulsions to
give a droplet size distribution of the dispersed phase under condi-
tions of long diffusion observation times where diffusion of the dis-
perse phase is restricted [29]. With foams however, the method
used in its traditional manner, requires an NMR active gas to probe
the bubble dimensions [30]. The approach has been shown to work
using propane gas, but the water signal had to be suppressed using
dissolved rare earth ions. Their addition was shown to have an
effect on the surface tension of the aqueous phase making the
method difficult to use for foam systems where the nature of the
aqueous phase cannot be altered.

In dispersed systems, with low polydispersity, self-diffusion
NMR has been used to obtain an estimate of the dispersed sphere
size. Due to the low polydispersity, q-space diffraction peaks [31–
33] are observed in the echo decay of the diffusion experiment as a
function of increasing gradient strength. The position of the peak
maxima occur when the gradient strength, q is equal to the recip-
rocal of the characteristic dimensions, b, of the dispersed phase,
such as the diameter of the droplets in a monodisperse emulsion.
This method has since been used to investigate systems such as
red blood cells [34] to study membrane permeability and low poly-
disperse emulsions made by hand [35,36] to follow Ostwald ripen-
ing [37] and more recently by the use of microfluidics [38–40].

In order to observe the phenomena, the diffusing molecules
must be allowed sufficient time so that the majority have explored
on average, a distance that is characteristic of the underlying struc-

ture. This diffusion time, D, is of the order of b2
=D0, where b is the

diameter of the dispersed phase in an emulsion or foam and D0 is
the free diffusion coefficient of the molecules being observed in the
NMR experiment. For droplets of diameter 50 lm, if water is being
observed (D0 ¼ 2:3� 10�9 m2 s�1 at 25 �C) then the diffusion time
required is of the order of 1 s. This then requires that the spin lat-
tice relaxation time ðT1Þ of the diffusing molecules be on the order
of a few seconds. Typically, in foam and emulsion systems, the
water T1 is around 3 s.

Both the dispersed and continuous phase may be used to
observe the diffraction phenomena, the choice is dictated by the
magnitude of the free diffusion coefficient, the T1 relaxation and
characteristic size of the internal structure probed. For the contin-
uous phase to be used, as is required for a foam system, the dis-
persed phase must be concentrated. Therefore, foams with air to
water fractions greater than 30% are required. This makes the tech-
nique applicable to dry foams and wet foams up to the point where
the bubbles are just touching.

The investigation of monodisperse wet foams with bubble
diameters covering the range from 10 to 100 lm, prepared using
microfluidic techniques [41–43] should be amenable to this
approach. However, the experimental study of wet foams by
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q-space diffusion NMR is difficult for two reasons: the short life
time of the foam and the large internal gradients arising from sus-
ceptibility differences from the air water interfaces present.

Aqueous wet foams are thermodynamically unstable and tend
to break down with time. NMR diffusion experiments can take over
an hour to complete and some foams can destabilize completely
within minutes, therefore the use of an insoluble gas to stabilise
the foam against coarsening is required [43,44].

The proton spin-spin relaxation time of the water in the foam is
altered from its bulk value due to a number of factors. Enhanced
relaxation can occur from surface relaxation of molecules colliding
with the air water interface. The smaller the size of the bubbles in a
foam, the larger the surface to volume ratio, leading to a decrease
in the spin-spin relaxation time due to enhanced surface relaxation
[24]. Diffusion in the large internal gradients present in the foam
leads to the spin-spin relaxation observed via an echo experiment
being dependent on the refocusing time. When pulse-field gradient
experiments are performed the maximum time allowed for the
encoding time, including gradient pulse duration and recovery
time, is comparable to the decay time of the free induction decay
T�
2

� �
. The proton NMR line width at half height of a foam in the pre-

sent study is of the order of 5–10 ppm. At a proton Larmor fre-
quency of 400 MHz, this leads to a line width at half height on
the order of 1500 Hz and a FID decay time T�

2

� �
of 250–500 ls.

Modern commercial dedicated pulsed field gradient probes, cap-
able of producing gradient pulses of 1800 G/cm would struggle to
perform with gradient echo times of less than 1 ms when the gra-
dient recovery time is taken into consideration.

In order to overcome these problems, without resorting to mod-
ifying the chemical properties of the foam to increase the relax-
ation times, stray field gradient diffusion techniques [45–47]
have been investigated.

Stray field gradient imaging [48] and diffusion studies employ a
strong permanent static gradient throughout the experiment pulse
sequence, therefore the need for long gradient encoding times is
not required. The methodology has been used for imaging at high
and low Larmor frequencies using the fringe-field of superconduct-
ing magnets or employing specifically designed systems, usually at
low magnetic field [49]. In this study we employ the fringe-field of
the superconducting NMR magnet. This provides flexibility to
choose the strength of the magnetic field gradient, while keeping
the sensitivity of the experiment high. Furthermore, the experi-
ment uses standard NMR probes to make the experiment open to
non-specialists.

In this paper, we develop the method for investigating foam
using stray-field NMR using a number of different probes, validat-
ing the method by using a standard sample of polystyrene
monodisperse beads. The long term stability of a series of monodis-
perse foams are investigated using the method together with sup-
plementary T2 relaxation techniques. The results are discussed in
terms of the initial size of the foam bubbles, the wetness of the
foam and the main destabilization mechanism involved.
Fig. 1. (a) Pulsed-field stimulated echo pulse sequence with pulsed gradients of
duration d ¼ 2 ms and diffusion observation time D ¼ 1 s. (b) Stimulated echo pulse
sequence with CPMG acquisition train under a constant magnetic stray field. d
varied from 60 to 350 ls. D was kept constant at 1 s. The echo delay � was set to
100 ls. Pulses p1 to p3 are 90� pulses for both sequences and p4 is a 180� pulse. The
phase cycle for the pulse sequence (b) is as follows: p1 (02)8 (13)8, p2 (0022)4, p3

(0)4 (2)4, p4 (1)8 (3)8, aq (2002022013313 003) [56].
2. Materials and methods

2.1. Materials

Monodisperse 50 lm diameter polystyrene beads (Duke Stan-
dards 4250A) surrounded by water were used as a standard to
develop the stray-field diffusion methods. The beads were allowed
to settle in a Bruker Kel-F 4 mm high resolution magic angle spin-
ning (HR-MAS) insert (Part Number: B4493). The excess water was
removed and the process repeated until the insert was full. The
sample was then sealed. Distilled water was used as a gradient cal-
ibration standard. The sample volume of the insert is cylindrical in
shape with an inner diameter of 2.2 mm. The sample length of the
insert was then calculated to be 6.8 mm by weighing and averaging
a number of inserts filled with water and sealed. The total volume
of sample is approximately 27 lL.

A 1 wt% Tween 20 (Polysorbate 20) solution was used to pre-
pare the foam. The stability of the foam was increased by the addi-
tion of perfluorohexane (Sigma Aldrich) as a vapour into the gas
phase. Foam samples for the NMR experiments were prepared in
three different sample holders. A 4 mm HR-MAS insert, the zirco-
nia ceramic 4 mm rotor and a glass 5 mm diameter cut-off NMR
tube. The foam was loaded into the NMR sample holders by first
filling the holders with surfactant solution and then placing the
holder above the output of the microfluidics device and just touch-
ing the foam flow being produced. The foam samples were
weighed to give an estimate of the volume fraction of water in
the sample assuming a density of the surfactant phase of 1 g/mL.
Samples of the foam were also collected on a microscope slide
before and after filling the sample holder to check the size and
monodispersity of the bubbles using a LCD Digital Microscope II
(Celestron Torrance CA).

2.2. Microfluidics

Monodisperse foam samples were prepared using a home-built
microfluidic device published by Stone and co-workers [50] and a
commercial flow-focusing microfluidic chip (Part Number:
3000158 Dolomite, Royston UK). The air and liquid flows were con-
trolled using pressure using two Mitos Fluika low pressure pumps
(pt.200418). The operating pressure range for the microfluidic
devices was between 50 and 500 mbar and the bubble diameter
range achievable with the two systems was between 50 and
200 lm.

2.3. NMR

All NMR experiments were performed on a Bruker AVANCE III
NMR spectrometer at a 1H Larmor frequency of 400 MHz
(9.4 Tesla). The stray field diffusion NMR experiments were per-
formed on two commercial NMR probes, a 4 mm magic angle spin-
ning (MAS) probe with a gradient coil under non-spinning
conditions and a 5 mm diameter Bruker proton static probe. The
pulsed field gradient diffusion experiments were performed using
the Bruker 4 mm magic angle spinning probe with a 50 G/cm gra-
dient capability. A pulsed field gradient stimulated echo sequence
(PFG-STE) (Fig. 1a) was used [51]. The gradient pulse, d, was 2 ms,
and the diffusion observation time, D, was 1 s. A standard Bruker



Fig. 2. Calibration of stray field gradient using a sample of water for two different
NMR probes. (a) 4 mm probe, D = 100 ms, d = 60–320 ls, gradient = 137 G/cm. (b)
5 mm probe, D = 80 ms, d = 25–175 ls, gradient = 175 G/cm.
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gradient shape file was used, SMSQ10.100, which is rectangular in
shape with smoothed edges to give a gradient integral of 90% of a
square pulse. The proton spin-lattice relaxation time (T1) for the
water in the foams and surrounding the polystyrene beads was
measured using an inversion recovery experiment and found to
be 3 s, therefore the recycle delay was set to 15 s. The gradient
pulse was incremented from 2 to 90% in 32 increments. Sixteen
scans were acquired for each increment.

For the stray field experiments, the NMR probe was lowered out
of the magnet by 6–7 cm. At this position the resonance frequency
was reduced by 0.5–1 MHz depending on the final position. The
magnetic field gradient across the sample was calibrated using a
water sample with a known free self-diffusion coefficient of
2.0 � 10�9 m2 s�1 at 20 �C [52]. The magnetic field gradient ranged
between 135 G/cm and 200 G/cm and was measured before each
set of experiments during the study.

The magnetic field gradient across the sample is required to be
constant. The linearity of the gradient is easily checked by per-
forming a diffusion experiment on a sample of water with a known
self-diffusion coefficient. The signal integral, S, is given by the fol-
lowing equation, S ¼ S0 expð�DDd2c2g2Þ, where S0 is the signal
integral for zero gradient encoding time, D is the self diffusion coef-
ficient, D is the diffusion observation time, d is the gradient encod-
ing time, g is the gradient strength and c is the gyromagnetic ratio.
For a linear gradient over the sample, a stimulated echo experi-
ment should produce a straight line plot when the logarithm of
S=S0 is plotted against Dq2, where q ¼ dcg and has units of m�1.

The stray field diffusion experiments were performed using a
stimulated echo pulse sequence [51] with a Carr-Purcell-
Meiboom-Gill (CPMG) [53,54] acquisition [55] (Fig. 1b). The 90�
pulse width was set to 3.2 ls. The diffusion observation time, D,
was set to 1 s for the foams. The recycle delay was set to 6 s. In
the initial experiments, the diffusion encoding time, d was linearly
incremented in 32 steps from 5 to 350 ls. A full 16 step phase cycle
was used [56] giving an overall experimental time of 1 h. In later
experiments, the number of acquisitions was reduced to 8 and
the number of encoding steps reduced to 16 to give an experimen-
tal time of 15 min. The acquisition time echo window, �, for the
CPMG sequence was set to 100 ls and 320 echoes were acquired
during the acquisition resulting in a decay of the signal of approx-
imately 30%. The spectral width was 1 MHz.

The stray-field diffusion data were processed in the time
domain. The real and imaginary components of the FID were first
phased to maximize the signal in the real channel. Each CPMG echo
peak was isolated, keeping only the top 70% of the signal and
summed together to give the final diffusion data. The position of
the q-space maximum in the diffusion data was determined by
an nth order polynomial fit over the relevant range. The value of
T2 was estimated by fitting an exponential to the CPMG echo train
data. The processing software was written in the Python [57] pro-
gramming language and used the scipy [58] and nmrglue [59]
libraries to process and read in the NMR data. Example Python
scripts in notebook form [60] and experimental data are provided
in the supplementary data.
Fig. 3. Self-diffusion NMR experiment of water around 50 lm diameter monodis-
perse polystyrene beads on a 4 mm probe. (a) PFG-STE experiment. d = 2 ms, D = 1 s.
Maximum gradient strength = 50 G/cm. Gradient range from 2 to 90%. (b) Stray-
field experiment. d = 25–800 ls. D = 1 s. Stray-field gradient = 137 G/cm.
3. Results

3.1. Calibration of the stray-field gradient

Fig. 2 shows the stray field diffusion results for water in the
5 mm and 4 mm probes using the pulse sequence in Fig. 1b. In both
cases, the data decrease linearly, indicating that the gradient across
the sample is constant. The experiment shows a good dynamic
range with little deviation from a straight line down to 2% in the
case of the 4 mm sample. From these plots the magnetic field gra-
dient across the sample can be calculated.

3.2. Stray field diffusion validation

The monodisperse polystyrene beads in water sample was used
to develop and validate the stray field diffusion method in terms of
q-space imaging. Fig. 3 shows the results of a PFG-STE experiment
of the water surrounding the polystyrene beads using the 4 mm
MAS probe with gradient on the 9.4 Tesla system. Two diffraction
maxima are observed at q values of 20,000 and 35,000 m�1. This
corresponds to a spacing of 50 and 29 lm, giving a

ffiffiffi
3

p
relationship

between the two, similar to that observed in emulsion systems
[36]. The first maximum correlates well with the diameter of the
monodisperse beads which is given as 49.5 � 0.8 lm from the cer-
tified documentation accompanying the beads. The observation of
two maxima is due to the low polydispersity of the standard sam-
ple and shows that the volume sample size is sufficient to give
good statistics and even packing over the sample volume. The sec-
ond trace in Fig. 3, is the result of the stray-field stimulated echo
diffusion experiment on the polystyrene beads. Again, a diffraction
maximum is observed, overlaying almost exactly with the pulsed-
field gradient data.

When a foam sample is introduced, the line width of the water
proton signal is of the order of 1700 Hz (Fig. 4a), much wider than



Fig. 4. 1H spectra (400 MHz) of a sample of monodisperse foam in 4 mm HRMAS
insert for (a) a single pulse acquire experiment and (b) PFG-STE experiment with a
gradient pulse, d = 2 ms, gradient stabilisation delay of 1 ms, diffusion observation
delay, D = 1 s and a gradient strength set to 2%, (c) Fourier transform of the CPMG
echo train of a stray-field diffusion experiment with d set to 25 ls, D = 1 s, CPMG
echo spacing, � = 100 ls. The stray-field gradient was 165 G/cm.
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the signal arising from the water surrounding the polystyrene
beads (33 Hz, data not shown). Therefore, when the PFG-STE
experiment is performed under the same conditions, no signal is
observed, even for the lowest gradient pulse setting (Fig. 4b) due
to the loss of signal during the 3 ms gradient encoding time due
to diffusion in the internal gradients present in the foam arising
from the susceptibility mismatch. When the stray field diffusion
experiment is applied to a monodisperse foam the outcome is
more successful. Due to the short gradient encoding time, ranging
from 25 to 600 ls a signal is recovered (Fig. 4c) that is modulated
by the diffusion properties of the water in the system.

Fig. 5 shows the diffusion decay of the water in foams contained
in a 5 mm and 4 mm outer diameter sample holder using different
NMR probes. The experiments were performed within an hour of
the samples being made. Diffraction maxima are observed in the
signal decay for both samples, indicating that the foam has a low
polydispersity and is stable for the duration of the experiment.
The first diffraction peak indicates that the bubble diameter is of
the order of 59 and 66 lm for the 4 and 5 mm samples
respectively.
Fig. 5. Stray-field stimulated echo CPMG acquisition diffusion q-space NMR of two
monodisperse foam. (a) 4 mm HR-MAS rotor. d = 25–500 ls. D = 1 s. Stray-field
gradient = 137 G/cm. (b) 5 mm NMR tube. d = 60–600 ls. D = 1 s. Stray-field gradi-
ent = 175 G/cm.
3.3. Coarsening of foam with time

The stability of the foam was followed over time by performing
the stray-field diffusion experiment repeatedly. In order to have a
reasonable time resolution the number of gradient encoding steps
was set to 16 and the number of scans at each point set to 8. With a
recycle delay of 6 s, the experimental time was 15 min. Fig. 6
shows a stacked plot of the diffusion data for a foam sample in a
5 mm diameter cut-off NMR tube, placed horizontally in the
9.4 Tesla magnetic field. The initial diameter of the bubbles is
53 lm. The data is offset with the earliest experiment at the bot-
tom of the figure. The diffraction peak is clearly observed at a q

value of 18 �103 m�1. In the early stages of the experiment the
plots do not change, indicating that the foam is stable in terms of
bubble size and polydispersity. After approximately 4 h the diffu-
sion plots begin to change. The peak maximum moves to smaller
q values and the peak becomes less pronounced. At this stage the
experiment is showing that the bubbles are becoming larger and
that the polydispersity of the foam is increasing. However, as the
bubbles in the foam increase in size the diffusion observation time
of the experiment is fixed at 1 s, therefore the diffusion time is no
longer optimal for the increasing size of the bubbles. This will also
affect the definition of the diffraction peak to some degree.

An estimate of the bubble diameter can be obtained from the
data in Fig. 6 by plotting the 1=q values at the peak maximum as
a function of time. The results for three different initial diameter
foams are plotted in Fig. 7a with their properties in terms of bubble
diameter and water content given in Table 1. The discrepancy
between the microscopy and diffusion diameter values is quite
large with the microscopy values being always bigger. This is prob-
ably due to the expansion of the bubbles when exposed to air due
to the presence of the perfluorohexane creating a large osmotic
imbalance. The NMR samples are sealed and are collected in a
manner that minimises exposure to air.

All three foams show a stable period where the foam size does
not change. This period of time increases with initial bubble diam-
eter size. The lack of noise in the figure during this time period is
due to the fact the diffusion data perfectly overlap as can be seen
from Fig. 6. The bubble diameter eventually starts to change for
all three foams, increasing in size. At longer times it becomes
increasingly difficult to judge where the maximum is in the plots,
hence the scatter in the data.
Fig. 6. q-space diffusion data over time for a monodisperse foam sample in a 5 mm
NMR tube. Each experimental data set took 15 min to acquire. The foam was
monitored for 15 h with the diffraction peak discernible for 8 h. The first acquired
data set is at the bottom of the stacked plot. d = 60–320 ls. D = 1 s. Stray-field
gradient = 175 G/cm.



Fig. 7. Stability of foam based on the q-space diffusion NMR data (a) and the T2

relaxation data (b) for three different initial diameter monodisperse foams. The
legend gives the size of bubbles in lm.

Table 1
Diameter of three foams in microns from microscopy and diffusion NMR together
with initial water volume fraction used in the stability studies.

Foam Microscopy Diffusion NMR Water fraction

(a) 66 53.5 0.33
(b) 80 64.7 0.25
(c) 90 81.9 0.33

Fig. 8. Correlation between T2 relaxation values for the three foams with the
bubble diameter derived from the q-space peak maximum.

Fig. 9. Estimation of the power law coarsening dynamics for three foams of
different initial diameters (53.5–81.9 lm) derived from q-space imaging data (a)
and the T2 relaxation data (b). The relaxation data has been converted to bubble
diameter using the parameters derived from the straight line fit in Fig. 8 the values
obtained for the slopes are given in the legends together with the initial bubble
diameter.
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All three foams show a stable period where the diffraction max-
imum does not change. The duration of the stable period increases
with the initial bubble diameter size. Eventually the diffraction
maximum starts to change position for all three foams, shifting
towards higher q values.

The stability of the foams can also be followed by measuring the
apparent T2 of water signal from the CPMG echo train. This analysis
is summarized in Fig. 7b. The relaxation rate for the first diffusion
point is plotted against time. The graph shows that the initial T2

values correlate well with the bubble size as each foam sample
starts off at different T2 values. There is an initial period of time
when the T2 values are constant. The length of this time period cor-
relates well with the initial bubble diameter and then eventually
the T2 values start to increase as the foams evolve. The time period
when the T2 is constant matches the same time period over which
the q-space diffraction data remain constant.

Fig. 8 plots the T2 relaxation values for the three foams against
the bubble diameter of the foam derived from the q-space imaging
data. A linear correlation is observed and the parameters of the fit
are used to correlate the T2 relaxation data to a bubble size as the
foam coarsens.

In Fig. 9 the diffusion and T2 relaxation data are plotted again, to
observe the scaling properties of the foam coarsening. On the log-
log plot, the y-axis is the ratio of the derived bubble diameter as a
function of time to the initial bubble diameter. The x-axis corre-
sponds to the evolution time in hours. In the literature, for this axis
a ratio is sometimes taken using a characteristic diffusion time
[42]. However, we have chosen to use a simple time axis, following
Isert [7], as both approaches gave very similar results given the
uncertainty in defining the slope. In the plots an attempt is made
to calculate the power-law exponent value when the foam starts
to destabilise. The slopes obtained for all three foams are close to
a value of 1 for the q-space diffusion data (Fig. 9a). For the data
derived from the relaxation analysis the slopes vary between
0.77 and 0.47. The values obtained are very much dependent on
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the fitting region used and therefore they have a large error asso-
ciated with them.
4. Discussion

The results of the stray-field diffusion measurements show that
the technique can be applied to foams without the need for chem-
ical modification to reduce the susceptibility differences. By
employing monodisperse foam, the diffusion experiments provide
a simple way to follow the stability of the foams by tracking the
position of the q-space maximum. The stability of the aqueous
foams follow the expected trend in terms of bubble size.

Foams with bigger initial bubbles sizes are more stable due to
the overall lower Laplace pressure. The stability increase will also
be due to the relative smaller differences in Laplace pressure
between bubbles for the foams with bigger initial bubble sizes.
The microfluidic system produces bubbles with a certain polydis-
persity which will be dependent on the operating conditions. It is
expected, in the microfluidic system that the relative polydisper-
sity of the foam will increase as the bubble size decreases due to
the increased effect of fluctuations in the pumping system. This
increased initial polydispersity for foams of smaller initial bubble
size will reduce the stability of such foams even further.

A feature of the foam stability experiments, upon the addition
of the perfluorohexane gas, is the long period where the NMR data
remains constant. Without the gas, the stability of the foams are on
the order of a few minutes. During this period the bubble size
remains constant based on the interpretation of the diffusion and
T2 data. From the experiments it is not clear if the onset of coars-
ening is due to some drainage minimum being reached. Simple sin-
gle pulse experiments would show the presence of drained water,
but this would mean interleaving the experiments with the diffu-
sion experiments and involve manually, repositioning and retun-
ing the probe for each experiment, therefore this was not done.
The T2 experiments as well as being sensitive to the size of the
bubbles will also be impacted by drainage due to the presence of
drained free water not associated with the foam. This will be seen
in an increase in the T2 values. In the stable period, there is little
evidence of this occurring as the T2 values remain constant.

At long times, dry and wet foams, coarsening solely to Laplace
pressure differences, are expected to reach an asymptotic growth
rate that is indicative of the type of diffusion mechanism present
in the foam. The bubble size distribution of the foam as a function
of time is also expected to reach a self-similar growth regime. A
number of authors have shown evidence of this behaviour in foams
[7,14,15,42,61]. Isert et al. [7] with their work under microgravity
conditions have shown that there is a transition between the two
diffusion mechanisms as a function of water content. They showed
that the cross over between direct diffusion for dry foams, to diffu-
sive diffusion for wet foams occurred over the water fraction range
of 0.20–0.38.

In the three foam samples we have investigated the slopes of
the coarsening behaviour were all close to a value of 1 for the dif-
fusion data and between 0.77 and 0.45 for the relaxation data rates
than between 0.33 and 0.5 expected for coarsening being the dom-
inating mechanism and that they have reached a self-similar scal-
ing regime given the water content of the foams.

The relaxation data values are a result of a weighted average
of the bubble distribution in the foam. The diffusion value for
the bubble size is taken from the q-space maximum. The width
of the peak should be related to polydispersity, while the actual
maximum should be indicative of the volume-averaged bubble
diameter. As the foam ages, and becomes increasingly polydis-
perse the NMR diffusion experiment becomes less sensitive to
the foam structure as the diffraction maxima becomes more
poorly defined. In previous studies of q-space imaging on model
monodisperse polystyrene beads systems the diffusion data was
analysed using a pore-glass hopping model to give the size of
the polystyrene beads and an estimate of the polydispersity pre-
sent [31,33]. In this model a number of assumptions are required
for it to hold; the spheres are packed randomly, the dimensions of
the spaces between the beads where the water resides is small
compared to the diameter of the beads and there is a separation
of timescales for diffusion within pores and between pores. In
monodisperse aqueous foams it is beyond the scope of this paper
to validate all of the key assumptions required to use this model,
but it is clear that the packing of the monodispersed aqueous
foams is ordered [41,43], therefore a key aspect of the model is
invalid and the analysis of the diffusion data in this manner
was not pursued.

Both sets of values are too high for a foam undergoing only
coarsening in the self-similar regime. It may be that the self-
similar regime is not reached. The foams start off essentially
monodisperse and when they begin to coarsen the shape of the size
distribution of the bubbles is expected to change as the foam
becomes more polydisperse. At the stage where changes in the size
distribution becomes self-similar, the diffusion experiment may no
longer show any diffraction maximum. Another factor is that drai-
nage may be occurring also as the foam shows signs of coarsening
and this may increase the rate at which the bubbles coarsen. War-
ren [16] has shown that the bubble coarsening rate can be greater
than 0.5 when other hydrodynamic regimes are present. The high-
est values obtained from the relaxation regime fall into this range
and therefore the coarsening dynamics may not be as simple as
one had expected.
5. Conclusions

The stray-field diffusion approach was able to measure the dif-
fusion properties of the water in the foam whereas the pulsed field
gradient diffusion approach failed. The loss of chemical shift reso-
lution in the stray-field experiment, which is normally a major
drawback for this technique is not an issue due to the inherent
NMR properties of the foams which produce a broad single reso-
nance in single pulse experiments.

The use of monodisperse foam makes the diffusion experiment
useful and the results easy to interpret when following the stability
of the foam. The NMR results have shown that the stability of the
monodisperse foam is dependent on the initial bubble size and that
rate of coarsening would appear to be linked to the initial size of
the bubbles. In these studies, with the limited number of samples
investigated in terms of bubble size and volume fraction, a link
between the air/water fraction and the coarsening rate could not
be established. Therefore, future work will focus on improving
the robustness of the foam production and preparation of the
NMR sample.

There is an issue with the duration of the diffusion experiment.
The foams required the use of trace amounts of an inert insoluble
gas to increase their stability. In the study the minimum time
required for a diffusion experiment was 15 min. This could be
reduced further to under 5 min by reducing the number of repeti-
tions to two and decreasing the echo spacing of the CPMG acquisi-
tion train together with increasing the number of CPMG echoes to
increase the signal to noise ratio. Moreover, there are a number of
rapid diffusion experiments [62–64] that may be suitable for use
with the stray-field approach and in future work these will be
investigated. Finally, the technique should be suitable for investi-
gating foams under dynamic conditions [65], such as flow in differ-
ent sample geometries so that the rheology [66] of the foam may
be probed.
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