Mutual Diffusion Coefficients from NMR Imaging

Daniel Bellaire, Kerstin Miinnemann, Hans Hasse*

Laboratory of Engineering Thermodynamics (LTD), TU Kaiserslautern, Germany

Abstract

In the present work, we use nuclear magnetic resonance imaging (MRI) to mea-
sure the mutual diffusion coeflicient of methane in toluene at 298 K. The con-
centration field obtained upon dissolving gaseous methane in liquid toluene was
monitored with two-dimensional MRI. To cope with the low concentration of
methane, a chemical shift-selective pulse sequence was employed. The diffusion
coefficient was determined from the resulting temporally and spatially resolved
concentration data based on Fick’s second law. The resulting diffusion coef-
ficient is in good agreement with reference data. We conclude that MRI ex-
periments are well-suited for quantitative studies of mutual diffusion in liquid
mixtures, also in challenging applications as the one studied here.
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Introduction

Diffusion is important in many natural and technical processes. The key
property for describing diffusion is the diffusion coefficient. We distinguish self-
diffusion, i.e. the Brownian movement of individual particles, and mutual dif-
fusion, i.e. the movement of particle collectives, resulting in mass transport in
mixtures. Mutual diffusion is of high practical relevance, e.g. in fluid separation

processes.
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As experimental investigations of mutual diffusion coefficients are tedious,
and the number of practically relevant mixtures is extremely large, there is a lack
of experimental data on this important transport property. While for gaseous
mixtures, fair methods for predicting diffusion coeflicients based on kinetic gas
therory are available, the situation is less favorable for liquid mixtures [T}, [2, [3]
4, 15,16, [7, [8]. This is why experimental methods for the determination of mutual
diffusion coefficients in liquid mixtures, as they are studied in the present work,
are particularly important.

Established methods for measuring mutual diffusion coefficients in liquid
mixtures include: diaphragm cells [9], wetted surface absorbers [10} [I1], laminar
jets [12], capillary cells [13], Taylor dispersion [14} [T5], dynamic light scatter-
ing [16], and NMR techniques. In a diaphragm cell, two solutions of different
composition are allowed to equilibrate through a diaphragm. The cell usually
has to be calibrated with a mixture of known diffusion coefficient. In the wetted
surface absorber method, a surface of defined geometry, such as a sphere or a
wall, is wetted by a laminar flow and absorption into the liquid is monitored.
The similar laminar jet method employs a free-flowing laminar jet in which
the absorption takes place. The analysis for the two latter methods requires
knowledge of the fluid dynamics for the respective geometry. In capillary cells,
convective mixing is eliminated through the capillary effect: One component
is placed in the capillary and then brought into contact with the second com-
ponent. In the Taylor dispersion technique, a sample of a solution containing
the solute and the solvent is injected into a laminar stream of the pure solvent
and the dispersion of the solute after flowing through a capillary is recorded.
Dynamic light scattering is able to obtain mutual diffusion coefficients from equi-
librated samples. This is accomplished by observing coherent (laser) light being
scattered by the sample which is influenced by local concentration fluctuations.

NMR techniques are mainly used to determine self-diffusion coefficients, in
which the diffusing component is marked by a phase difference on its nuclear spin
using pulsed field gradients (PFG) [I7]. For infinite dilution, the self-diffusion
coefficient is identical with the mutual diffusion coefficient, so that PFG-NMR,
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can also be used to obtain information on mutual diffusion for this state.

In the present work, we use a different NMR technique: magnetic resonance
imaging (MRI). In MRI, magnetic field gradients also are applied, but in con-
trast to PFG-NMR, this is done in order to produce images. If the MRI images
are taken component-selectively and at various times, information on the time
evolution of concentration fields can be obtained, from which the mutual diffu-
sion coefficient can be extracted. We only mention that PFG-NMR can also be
used to generate spatial information in a ‘diffraction-like’ way [I8§].

With the exception of dynamic light scattering, PFG-NMR, and MRI, all
of the above methods require carrying out the experiment in such a way that
a special type of diffusion process is realized, which is characteristic for the
method (e.g. diffusion through a diaphragm, into a laminar liquid film or jet,
etc.). This is required in order to facilitate the evaluation of the experimental
results, which are usually based on a time-dependent, but not spatially resolved
concentration signal. Although in most cases, method-typical detectors are used
for the concentration measurement, such as a refraction index detector in Taylor
dispersion, the detection method with which the concentration is measured is
largely exchangeable. Dynamic light scattering and PFG-NMR, on the other
hand, do not require any special preparation of the diffusion process, as they
can be carried out with equilibrated samples. This is not the case for MRI,
which requires that macroscopic diffusion, i.e. a mass transport, occurs in the
sample. However, in contrast to the other methods mentioned above, no special
requirements regarding this diffusion process have to be fulfilled. Within the
limits of the analytic method, any diffusion process can be monitored. In this
way, MRI enables a bias-free, non-invasive, and direct observation of diffusion
processes.

In previous work, MRI has been applied to acquire one-dimensional (1D)
diffusion profiles of water in polymers [19], 20, 2I] and solvents in porous ma-
terials [22]. 2D imaging studies have been carried out to study the diffusion
of different solvents in polymers [23] 24] 25, 26] and of water in solids such as

catalyst pellets [27], clay [28], or asphalt [29]. If required, MRI is also able to
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provide 3D resolution, as demonstrated in a study of microstructure growth in
battery cells [30]. Most of theses studies were carried out with 'H NMR. MRI
studies of diffusion employing other nuclei have been reported for 23Na [31],
31p [32], or F and "Li [33]. Through indirect detection, e.g. by observing
variations of T7 or T, relaxation times in the sample, even species, such as
radicals, that are difficult to detect otherwise, can be tracked [34]. The above
mentioned studies investigate diffusion into immobilized materials such as poly-
mers or solids. Measuring diffusion in liquids poses greater difficulties. This is
due to the occurrence of convection.

1D MRI has been used for the purpose of measuring the diffusion of carbon
dioxide in an ionic liquid [35] and for measuring the diffusion in a triethy-
lamine /water system [36, [37]. Here, we employ 2D MRI to study the diffusion
of a dissolved gas, methane, in a liquid, toluene. This is particularly challenging
due to the low concentrations of the solute.

In most of the mentioned literature studies, a gradient echo [38] or a spin-
echo [39] pulse sequence was used.

There is, furthermore, much literature on a technique known as diffusion-
weighted imaging (DWI), which is only related to the topic of the present work,
as it uses the physical effect of diffusion to enhance the contrast in MR imaging,
mainly in medical applications [40] 4T, 42 [43].

The present study was carried out as a part of a large project on mass trans-
fer through fluid interfaces, in which we were particularly interested in mass
transfer at vapor-liquid interfaces in systems that show a high enrichment of
the transferred component at the interface. This is the case for the system
(methane + toluene) studied in the present work, for which an enrichment of
about 2.5 is predicted for the conditions studied here with the method pro-
posed in [44]. Herein, the enrichment is the ratio of the highest molar density of
methane in the interfacial region to the higher of the two molar densities in the
bulk phases, which is the gas phase here. Furthermore, we have recently deter-
mined mutual diffusion coefficients at infinite dilution from an extrapolation of

self-diffusion coefficient data from PFG-NMR and obtained also results for the
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system (methane + toluene) [45]. In the experiments carried out in the present
study, we have monitored the loading of liquid toluene with methane from a
gas phase at a moderate pressure, resulting in sufficiently low concentrations
of methane in the liquid to allow a direct comparison of the resulting mutual
diffusion coeflicient with that for infinite dilution obtained from the PFG-NMR
data in the previous study [45].

To cope with the fact that the methane signals are much weaker than the
toluene signals, due to the low methane concentration, a chemical shift-selective
RARE (Rapid Acquisition with Relaxation Enhancement) [46 [47] pulse se-
quence was used. With that pulse, sequence 2D images of methane diffusing
into toluene were collected. The chemical shift-selectivity enables the observa-
tion of methane without the interference from the strong toluene background
signal.

From the MRI results, quantitative information on the concentration field
of methane in the liquid was obtained. A model based on Fick’s second law was
applied to extract the information on the mutual diffusion coefficient from that
data. Fick’s second law can be applied here due to the low methane concentra-
tion.

At the conditions studied here, the mutual diffusion coefficients according to
Fick and Maxwell-Stefan and the self-diffusion coefficient of methane in toluene
are practically identical, so that we will use the term diffusion coefficient for
simplicity in the following. The paper is divided into an experimental section
reporting on the sample preparation and the MRI method. Then, the theory
applied for the data analysis is described. This is followed by the results sec-
tion in which the experimental data and their interpretation are presented and

discussed.

Experiments

'H NMR spectra and images were recorded with a Bruker Biospin NMR

spectrometer with a magnetic field strength of 7.05 T, corresponding to a pro-
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ton Larmor frequency of 300.13 MHz, equipped with a microimaging probe
with a quadrature detection resonator (magnet: Ascend 300 wide bore; con-
sole: Avance Neo). The acquisition software was Paravision 360 (version 1.1,
Bruker BioSpin MRI GmbH). The spectrometer’s temperature control unit was
calibrated with a platinum resistance thermometer (Pt-100) which was, in turn,
calibrated using a standard, certified by PTB, Braunschweig. The standard un-
certainty of the temperature measurement is estimated to be u(7") = 0.2 K. The
measurements were carried out in a pressure-tight glass sample tube (FengTe-
cEx GmbH, P16, 38 ml, inner diameter 19 mm) which is depicted in Fig. [l The
cap of the sample tube was designed in the present work. It seals the tube and
enables its connection to the gas feed line and ensures a favorable distribution
of the gas in the tube.

The sample cell was filled with toluene such as to match the following criteria:
First, the top of the measurement region should be at least 10 mm below the gas-
liquid interface (but not much more) so that measurement problems resulting
from inhomogeneities of the magnetic field are avoided. The distance between
the interface and the upper end of the measurement region is denoted with zg
here. Second, the tube should be filled with as much toluene as possible, while
still fitting into the resonator and fulfilling the first criterion. This ensures that
there is enough toluene in the volume below the measurement region to justify
the assumption of the semi-infinite medium [48] which is used in the analysis.

The toluene that was used in this work was obtained from AppliChem GmbH
(CAS 108-88-3, purity 0.999 mol-mol~!). The methane gas was obtained from
Air Liquide S.A. (CAS 74-82-8, purity 0.99 mol-mol~!). The chemicals were
used without further purification.

For a simple evaluation of the results, it is essential to avoid convection. Con-
vection could be induced by the gas flow into the cell which is, however, very
low during the experiments. Furthermore, free convection could be induced by
density gradients driven by concentration gradients. This can be excluded as
the methane is fed from the top and its dissolution in the toluene leads to a

lower density. Furthermore, the corresponding density change is very small, as
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Figure 1: Experimental setup that was used for the imaging experiments. The measurement

volume (green) and the volume used for the analysis (magenta) are indicated.

the methane concentration is very low at all times. Last but not least, natural
convection could be caused by temperature gradients in the cell. As the equi-
libration time was very long in the present experiments, temperature gradients
could only be caused by deficiencies of the thermostatting system. This cannot
be excluded a priori, as has been pointed out by Barbosa et al. [49]. These
authors found that the corresponding problems depend on the temperature of
the instrument and are expected to be smallest near room temperature, which
is where we have carried out our experiments.

Furthermore, as we have 2D information on the penetration of the gas into
the liquid, we can detect a possible influence of convection. At the conditions
that are of interest here, any convective flow pattern in the cell must be laminar
and circular, with low velocities near the wall due to the no-slip condition. It

follows from the mass balance that, if the convection is downward near the axis,
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there must be a zone between the axis and the wall where the convection is up-
ward (and vice versa). Downward convection accelerates the penetration of the
gas into the liquid, upward convection slows it down. In any case, near the wall,
where there is no convection, the penetration is only caused by diffusion and
correct results would be expected. Hence, if convection would have occurred,
it should have led to characteristic distortions of the observed concentration
profiles, which should have been detectable in the 2D MRI experiments. The
patterns we have observed, see Supplementary Information, give no indication
of the presence of convection. This is further supported by the fact that the
result we have obtained for the diffusion coefficient (without any calibration) is
in excellent agreement with literature data. A more detailed discussion of the
issue of convection is given in the Supplementary Material.

In this work, the RARE pulse sequence [46] was extended in order to be
chemical shift-selective (courtesy of Bruker Biospin) and is depicted in Fig.
The RARE sequence is very similar to the MSME (Multi Slice Multi Echo)
sequence [39]. In MSME, as in RARE, images of one or more slices are generated
by recording a CPMG [50, 51] echo train. The length of the echo train, i.e. the
number of generated echos, is determined by the number of repeated refocusing
steps which is represented by the bracketed part of the pulse sequence in Fig.
Spatial resolution is achieved by frequency- and phase-encoding each echo. In
the MSME sequence, each echo experiences the same phase-encoding and the
successive echos can be used to improve the signal-to-noise ratio (SNR) or for
Ts relaxation experiments. In the RARE sequence, each echo is individually
phase-encoded and therefore represents different lines in k-space instead of the
same one as is the case for MSME. This enables a much faster image acquisition,
by a factor of R, the so-called RARE factor which determines the number of
phase-encoded echos obtained from one echo train, cf. Fig.[2]

The 90° excitation pulse at the beginning of the pulse sequence is made chem-
ical shift-selective in order to be able to observe the signal originating from
methane without the large background solvent signal stemming from toluene

that would otherwise be present. The NMR parameters for the selective ex-
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Figure 2: Chemical shift-selective RARE sequence that was used for the imaging experiments.
The part in brackets is repeated R times with R being the RARE factor. The total duration
of the pulse sequence is 503 ms with R = 32.

citation of methane were determined beforehand using an equilibrated sample
containing toluene and methane. For the chemical shift-selective excitation
pulse, a Gaussian shape and a bandwidth of 200 Hz were found to be optimal.
The bottom of Fig. [3| shows the 'H NMR spectrum after selective excitation of
the methane peak at 2.8 ppm. The non-selectively excited 'H NMR spectrum
is shown at the top in Fig. [3] for comparison. It can be seen that although the
methane peak is cleanly excited, a small residue of the neighboring toluene peak
remains visible. This residue is compensated during the measurement process,
see below.

The experiment was carried out as follows: The sample cell was filled with
toluene as described above, closed with its cap, and inserted into the resonator.
The resonator with the sample cell was then mounted in the NMR probe and
placed in the magnet. The capillary was then connected to the pressure control
unit and the gas reservoir. Before the gas application was started, a background
image was recorded, which was later subtracted from the obtained images. This
eliminated any residual signal from the toluene in the images due to slightly
imperfect selective excitation of the methane, cf. Fig. Furthermore, a ref-
erence image using pure toluene was collected and the toluene signal was used

for normalizing the slightly inhomogeneous excitation of the sample region. A
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Figure 3: 'H NMR spectra of the system (methane + toluene). The toluene was saturated
with methane at 0.4 MPa and 298.15 K. The upper spectrum is a standard spectrum and
shows only a very small signal of the protons in methane. The bottom spectrum (magnified)

was recorded after selective excitation of the methane peak at about 2.8 ppm.

map of the radio frequency (RF) field homogeneity of the resonator is shown in
the Supplementary Material. In the next step, the sample cell was connected
to the vacuum pump, by opening a valve. The valve was opened only about a
second, which is sufficient to remove the air from the sample cell. Then, the
cell was connected to the methane cylinder and the pressure was adjusted to
0.4 MPa using a pressure gauge (WIKA P-30). Together with the pressuriza-
tion, the pulse sequence was started. Every 16 minutes, an image was produced
which consisted of an average of 32 individual images from these 16 minutes.
In this way, 240 (averaged) images were recorded during the overall duration
of the experiment of 64 hours. The process of averaging over 16 minutes intro-
duces a certain blur in the measured time variable, which is, however, negligible
considering the overall duration of the diffusion process.

The parameter values that were used for the imaging experiment are listed
in Table 1

From the sample, a slice of 5 mm thickness (in z-direction in Fig. was
excited. The slice thickness of 5 mm was chosen since this value produces a

sufficiently high intensity signal while still exciting an almost cuboid part of the

10
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Table 1: Parameters for the chemical shift-selective RARE pulse sequence that was used for

the imaging experiments.

Pulse sequence parameters

Excitation pulse bandwidth 200 Hz
Excitation pulse shape Gauss
Excitation pulse length 13.7 ms
Refocusing pulse bandwidth 4200 Hz
Refocusing pulse length 0.8 ms
Slice thickness 5.00 mm
Field of view 19.28 x 24.00 (z x y) mm
Image size 56 x 32 (z x y) pixels
Echo spacing 15.3 ms
Repetition time 30 s
RARE factor 32
Averages per Image 32

sample. From this slice, a measurement region (field of view), which is depicted
as a green rectangle in Fig. [[j was chosen in such a way that it covers the re-
gion inside the resonator which experiences the most homogeneous excitation.
The homogeneity of the excitation was determined beforehand through an RF
excitation field map of the resonator. The usable field of view spans an area
of 19.28 x 24.00 mm in 2- and y-direction. It is subdivided into a Cartesian
pixel grid of 56 x 32 (z x y). This results in volume elements (voxels) of about
1.3 mm3. The voxel dimensions (and therefore the spatial resolution of the ex-
periment) are 5.00 x 0.34 x 0.75 mm in the z-, z-, and y-directions, respectively.
With these settings, the three outermost voxels on each side are positioned in-
side the glass wall of the sample cell and are serving as ‘baseline’ voxels, i.e.
giving a constant zero signal to which the rest of the data can be compared. Of
the remaining voxels, only the respective outermost on each side of the image

lie in the curvature of the round sample cell. All other voxels occupy the same

11



255

265

270

volume of sample material and have therefore equivalent spin density. For each
voxel, a scalar intensity value is obtained selectively from all methane protons
in the voxel through integration of the respective echo signal. This produces
a 2D image at each time step t and ¢ is taken in the middle of the 16 minute
interval used for the acquisition.

The repetition time of 30 s allows for a sufficient relaxation of the sample
spins before the next excitation. Due to methane having a large T5 relaxation
time constant of 6 s (U(T2) = 0.2 s with a coverage factor of k = 2), a rather
large RARE factor of 32 can be chosen. This means that with each excitation
and therefore each CPMG echo train, a whole 2D image is recorded. From 32
individual images, one average image with improved SNR is constructed. As
mentioned above, this still introduces a T weighting into the images. However,

this only affects the y-direction, it has no influence on the diffusion analysis.

Model-based Data Analysis

Although 2D images of the diffusion process were recorded, the evaluation
is carried out here based on a 1D diffusion model. This is facilitated by an
appropriate choice of the voxels that are used for the evaluation, as explained
below in more detail. The spatial coordinate used here (z) coincides with the
symmetry axis of the cylindrical sample cell geometry. The diffusion along the

z axis is analyzed using Fick’s second law, Eq. . [52]

dcy(z,t) 0%¢y(2,1)
B = @

¢ is the molarity of methane, ¢ is the time, and Di5 is the constant mutual
diffusion coefficient of methane (1) in toluene (2).

In this work, the solution of Eq. for a semi-infinite medium with a con-
centration jump at the boundary at ¢ = 0 is used [48] which is given by Eq. .

c1(z,t) = c10 erfc < 2)

z
2\/ D12t)

12



where ¢; ¢ stands for a constant concentration at the boundary, i.e. the gas-

liquid interface, and erfc() denotes the complementary Gaussian error function.

280 This solution holds for the following boundary and initial conditions, Eq.
and Eq. , respectively.

C1 =C1,0, %= 0, t>0 (3)

c1=0, z>0, t=0 (4)

The origin of the z axis is at the interface with increasing z values downwards
in the liquid phase, cf. Fig.[I] It can be assumed that toluene is saturated with
methane at the interface, hence c¢q,0 = ¢1 sat- The value ¢ ot for the conditions

2es  studied in the present work is available from our previous work [45] and is found
to be ¢1 gat = 0.047 mol-dm™ (abs. uncertainty u(cjgat) = 0.005 mol-dm™3;
using the density of pure toluene [53] for the conversion of mole fraction to
molarity).

Since the concentration is proportional to the measured intensity per voxel,

200 [, Eq holds.

I(z,t)  c(zt) z
T = ero = erfc (2 Tmt) (5)

Here, Ij is the constant intensity which would be measured at the gas-liquid

interface equivalent to the constant concentration at that location ¢; o. As the
field of view is shifted downwards from the surface by zg, cf. Fig.[l] a coordinate

z*, which originates at the top of the field of view, is defined as follows:

' =z—2 (6)

205 Using Eq. , D1s, Iy, and zy were obtained from a fit of Eq. to the
experimental data. As the diffusion process is assumed to be one-dimensional in
z, results for the same z but different y are averaged before the fitting procedure.

The model was implemented in Matlab (version R2019a). The model parameters

13
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Dq5, Iy, and zy were determined from a least squares fit using the Matlab

function fit which is based on a trust-region algorithm.

Results and Discussion

Fig. [4 shows 2D images of the diffusion process of methane in toluene. The
presented images correspond to the volume indicated in magenta color in Fig.
The image data of the complete field of view (green in Fig. [l) are shown in the
Supplementary Material. Only the six vertical voxel columns in the center of
the field of view (around the sample tube’s axis) were chosen for the evaluation
and the corresponding image data are shown in Fig. 4l There are several reasons
for restricting the volume used for the quantification: 1) The curvature of the
surface can be neglected, which facilitates the evaluation; 2) wall effects play no
role; 3) the homogeneity of the RF excitation field is best near the axis. A more
detailed discussion of these effects is given in the Supplementary Material.
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Figure 4: 2D images of the methane molarity c; for different times during the diffusion

experiment. The color codes represent the concentration of the selectively excited methane,

which diffuses downwards into the toluene.

In Fig. [ only 18 images, out of the 240 images that were measured in
total, taken at different times during the experiment are presented. To obtain
a meaningful scaling, the intensity data of the image data was converted to
data on the methane molarity ¢; using Eq. ; the saturation value c; o was
adopted from the literature [45] and is ¢; sar = 0.047 mol-dm ™3 (abs. uncertainty

u(c1 sat) = 0.005 mol-dm~2). Despite the low solubility of methane in toluene

14
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and therefore low signal intensity, the images have a good signal-to-noise ratio
(SNR). Methane can be seen diffusing downwards into the toluene until the field
of view is almost saturated. For a given value of z, the results from the six voxels
in y direction were simply averaged to obtain a signal I that only depends on
the position z and the time t.

That signal was evaluated using Eq. . Thereby, the number of the diffusion
coefficient D15 was obtained from a fit to the data as described above. Besides
the diffusion coefficient D15 also the height zy as well as the intensity I, were
determined from the fit. The number zy is hard to determine geometrically
with sufficient accuracy due to the curvature. The number of Iy could have
been determined alternatively from a measurement of the saturated solution,
which would have been more complicated without promising any advantage.
The result of the fit is shown in Fig. [f] the numerical results for Dy, 29 and I
are given in Table 2]

The plot in Fig. [5| shows the results for ¢1/c1 0 as a function of ¢ and 2* =
z — zg. Experimental data are shown as points, the fit as a surface.

Table 2: Result of the fit of Eq. to the experimental data. The expanded, last digit

uncertainties (k = 2) are given in parentheses.

Fit result

D15 5.24(10)-107° m?.s~!
20 15.1(3
Iy 1.42(1

min

a.u.

)
)

As shown in Fig. 5] the fitted surface describes the experimental data gener-
ally well which is also reflected by the R? value of the fit, which is 0.98. System-
atic deviations are observed basically only in the upper left corner of the dia-
gram, i.e. for large times at the upper end of the measuring window. This could
be the result of an increasing influence of the curved interface. This hypothesis
could be checked by numerical simulations, which were, however, not in the

scope of the present work. As mentioned before, the equilibrium concentration

15



345

0.7

0.6

10

t/h 0 o *
z /' mm

Figure 5: Relative molarity of methane as a function of time and position. The reference
c1,0 is the saturation value. Experimental values (blue dots) are compared to results from
the model fit (surface), from which the number of the diffusion coefficient was obtained. For

clarity, only every tenth experimental data point is shown.

of methane in toluene is only about 0.5 mol-% for the studied conditions. There-
fore, the range of compositions in the studied diffusion process is small so that it
can be assumed that the corresponding mutual diffusion coefficient is constant.
Furthermore, it can be assumed that the mutual diffusion coefficient is equal to
that at infinite dilution of methane which allows the comparison with published
literature data. The diffusion coefficient of methane in toluene at 298 K has been
measured recently by PFG-NMR. [45] and found to be D5 = 5.32-1072 m?.s~!
(expanded uncertainty U(D12) = 0.27 - 1072 m?-s~! (k = 2)). This value and
the one found in the present study agree within their respective uncertainties.
This is a strong argument for the applicability of the MRI method presented
here for studying mutual diffusion coefficients and it also supports the chosen
way of the data evaluation. Furthermore, also the value found for z; agrees well

with the distance between the interface and the top of the field of view.

16
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Conclusions

In this work, the dissolution of methane from a gas phase at 0.4 MPa in liquid
toluene was monitored by MRI at 298 K. A chemical shift-selective RARE pulse
sequence was applied in order to selectively record concentration field images of
the highly diluted methane at consecutive time steps. The diffusion coefficient
of methane in toluene was determined from the data based on Fick’s second
law and was found to be in excellent agreement with literature data. Two-
dimensional imaging was applied and using the results from voxels near the
symmetry axis of the sample tube, data on a one-dimensional time-dependent
methane concentration field were obtained. These data were analyzed with
the well-known solution of Fick’s second law for a semi-infinite slab with a
concentration jump on the surface, which gave the good results mentioned above.
There are several reasons for restricting the volume used for the quantification:
the curvature of the surface can be neglected, which facilitates the evaluation;
wall effects play no role; the homogeneity of the RF excitation field is best near
the axis.

Although measuring diffusion by MRI requires suitable NMR equipment, the
experiments themselves are relatively simple. In our case, a pressurized sample
tube was sufficient. Challenges arise, however, from the necessity to avoid natu-
ral convection, which can in principle be driven by concentration or temperature
gradients. Both effects did not play a role in the present experiments, as can be
inferred from the 2D MRI data that was taken.

The information on the diffusion coefficient has to be extracted from the
MRI data by a model-based quantitative evaluation. In the present work, a
simple straightforward approach was used for this, which consisted basically in
using only those parts of the data, to which an available analytical solution
could be applied.

We have demonstrated here, that quantitative studies of mutual diffusion
with MRI techniques are feasible also in challenging situations, such as low con-

centrations of diffusing solutes. For obtaining diffusion coefficients of diluted
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gases in liquids, also PFG-NMR can be used, which is a simpler technique.
However, PFG-NMR yields only information on self-diffusion, which only coin-
cides with mutual diffusion for the case of infinite dilution. In contrast, MRI
can be applied for studies of mutual diffusion at any concentration, which is
highly relevant for technical applications. Furthermore, we have applied MRI
here only to study diffusion in a simple binary liquid mixture. The technique,
however, lends itself also to study diffusion in more complex situations: profit-
ing from the high chemical shift dispersion, also multicomponent diffusion and
diffusion in reactive systems can be studied, and MRI is also suited to study
diffusion in geometrically confined spaces, such as packed beds. The evalua-
tion of the MRI results is facilitated if there is no convection, but even in the
presence of convection, it should in principle be possible to obtain meaningful
results, as concentration fields of all components can be measured for any point
in time. The strength of the method is that it is non-invasive and can be ap-
plied directly to the system under scrutiny, as long as it fits into the bore of
the MRI magnet. Wide-bore NMR magnets are therefore desirable. However,
the present study also shows that there are substantial challenges namely those
related to the quantification, which requires excellent field homogeneity in the
studied volume. Studying diffusion of highly diluted components is possible,
however, at the cost of the time resolution, which was of the order of 10 min for
a diffusion process that took about 100 h in the present study, but the settings
can be adapted to study also faster processes.

MRI is an excellent and flexible tool for quantitative studies of mutual dif-

fusion, and offers many opportunities, which we are only beginning to exploit.
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