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ABSTRACT: Self-diffusion in a bitumen emulsion was studied by 1H NMR. The emulsion forms two phases: continuous and
dispersed. The continuous aqueous phase contains mainly water, with the energy of activation of the diffusion process equal to that
of bulk water, while its diffusivity is smaller than that of bulk water by a factor of 2. The dispersed phase consists of bitumen droplets
containing confined water, whose dynamics is characterized by a fully restricted diffusion regime in cavities with sizes of ∼0.11 μm.
Therefore, the studied bitumen emulsion can be described by a model of a complex multiple emulsion of the water/oil/water
(WOW) type. The suggested model does agree well with data from 1H NMR spectroscopy and diffusometry of the bitumen
emulsion doped with paramagnetic MnSO4(aq) as well as with an additional 1H NMR study of the emulsion structure, in which
emulsion stability was compromised by freezing at 253 K.

■ INTRODUCTION
There is a need to enhance asphalt technology by enabling
production at lower temperatures, while not compromising
performance compared to asphalt produced by conventional
approaches.1−3 Bitumen emulsion mixtures used in cold
asphalt technology offer certain advantages over hot
bituminous road mixtures in terms of potential cost savings,
environmental factors, energy savings, and reducing logistical
difficulties inherent with a hot mix.3

An emulsion is a dispersion of small droplets of one liquid in
another liquid, forming dispersed and continuous phases,
respectively, due to the immiscibility of the liquids.4 In most
emulsions, one of the phases is water, and the other water-
immiscible phase is “oil”. Therefore, emulsions are “oil-in-
water” (O/W) or “water-in-oil” (W/O) where the continuous
phase is water or oil, respectively. Multiple emulsions,5 so-
called water-in-oil-in-water (W/O/W) emulsions consist of
water droplets dispersed in oil globules, themselves ultimately
dispersed in an aqueous phase. Bitumen emulsions typically
contain 40−70% bitumen by weight in the form of droplets 1−
20 μm in diameter. Water content ranges from 25 to 60 wt %.
Emulsions are inherently unstable. For this reason, to increase
the stability of the emulsion, a small amount (0.1−2.0 wt %) of
a surfactant (an emulsifier) is usually added. Molecules of the
emulsifier typically adsorb on the water−oil interfaces and
provide forces that keep the bitumen droplets apart. For some
particular applications, the emulsion properties can be
modified by adding polymers, acids, salts, and thickeners.
There is a distribution of particle sizes (dispersed phase) in
emulsions, which may have an influence on the mechanical
properties.

Bitumen emulsions are normally considered the O/W type,
but several studies have shown that some water is confined
within the bitumen droplets,6−10 as shown by microscopy11

and calorimetry.8,10,12 Therefore, such emulsions are best

considered as the W/O/W type. The emulsion type affects
system properties such as viscosity6,10 and thermal behav-
ior.8,10,12 The concentration of “internal” water has been
estimated to be up to 13 wt %8 or, in the other study, up to 10
wt %10 of the emulsion. This type of water is confined in larger
bitumen droplets,9 with water droplet size influenced by the
emulsifier and salt content,10 and gradually changed with
temperature and storage time and conditions.10 In spite of the
importance of the W/O/W structure for physical and applied
properties of bitumen emulsions, no details of the molecular
dynamics (including dynamics of the confined water) have
been studied to date.

Displacements of molecules in the bulk fluid phase follow
Gaussian diffusion.13 In the presence of restrictions, the
statistics of translational displacements is no longer Gaussian
and is usually presented as a spectrum of apparent diffusion
coefficients, which is diffusion time (td)-dependent (here, td is
a specific parameter of the NMR pulse sequence).13 Pulsed
field gradient (PFG) NMR, also known as NMR diffusometry,
is a powerful method for determining the structure of
microheterogeneous systems.13−25 Primary information about
the diffusivity of moving particles is contained in the diffusion
decay (DD) of the spin−echo amplitude, which has a single-
exponential form in a bulk homogeneous single-component
liquid, but it is described by a more complex mathematical
form in the presence of spatial restrictions.17,19 The effects of a
number of simple geometries of restrictions�spheres,
cylinders, and planes�on DDs have been analyzed pre-
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viously.13,20,21 The results were applied to the diffusion of the
W/O type to estimate the sizes and size distributions of the
emulsion droplets.22,26 Oscillations of DDs predicted by
simulations22,21 were observed for emulsions with a narrow
size distribution of droplets.23

Regarding bitumen emulsions, PFG NMR methods have
been applied alongside NMR relaxometry to study the stability
of the water-in-oil (W/O)-type bitumen emulsion.27 A
complicated form of the 1H NMR diffusion decay has been
analyzed, suggesting restricted diffusion of water in water
droplets. A Gaussian distribution of the sizes of the water
droplets has been obtained with a mean value of 14 μm.27 1H
PFG NMR has also been used to monitor crude oil emulsion
separation.28

The purpose of this work was to analyze the structure of a
certain type of bitumen emulsion used in the cold mix asphalt
technology by applying the 1H PFG NMR method.

■ MATERIALS AND METHODS
Bitumen Emulsion. A slow-breaking bitumen emulsion of

the EN-grade: C67B4-160/220 (according to EN 13808) was
kindly provided by Nynas AB. This type of emulsion in
combination with a breaking additive is used in production of
the cold mix asphalt.1,3 To evaluate the size of the emulsion
droplets, a Keyence VK-X1000 confocal laser scanning
microscope (CLSM) equipped with a VK-D1 motorized XY
stage was employed. The CLSM uses two light sources: a laser
light source, in this case with a wavelength of 661 nm, and a
white light source. The laser information provides lateral
resolution and measurement data, while the white light source
enables the capture of color information, similar to an optical
microscope. Different magnification levels, from 140× (28 ×
5) to 16,800 (4 × 28 × 150), of a Nikon Plan Apo EPI
objective lens were available. The lens with the highest
magnification had a vertical resolution of 5 nm and a lateral
resolution of 10 nm. A drop of the emulsion was spread on a
glass slide; this was tested, uncovered, and without further
preparation. Images were recorded within 30 min after the
sample preparation. An optical image of the bitumen emulsion
is presented in Figure S1 in the Supporting Information (SI).
Particle size distribution was analyzed by the dynamic light
scattering (DLS) method using a Zetasizer Nano-ZS (Malvern
Instruments Ltd., Malvern, U.K.). A He−Ne laser with λ =
632.8 nm was used for this purpose. The measurements were
performed in quartz cuvettes. The DLS data were analyzed by
the cumulant method. The values of the Z-average mean

diameter presented in the results are the average of three
replicates. A curve of the distribution of bitumen particles in
the bitumen emulsion is shown in Figure S2 in the SI.

NMR Technique. NMR spectra measurements were
executed on a Bruker Avance III/Aeon 400WB (Bruker
BioSpin AG) NMR spectrometer with a working frequency for
protons of 400.21 MHz (induction of the static magnetic field
9.4 T). 1H NMR spectra were obtained by a fast Fourier
transformation (FFT) following the 90° radiofrequency pulse
(90°-acq.).

Pulsed gradient spin echo-nuclear magnetic resonance
(PGSE-NMR) measurements were performed with a PGSE-
NMR probe Diff50 (Bruker). A sample was placed in a
standard 5 mm glass sample tube. The tube was closed with a
plastic stopper to avoid air contact. Prior to the measurements,
the sample was equilibrated at a specific temperature for 15
min. The diffusional decays (DD) were recorded using the
stimulated echo (StE) pulse train. For single-component
diffusion, the form of the DD can be described as17,29
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Here, A is the integral intensity of the NMR signal, τ is the
time interval between the first and second radiofrequency
pulses, τ1 is the time interval between the second and third
radiofrequency pulses, γ is the gyromagnetic ratio for protons,
g and δ are the amplitude and duration of the gradient pulse,
respectively, td = (Δ − δ/3) is the diffusion time, Δ is the time
interval between two identical gradient pulses, and D is the
diffusion coefficient. In the measurements, the duration of the
90° pulse was 7 μs, δ was in the range of 1−3 ms, τ was in the
range of 3−5 ms, and g was varied from 0.06 up to the
maximum of the gradient amplitude, 29.73 T·m−1. Diffusion
time was in the range of 2.5−3500 ms. The repetition time
during the accumulation of signal transients was 5 s. If DD is
not exponential in form, an averaged apparent diffusion
coefficient can be calculated from the equation:
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Each experiment was repeated at least three times for each
sample, and therefore, the obtained data are reproducible.
Experimental errors in most of our measurements did not
exceed the size of the symbols on the corresponding graph. In
other cases, error bars are shown on each graph. The number

Figure 1. 1H NMR spectrum of the bitumen emulsion: (A) whole range and (B) magnified part related to organic components.
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of accumulations was from 32 to 1600 to provide a sufficient
signal-to-noise ratio.

■ RESULTS AND DISCUSSION
The 1H NMR spectrum of the bitumen emulsion (Figure 1)
contains one strong signal at ∼4.6 ppm, which mainly
corresponds to water protons, and several signals in the
range of 0−3.7 ppm, which can be related to organic (bitumen
and surfactant) signals. It is possible that the dominating water
signal also masks some organic signals.

1H diffusion decays (DDs) obtained for the bitumen
emulsion at 295 K at different diffusion times are shown in
Figure 2. In the range of the signal decay (two decimal orders),

each curve can be approximated by the sum of two
exponentially decaying components: the fast-decaying (FDC)
and the slow-decaying (SDC) components, which are shown
by solid and dashed lines, respectively. The fast-decaying
component gives the dominant contribution to the signal,
more than 95%.

Temperature variation of the initial parts of the DDs, which
was mainly contributed by the FDC, is shown in Figure 3. As
can be seen, the initial slope of the decay, which represents a
mean diffusion coefficient, increases with increasing temper-
ature. Arrhenius plots of temperature dependences of the mean
diffusivities of the bitumen emulsion and water are shown in
Figure 4. The mean values of the diffusion coefficients are
presented in Table S1 in the SI.

The Arrhenius equation for diffusivity has the form:

= ·D D E RTexp( / )0 D (3)

where the slope of the dependence is determined by the
apparent energy for diffusion ED and R is the universal gas
constant. From Figure 4, it can be seen that both dependences
for the bitumen emulsion and for water have the same slope.
Therefore, the mean diffusivity representing the FDC has an

activation energy close to that of neat bulk water (18 kJ/
mol30). Values of ED estimated from the slope are ∼18.5 kJ/
mol. On the other hand, the values of diffusion coefficients of
the bitumen emulsion are a factor of 2 less than those of neat
water. The reasons for this might be elastic collisions of water
molecules with bitumen droplets and/or interactions (adsorp-
tion−desorption) of water molecules with the surface of the
droplets, which might be covered by surfactants.

While the initial slopes of the DDs do not depend on the
diffusion time (Figure 2), the slopes of SDC do decrease with
an increase in the diffusion time. This becomes more obvious if
we measure the diffusion decays at a higher degree of signal
decay (Figure 5). In this presentation, information about the
FDC is almost lost, while parts of DDs related to SDC at
different diffusion times are more distinguishable. Measure-
ments at longer diffusion times suggest longer time intervals in
the pulse sequence used to obtain diffusion decays. Therefore,

Figure 2. 1H diffusion decays obtained for the bitumen emulsion at
295 K and the range of the signal decay down to 1.5 decimal orders.
The duration of the gradient pulse δ varies from 0.5 ms (td = 10 ms)
to 1 ms (td = 1000 ms). The maximum of the pulsed gradient
amplitude varies from 5 T/m (td = 10 ms) to 1 T/m (td = 1000 ms).
Fast-decaying (FDC) and slow-decaying components (SDC) of DDs
are shown schematically by solid and dashed lines, respectively.
Triangles correspond to the bulk water diffusion decay.

Figure 3. Temperature dependence of the initial part of the diffusion
decay (obtained for the bitumen emulsion) corresponds to the mean
diffusion coefficient in the system. Diffusion time is equal to 10 ms.
The duration of the gradient pulse δ is 1 ms, and the maximum of the
pulsed gradient amplitude is 5 T/m.

Figure 4. Arrhenius plots of the mean diffusion coefficient of the
bitumen emulsion (black) and of neat bulk water (red) in a separate
test tube obtained by 1H NMR.
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it takes to accumulate the signal longer to keep the signal-to-
noise ratios high enough. Errors of measurements (error bars)
in Figure 5 are larger for longer diffusion time, 1s and 3s. To be
sure that these apparent oscillations on DDs are not
conditioned by the “diffusion diffraction” effect,16,20−22 the
DDs are presented as functions of the “wave vector” q =
(2π)−1γδg in Figure S3 in the SI. As seen, positions of the
maxima and minima of the “apparent oscillations” are different
for different diffusion times, as is expected for the “diffusion
diffraction”.

The dependence of DDs on the diffusion time observed for
the SDC shows that the slope of this part of the DDs decreases
with an increase of td, which is typical for diffusion in the
presence of obstacles or confined diffusion.17 Indeed, for a bulk
fluid without spatial barriers in the system, a mean apparent
diffusion coefficient Dav = D corresponds to the diffusion of
particles (molecules or their associates) and does not depend
on the diffusion time. D is related to the mean squared
displacement of moving particles as

< > = · ·r D t22
d (4)

However, if a system contains barriers, which can hinder the
diffusion of the particles, the diffusion coefficient at a long
enough diffusion time (estimated molecular displacements
comparable to or longer than distances between barriers) is not
equal to the true molecular diffusion coefficient D. Instead, it is
named as apparent diffusion coefficient Dapp. Dapp is smaller
than D, and its value depends on the diffusion time, td, the
structure of the restricting geometry, and the distance between
the barriers. In a particular case of fully restricted diffusion,
when a liquid is confined in a droplet with impermeable walls
of a characteristic size (diameter) a:

= < > ·D a t/(2 )app
2

d (5)

From Figure 2, it is seen that the variation in the diffusion time
does not affect the fast-decaying component represented
mainly by the 1H NMR signal from water, according to the
chemical shift at ca. 4.8 ppm (see Figure 1). This means that
the effect of barriers does not change in the range of the

diffusion time of the experiment and also that molecules
contributing FDC do not reside under the full restriction
conditions, at least up to the maximal diffusion time of the
experiment, which is one second. The diffusivity may decrease
relative to that of bulk water due to collisions with bitumen
particles and adsorption−desorption processes on the particle’s
surface, but full restriction does not occur. The lower limit of
displacements can be estimated from eq 4 using D = 4.5 ×
10−9 m2/s at a higher temperature of our measurements, 363
K, and td = 1 s (Figure 4). This gives an ∼95 μm.

A similar analysis can be performed for the diffusivity of
particles contributing to the SDC of diffusion decays. To
estimate the effects of restrictions in the system, dependences
of Dapp on td were presented in double-logarithmic coordinates
(Figure 6). The mean values of the diffusion coefficients

corresponding to different diffusion times are presented in
Table S2 in the SI. In the case of a restricted geometry, this
presentation allows one to identify the regime of restriction. By
definition, D is independent of the diffusion time for free
diffusion. A slope from 0 to −1 of the dependence D on td is
specific for the transition from free diffusion to the regime
when moving particles experience restrictions with bar-
riers.14,17,18 The regime of a full restriction can be recognized
from the slope of the dependence, which is −1 in these
coordinates, according to eq 5, and a ∼ (2·D·td)0.5. For points
of the curve in Figure 6, the ratio a ∼ (2·D·td)0.5 is fulfilled at
the diffusion time range 30−3000 ms. Therefore, diffusivity in
the bitumen emulsion related to SDC corresponds to the fully
restricted regime of diffusion within boundaries with sizes of
∼0.11 μm at 295 K. A slight increase in the temperature to 303
K leads to an increase in molecular displacements. This can be
due to either an increase in the voids filled with water inside
the bitumen droplets or an increase in the diffusion of bitumen

Figure 5. 1H diffusion decays down to four decimal orders for the
bitumen emulsion at 295 K. The duration of the gradient pulse δ is 3
ms, and the maximum of the pulsed gradient amplitude is 29.73 T/m.
A signal-to-noise ratios of 1H NMR spectra for the different diffusion
times and g = 0 are in Table S3 in the SI.

Figure 6. Dependences of apparent diffusion coefficients on the
diffusion time for the SDC in the bitumen emulsion at two
temperatures. Diffusion coefficients were calculated from high-
gradient single-component parts of the SDC. The slope −1
demonstrates fully restricted diffusion. Sizes of apparent restrictions
are shown. These values are not representative of the whole set
because they are calculated from only a part of the SDC; this
approach also does not consider diffusion of the droplet as a whole.
One can refine the result after analysis of all possible deviations from
the chosen model.
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droplets as a whole. The size of restrictions (0.11 μm) is much
smaller than the sizes of bitumen droplets in the bitumen
emulsion, which are in the range 0.8−35 μm (see Figures S1
and S2 in the SI).

Temperature dependence of diffusivity for molecules under
full restriction generally does not follow thermal activation of
the translational mobility of molecules. The dependence could
be defined by a thermal change in the arrangement of barriers.
From Figure 7, it can be seen that slopes of DDs

corresponding to SDC show almost no change at heating in
the temperature range of 295−353 K. This means that the
structure of the emulsion undergoes almost no change at
heating in the temperature range typical for the cold mix
asphalt emulsions.

The effect of fully restricted diffusion is expected for the
bitumen emulsion, which contains, alongside a continuous
aqueous phase, the dispersed phase of bitumen particles.
Diffusion decay is generally of a complex form and depends on
the ratio between the mean squared displacements (MSD) and
the distance between the barriers.19 Therefore, the sizes of
droplets and their internal structure can influence the observed
form of the confinement-caused diffusion decays and their
dependences on the diffusion time. The best way to describe
this behavior in more detail is to validate a model of the
structure of the particle of bitumen emulsion and of the droplet
size distribution. Diffusion of a droplet as a whole, which is due
to the thermal energy, may also contribute to the apparent
diffusion coefficient in the dispersed phase.

The dispersed phase (bitumen droplets) contains bitumen
and also may contain water and molecules of surfactants
(emulsion stabilizers). Molecules contained inside the droplets
may experience fully restricted diffusion, contributing to the
SDC. To reveal which kinds of molecules experience fully
restricted diffusion, let us analyze the 1H NMR spectra
obtained at different points of the diffusion decay, correspond-
ing to both the FDC and SDC of the diffusion decay.

Figure 8A shows a typical two-component DD. 1H NMR
spectra obtained at four selected points of the diffusion decay
are shown in Figure 8B. Points “1” and “2” mainly correspond
to the FDC, i.e., the signal decay in the continuous phase of
the system (Figure 8A) where molecules do not experience
fully restricted diffusion. Therefore, the signal from water is
evidently dominant here, as seen in Figure 8B (spectra 1 and
2). At points “4” and “10”, the signal from the FDC,
representing the continuous phase, is suppressed by the pulse-
field gradient of the PFG NMR sequence (Figure 8A).
Therefore, the 1H NMR signal at these points corresponds to
the dispersed phase. It is seen in Figure 8B (spectra 4 and 10)
that the signal of water protons also dominates in this case.
However, relative intensities of signals from water and bitumen
signals do not correspond to their real fractions because of the
enhanced NMR relaxation of less-mobile molecules of bitumen
in comparison with the fast orientation mobility of water.
Therefore, the water signal is dominant, and the restricted
diffusion of water confined inside the dispersed phase of
bitumen droplets is responsible for the diffusion time
dependence of diffusion decays. Generally, this demonstrates
that both continuous and dispersed phases of the bitumen

Figure 7. Variation of 1H diffusion decays for the bitumen emulsion
with temperature (given by the color code in the inset). Diffusion
time, td, is equal to 300 ms. The duration of the gradient pulse δ is 3
ms, and the maximum of the pulsed gradient amplitude is 29.73 T/m.
There are some changes in the form of the diffusion decays; however,
these changes are minor and they are not characteristic for free,
nonrestricted diffusion. For fully restricted diffusion, thermal
activation of the translational molecular motion does not facilitate
the particle’s displacement.

Figure 8. (A) 1H NMR diffusion decay of the bitumen emulsion. T = 303 K. td = 20 ms. (B) 1H NMR spectra obtained in points 1, 2, 4, and 10 of
the diffusion decay in (A).
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emulsion contain water and that the studied emulsion is a type
of multiple (double) emulsion. Restricted diffusion is observed
for water inside the bitumen droplets with sizes of the order of
0.11 μm that defines intradroplet areas of confined water. It
should be noticed that there is no discrepancy between the
data obtained from optical images and DLS (Figures S1 and S2
in the SI) and the mean size of restrictions obtained from the
NMR diffusion data. Indeed, bitumen droplets are not
transparent to see their internal structure. Other hand, the
DLS data provide sizes of the emulsion droplets, which are in
the range of 1−300 μm, while the NMR diffusion data
(average size around 0.11 μm) provide data on the restriction
diffusion of water inside the emulsion droplets.

An effective method to discriminate between intradroplets
and outer (continuous phase) water is the use of a doping
agent, a paramagnetic salt at small enough concentrations to
not interfere with the primary structure of the system.31 We
investigated the effect of Mn2+(aq) ions on the 1H NMR
spectra of the bitumen emulsion. Aqueous (Milli-Q water)
solutions of Mn(II)SO4 with different concentrations of the
salt were prepared. Then, 10 μL of the stack solution was
added to 1 mL of the bitumen emulsion and gently mixed
using a glass pin. The concentrations of Mn2+(aq) ions were
calculated considering the volume of the whole mixture and
were in the range of 0.12−2.38 mM. After half an hour of
equilibration, the mixture was transferred to the NMR tube
and analyzed by 1H NMR. The 1H NMR spectroscopy and 1H
NMR diffusometry measurements were repeated on the same
samples 2 weeks after the MnSO4(aq) addition to the bitumen
emulsion, and the same results were obtained. The 1H NMR
spectra showed that in the presence of Mn2+(aq) the signal is
the sum of two overlapping components: one component
presents a narrow line with a line width comparable to water in
the bitumen emulsion without addition of MnSO4(aq). The
line width of the broad component progressively increases as
the concentration of paramagnetic Mn2+(aq) ions increases. An
example of such a spectrum is shown in Figure 9. The form of

the spectrum agrees well with the presence of two fractions of
water in the system of the multiple emulsion. The narrow line
corresponds to the intrabitumen-particle water of the dispersed
phase, and its broadening is less sensitive to the presence of the
paramagnetic Mn2+(aq) ions in the continuous (water) phase,
in which bitumen particles are dispersed. The broad
component corresponds to the continuous aqueous phase,

which contains the added paramagnetic Mn2+(aq) ions.
Broadening of this spectral component increases as the
concentration of the paramagnetic Mn2+(aq) ions increases
in the continuous phase.

An effect of the paramagnetic ions on 1H diffusion decays of
the bitumen emulsion is shown in Figure 10. It can be seen
that the FDC decreased in amplitude in the presence of
paramagnetic ions, while other features of the decay remained
unchanged.

An additional proof of the multiple emulsion structure of the
bitumen emulsion can be obtained in a special experiment in
which the original structure of the emulsion is destabilized. To
destabilize the emulsion, the sample of the emulsion was
placed at 253 K (−20 °C) for 12 h. After it is moved back to
295 K, the emulsion macroscopically separates into a black
dense bituminous fraction at the top and a brownish aqueous
fraction at the bottom of the tube. These two fractions were
separated in different NMR tubes, and diffusion 1H NMR
measurements for each of these fractions were performed.

The 1H NMR spectrum of the brownish aqueous phase is
shown in Figure 11. It contains signals from water and organic
components, with organic components of the sample resolved
considerably better than in the original bitumen emulsion
(Figure 1).

The DD of the aqueous component is shown in Figure 12A.
It has a two-component form similar to that in the 1H NMR
spectrum of the original emulsion (compare with Figures 2 and
5). Analysis of the FDC of the DD resulted in a diffusion
coefficient D ∼ 2 × 10−9 m2/s, which is related to water and
other small organic molecules dissolved in water. The SDC of
the DD is characterized by a mean diffusion coefficient D ∼ 6
× 10−11 m2/s, which is a factor of ∼30 less than that of water
and typical for micelles formed by surfactant molecules.32,33

The fraction of this component is ∼5 × 10−4, which is around
103 less than that in the original emulsion (see Figures 2 and
5). The 1H NMR spectra of the aqueous component obtained
at different degrees of the NMR signal suppression (points 1,
10, and “20” in Figure 12A) are shown in Figure 12B.

Figure 9. 1H NMR spectra of the bitumen emulsion in the presence
of 1.19 mM Mn2+(aq) ions. T = 295 K.

Figure 10. 1H NMR diffusion decays for the bitumen emulsion
without (black) and in the presence (red) of paramagnetic ions
Mn2+(aq) at a concentration of 1.19 mM. T = 295 K. The diffusion
time is equal to 50 ms.
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In normalized 1H NMR spectra, a dominating at point 1
signal with the chemical shift of water (4.6 ppm) has decreased
dramatically at point 10 of the DD, and it is almost completely
suppressed at point 20, while signals of organic molecules
(0.72, 1.1, 2.65, 3.2, and 3.46 ppm) remained. This means that
there is no confined water in micelles formed by organic
molecules in this sample, and the aqueous phase of the sample
contains micelles formed by molecules/ions of organic
components (surfactants and bitumen).

The 1H NMR spectrum of the dense bituminous part could
not be obtained at 295 K because of the short NMR relaxation

times of molecules with a slow orientation mobility. At
temperatures of 303 K and higher (Figure 13B), the spectrum
comprises a broad resonance line centered near 6 ppm with
unresolved spectral features and a small, broad signal of water
near 4.6 ppm. DDs for this part obtained at three different
temperatures are shown in Figure 13A. These diffusion decays
are of a complicated form. The very beginning part of the
decays is characterized by the mean apparent diffusion
coefficient of the system of ∼2.5 × 10−12 m2/s and does not
change with temperature. The apparent fraction of the fast-
decaying component that mainly determines the value of the

Figure 11. 1H NMR spectrum of the brownish aqueous component obtained after conditioning of the bitumen emulsion at 253 K for 12 h.

Figure 12. Brownish aqueous fraction of the sample of the bitumen emulsion conditioned at 253 K during 12 h. (A) 1H NMR diffusion decays at
295 (black) and 303 K (red). (B) Normalized 1H NMR spectra corresponding to points 1, 10, and 20 of the diffusion decay from bottom to top,
respectively, shown by blue circles in (A). T = 295 K.
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mean diffusion coefficient is ∼0.85. Such highly mobile
molecules may contain some small amount of residual water
and light components of the bitumen. Other components of
the diffusion decays corresponding to slow-moving molecules
show nonsingle-exponential diffusivity. As the temperature
increases, diffusivities of different components generally
increase, but they change with different rates. This is a result
of processes occurring in the system at heating and of an
increase in the contribution of different fractions of the
bitumen due to the increase in NMR relaxation times of their
protons.

The 1H NMR spectra for three different points of the DD
obtained at 303 K (Figure 13A) normalized to the maximum
intensity are shown in Figure 13B. It can be seen that the form
of the spectrum is maintained almost unchanged. Therefore,
molecules of bitumen diffusing at different rates have identical
or similar chemical structures.

■ CONCLUSIONS
Self-diffusion in a bitumen emulsion was investigated by 1H
NMR. Our study shows that NMR diffusometry can be used to
characterize “multiple emulsions”. The emulsion is formed by
two phases: continuous and dispersed. The continuous phase
contains mainly water with an energy of activation of the
diffusion process close to that of bulk water, while its diffusivity
is lower than that of bulk water by a factor of 2. The dispersed
phase is made up of bitumen droplets containing confined
water, which is characterized as a fully restricted diffusion
regime in cavities with sizes of ∼0.11 μm. Therefore, the
studied bitumen emulsion is a multiple emulsion, that is, of the
water/oil/water (W/O/W) type. This agrees with 1H NMR
spectroscopy and diffusometry of the bitumen emulsion doped
with paramagnetic MnSO4, as well as an NMR study of the
emulsion structure destabilized by conditioning at 253 K
during 12 h.
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