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Nuclear magnetic resonance (NMR) diffusometry allows to measure droplet size distributions in emulsions. This non-invasive, nondestructive method has several advantages compared to common mainly optical methods for droplet sizing. NMR requires almost
no sample preparation, unlike optical methods or cryoTEM, where samples need to be transparent and preparation or dilution is
necessary. The established method, combining the concept of Murday and Cotts for diffusion in a limited spherical geometry with
Packer and Rees, assuming a log-normal distribution for the droplet sizes, has limitations regarding the distribution and size range of
droplets. There are approaches to overcome the limitations raised by the statistical log-normal distribution. A very successful approach
is a numerical method, the regularisation, which does not assume any distribution form. In this work, we discuss the interpretation
of NMR PFG-STE data leading to droplet size distributions in accordance to the established methods and the regularisation. We
also address the problem of the lower size limitations and propose a way to use the Stokes-Einstein equation to gain droplet size
distributions (DSD) for emulsions with droplets smaller than 1 µm of OW emulsions.

Introduction

E

mulsions are heavily used in food and pharmaceutical
industry, allowing e.g. to enhance flavour, to solubilize
hydrophilic in hydrophobic media and vice versa, and to
reduce the fat content1, 2. One of the major characteristics
of emulsions, governing its appearance, viscosity, and stability is
the droplet size distribution (DSD). It can be challenging to measure
DSDs, as all the different techniques have limitations. For example most optical methods require light transmission and therefore
need highly diluted samples with continuous phases that cannot be
opaque. An established alternative approach for measuring droplet
size distributions is NMR diffusometry, which is not limited to low
dispersed phase fractions. Based on the geometrically restricted
diffusion of the dispersed phase’s molecules inside the droplets, the
size can be calculated, as described by Murday and Cotts3. Additionally, this analytical description of restricted diffusion in a sphere
can be combined with a distribution function to account for size
distributions of droplets, as done by Packer and Rees4, assuming
a log-normal distribution. This droplet sizing with NMR pulsed field
gradient – stimulated echo sequence (PFG-STE) is well established
for simple emulsions with radii larger than about 1 µm. Even in the
case of multiple emulsions, PFG NMR was shown to be applicable
revealing the DSD, the dispersed phase ratios as well as exchange
between phases5, 6.
The assumption of a log-normal distribution for the DSD of an
emulsion is debatable as it is a statistical but not an experimental
distribution. It is usually argued that the droplet size and its distribution is strongly dependent on the production process and formulation, which can lead to an uneven or multimodal distribution
for example with a larger fraction of small droplets. To account
for this, several approaches have been explored to use other

distribution functions. One of the more prominent cases is the
numerical approach of regularisationdescribed in literature 7-9. In
this work two approaches for droplet size distributions are compared and discussed with respect to their benefits and restrictions
for the interpretation of the diffusion data.
The model developed by Murday and Cotts and expanded by
Packer and Rees has limitations for small droplet sizes below
about 1 µm. Droplets in typical food and pharmaceutical emulsions can very well be much smaller than 1 µm in practice. Nanoemulsions are especially important for pharmaceutical applications, where sizes below 300-400 nm are mandatory10. The aim
is therefore to provide a model for this important class of nanoemulsions to be analysed via NMR. Here, we discuss how to
interpret diffusion data from emulsions with droplets smaller than
1 µm and offer a possibility to measure the droplet size distribution by modelling the droplet movement with Stokes-Einstein
equation.

Material and methods
Oil in water (O/W) emulsions with large droplets above 1 µm were
stabilized with whey protein isolate and xanthan from Sigma Aldrich,
increasing the viscosity of the dispersed phase. The dispersed
phase fraction was 10%-vol sunflower oil dispersed in bi-distilled
water with a rotor-stator homogenizer Ultraturrax (IKA GmbH) at
10.000 rpm. Bimodal emulsions were produced and measured as
described in ref. 11.
O/W emulsions with small droplet size below 1 µm were produced
using 10%-vol squalene oil (≥98% Sigma-Aldrich), bi-distilled water,
phospholipid E80 contributed by Lipoid GmbH as emulsifier from
egg source containing 80% phosphatidylcholine, dispersed with
ultrasonication using a Branson 450 sonotrode.
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NMR Diffusometry Data Regarding Droplet Size Distributions

Droplet sizes were measured at room temperature with a Bruker
SWB 200 MHz NMR spectrometer, equipped with a Diff30 probe.
The PFG-STE pulse sequence was used with a gradient duration
d of 3 ms, incrementing the gradient amplitude from 1.2 mT/m to
6 T/m. In order to confirm the measurements and their interpretation, the diffusion time D was varied from 20 to 400 ms. Droplet size
distributions were determined with self-written scripts in Matlab,
using either a log-normal distribution following Packer & Rees or
regularisation. Additionally, emulsions with small droplet sizes were
measured with dynamic light scattering measurements to confirm
the DSD determined by NMR, using a Beckman Coulter N4 plus.

Theory
The fundamental principle of DSD determination by PFG-NMR is
restricted diffusion: Molecules in the dispersed phase of an emulsion are restricted in their translational diffusion by the interface to
the quasi-continuous phase. This means that the average mean
free path of these molecules is related to the restricting geometry.
Depending on the diffusion time and resulting average mean free
path, the molecules will experience the boundaries to a different
extent. If the diffusion time D is too short, the molecules will not
interact with the droplet walls and the restriction will have no impact
on the signal decay, while a very long diffusion time will result in
an average molecule position in the middle of the limiting droplet geometry, loosing the information about distance to the walls.
In between these two extrema, the PFG-NMR signal decay as a
function of the gradient amplitude is determined by the size of the
restricting geometry, i.e. the droplet’s diameter when assuming a
spherical geometry3, 12.
Expanding these expressions by considering the fact that the
droplet size in a typical emulsion is not mono-disperse but shows
a distribution, Packer and Rees4 established a model, assuming a
log-normal distribution. Nowadays numerical methods are used to
overcome boundary conditions or assumptions of the old models,
in the present case the assumption of a log-norm distribution is
relaxed by applying regularisation algorithms7, 8,13.
Apart from the assumptions of spherical geometry and the restriction to suitable time scales for diffusion time and gradient duration,
a major limitation of the established method concerns the range
of droplet sizes which can be analysed by PFG-NMR. Often, the
medians of the DSD’s in NMR studies are in the range of 0.5 µm –
20 µm for W/O and 0.25 µm – 20 µm for O/W14, which is a severe
limitation as a large portion of emulsions are nowadays in the range
of a few hundred nm. A different approach can be investigated in
this case: When considering the droplets as particles, their thermal translational diffusion can be described by the Stokes-Einstein
equation D = (kBT)/(6p × h × r), where D is the diffusion coefficient, kB
the Boltzmann constant, T the absolute temperature, h the viscosity and r the hydrodynamic radius of the particle. Assuming that
the molecules inside the droplets experienced the droplet walls frequently, the average position is essentially the centre of the droplet. In this case the inner-droplet diffusion can be neglected, and
the thermal motion is determined by the diffusion of the droplet
itself. Combining therefore the Stokes-Einstein equation with the
approach of Packer and Rees, an alternative way of DSD determination by PFG-NMR can be realised for nanoemulsions. Strictly
speaking the Stokes Einstein equation is only valid for diluted systems. However, modifications are known which incorporate the
concentration of the dispersed phase15. For fairly concentrated
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nano-emulsions, this approach might be a possibility to determine
DSD by PFG-NMR with its known advantages.

Results

Comparing the established model with regularisation

Classical droplet sizing according to Murday and Cotts3 is often
implemented with a log-normal distribution function as established
by Packer & Rees4. This distribution function might not always be
suited for emulsion systems, where the size and distribution are
known to depend on production parameters and formulation.
Therefore both approaches, the analytical log-normal and the
numerical regularisation were applied on mono- and bimodally distributed emulsions.
In a first step a mono-modal emulsion with droplet sizes in the
range of several micrometres was produced. Both approaches,
the established method and the numerical regularisation described
successfully the signal decay leading to very similar DSDs (Figure
1) with a median in the range of 1 to 1.5 µm and a rather monodisperse distribution, the numerical DSD exhibiting a slightly larger
distribution width. The assumption of a lognormal distribution leads
to a smoother curve, due to its analytical character, while the regularisation uses discrete intervals which are then displayed and are
not as smooth. In the case of irregular distribution this flexibility and
variability of the numerical approach is very beneficial. In the present case of food related emulsions with smooth DSD’s, the findings cannot be interpreted as advantage for any of the methods.
Both methods could be applied and compared with respect to
the residuals to estimate their validity respectively. Therefore more
demanding distributions were analysed.
NMR is thought to be not capable to reveal multimodality of droplet size distributions. This predominantly is, however, a question of
software implementation rather than a question of measurement
and restrictions on principle. An emulsion known to show a bimodal
DSD was analysed11. Figure 2 shows the logarithmic signal decay
log (S/S0) over q2 = g2 · g2 · d2 of this emulsion as a function of diffusion time, with the usual monomodal fit (Figure 2a), and a two
component fit (Figure 2b), according to Murday-Cotts with a monoand a bimodal lognormal distribution. As displayed in Figure 2a) the
signal decay cannot be modelled sufficiently well with a monomodal
DSD, leading to large residuals and obvious deviations between

Figure 1. Droplet size distribution of an oil in water emulsion: Both
approaches for data interpretation lead to similar DSD.
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Figure 2. Signal decay of a bimodal DSDs modelled with a) a monomodal and b) a bimodal log-normal distribution according to Murday and Cotts, leading
to a considerably better fit with smaller residuals in b).
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