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High-speed NMR imaging of capillary action in thin nontransparent porous media
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An improved high-speed NMR profiling method is introduced that enables us to measure capillary action in

thin, nontransparent porous media. Liquid profiles can be measured as fast as 10 ms with a spatial resolution
of 14.5 um. Capillary absorption of microliter-sized droplets into nontransparent nylon-6,6 porous membranes
was studied. In nylon-6,6 sharp fronts obeying a one-dimensional Darcy model were observed. In paper the
uptake did not follow this model: retardation in uptake, broader fluid fronts, and swelling was observed. These
measurements nicely demonstrate the possibilities and versatility of the developed method.
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Fast capillary imbibition processes of liquids into thin
porous media are widely studied due to the occurrence in
many applications, including printing [1], porous coatings [2],
filtration [3], and cooling of microelectronics [4,5]. These
imbibition processes are often described with a combination
of Washburn [6] and Darcy’s law [7,8]. Over the years, many
theoretical studies tried to extend these fundamental relations
to special cases like swellable media [9,10] and imbibition
of liquid droplets [11]. Obtaining experimental verification
of these models is still challenging as it faces short time
scales and high resolution to capture these processes. For
example, the penetration of an ink droplet in paper happens
at micrometer scale during the first 30-100 ms [1]. Further-
more, most of these processes happen in nontransparent media
like paper or polymers. Common measuring techniques are
not able to deal with these requirements coherently. Mea-
surement techniques like optical microscopy cannot access
fluids in nontransparent media, which limits their application.
Automatic scanning absorptometer (ASA) [8] or weight mea-
surements [ 12] are able to measure global properties like mass
uptake on time scales of 10 ms, but do not give access to
the liquid distribution inside the porous media. Depth infor-
mation is crucial for validating Washburn and Darcy models
of adsorption. More importantly, density profiles during more
complex processes may provide information about swelling,
front broadening, front splitting, particles motion, etc., and
could not be probed at this time and length scale before.
Nuclear magnetic resonance (NMR) on the other hand is able
to extract liquid profiles, inside nontransparent porous media
[13] with high resolution. However, NMR is a relatively slow
technique due to its poor signal-to-noise ratio. Conventional
NMR techniques cannot access the time scale and resolution
needed for capillary action in thin porous media. In this Letter,
we demonstrate high-speed NMR to visualize liquid profiles
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inside thin porous media (100200 um) with a spatial res-
olution of 14.5 um and a time resolution of 10 ms. Here
we report liquid distribution profiles in nontransparent thin
porous layers during fast imbibition. The obtained liquid pro-
files are used to study liquid fronts in time for different liquid
mixtures inside different porous media. Finally, the technique
is used to demonstrate its potential by performing capillary
imbibition in printing paper. The measured liquid profiles
reveal a change in sharpness of the wetting front, retardation
in uptake, combined with swelling of the substrate.

The NMR measurements were performed using a
GARField 'H NMR [14], designed with special poles to
generate a magnetic field of 1.46 T with a gradient (G)
of 40.3 [T/m]. Signals were acquired using the following
pulse sequence (907 — v — [90§ — 7 — (echo) — 7 — 9202, —
T — (—echo) — 7],), which is a modification of the well
known Ostroff-Waugh sequence [15]. The difference is insert-
ing a 902, pulse to remove the constant background signal,
which after the Fourier transform would give a peak at 0 KHz,
by generating alternating positive and negative echo’s which
after addition will cancel out this constant background. The
echo time ¢, = 2t is equal to 50 us with an acquisition time
(t,) of 40 us from which the theoretical resolution can be
calculated with Ax = 1/t,y G = 14.5 um [16], where the gy-
romagnetic ratio of water was used (y = 42.58 MHz/T). The
solid-state echo is preferred above the more widely used Carr-
Purcell-Meiboom-Gill (CPMG) sequence because it only uses
902, pulses. A CPMG sequence will use both 90° and 180°
pulses that will excite slightly different regions because the
excitation bandwidth will depend on the type of pulse (length
and power) [17]. The use of only one type of pulse (90°)
ensures to have always the same excitation profile. Because
all hydrogen nuclei have a small magnetic moment, the signal
will be linear dependent on the hydrogen content. Between
two measurements, the delay time is set larger then 3 times T}
to ensure 95% signal restoration. Because some penetration
experiments take only 100 ms, measurement speed is the most
important factor. Therefore, 3 times 7; was chosen above
the more conventional 5 times 7; which only reduces signal
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FIG. 1. Schematic representation of the measurement setup.

recovery from 99% (577) to 95% (37;) but halves the measure-
ment time. To be able to reduce this delay time, 0.1-M CuSO;4
was added to the liquid mixtures to lower the corresponding
T'1 times. Depending on the time scale of the imbibition pro-
cess, the delay time used in our experiments was set between
10 and 50 ms. The final hydrogen profiles are obtained by
adding the first 16 even positive echoes and subtracting the
first 16 odd negative echoes (n = 16) off the above mentioned
sequence. Depending on the penetration speed of the exper-
iment, n was set to 32 in order to increase signal-to-noise
increasing the measurement time to 3.2 ms. By using different
echoes of the sequence to generate a single profile, the signal-
to-noise can be improved. Using this method, the averaging
repetition of a conventional NMR sequence is avoided and cir-
cumventing waiting 3 times 7'1 between every measurement.
This effectively results in averaging every echo time (50 us)
leading to a 1.6-ms (n = 16) or 3.2-ms (n = 32) total acqui-
sition time to measure a single liquid profile. The obtained
profiles were normalized with a reference measurement per-
formed on a 0.1-M CuSOy solution to compensate for the coil
sensitivity. Finally, to lower signal-to-noise, individual points
were time averaged but not averaged over different positions
which by consequence leaves the resolution unchanged. Dis-
played in Fig. 1 is a schematic representation of the setup. The
sample lies directly above the rf coil which has a diameter
of 4 mm, corresponding to the sensitive region [18]. Last,
the setup used a mounted Hamilton microsyringe to generate
microliter droplets that fall on top of a porous sample. To
cover a range of viscosity, a water-glycerol mixture was used.
The composition of the liquids and their physical parameters
are shown in Table 1. The porous materials used in this study
are Whatman nylon-6,6 membranes and Mondi Niveus Top

TABLE 1. Physical properties of water-glycerol mixtures used in
this study.

Mixture composition Viscosity Surface tension
water:glycerol (wt %) n (mPas) o (mN/N)
100:0 0.89 72.3
75:25 1.89 70.7
50:50 5.38 68.5
30:70 20 66.1

Signal [arb. units]

0 25 50 75 100 125 150
Position [pm]

FIG. 2. Liquid profiles measured by GARField '"H NMR of a
50-wt % glycerol mixture inside a 0.42-pum pore diameter nylon
membrane. Profiles are measured every 25 ms and the top of the
nylon membrane is set to the 0 position. The squares mark the fluid
front positions. In blue, the signal acquired just before the droplet
hits the sample surface is shown.

printing paper. The Whatman nylon-6,6 membranes have two
different pore diameters, 0.42 um and 0.53 pum and a thick-
ness of 165 um. The porosity of the membranes were 0.62
and 0.67, respectively. Both porosity and pore diameter were
measured using mercury intrusion porosimetry (MIP). The
Mondi Niveus Top printing paper is an uncoated paper with
a pore radius of 4 um, thickness of 90 um, and weight of
80 gsm. To start the experiment, a microliter-sized droplet
is jetted from the syringe. When the droplet reaches the top
of the nylon sample, it starts to penetrate the porous media.
Liquid profiles were measured for all water glycerol mix-
tures in both nylon substrates. The 1D liquid profiles from
a 50-wt % glycerol mixture penetrating the 0.42-pum pore
diameter nylon membrane are shown in Fig. 2. The top of the
nylon membrane, determined experimentally, is set to the zero
position and liquid profiles are taken every 25 ms. In blue,
the liquid profile is shown just before the droplet falls on the
nylon membrane. As time progresses, the liquid penetrates
into the nylon membrane, indicated by the black arrow. The
penetration continues until the liquid reaches the bottom of
the membrane at 165 um. The signal intensity after complete
filling is 0.63, which agrees with the porosity of the sample
as determined by MIP. The low signal-to-noise ratio of the
experiments causes the undulations observed in the maximum
signal intensity of the liquid profiles. The profiles in Fig. 2
reveal that also on micrometer scale the liquid penetrates with
a sharp moving front inside the porous media. From these
liquid profiles, the front position (/[m]) is taken at the position
where the liquid signal is around 50% of its saturation level.
This exact point is calculated by interpolating the two nearest
measurements points. Some deviations may still occur due to
the spatial resolution of the measurements points (14.5 pwm).
To describe front progress shown in Fig. 2, we adopted
a sharp front formalism in combination with Darcy’s law.
Assuming an incompressible liquid, the fluid flow can be
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described by three-dimensional (3D) mass conservation with
V . q = V%, P = 0[8], where g[m?/s] represents the fluid flux
through the porous media, described by Darcy’s law [8],

—k

q=—VP 1

n
with k[m?] the permeability, n[Pas] the viscosity, and P[Pa]
the pressure. Because the pressure gradient scales with liquid
penetration, we will compare the pressure gradients in all
directions. As the main pressure component in spontaneous
imbibition is the capillary pressure P, the maximum pressure
drop P observed in any direction should be similar to P.. P.
can be described by the Young-Laplace equation for capillary
pressure,
P 20 cos(@)’

c

2)

r

where r[m] is the pore radius, o[N/m] is the surface ten-
sion, and 6[°] is the liquid-surface contact angle. After using
cylindrical coordinates and leaving out the angular coordinate,
because the droplet is axisymmetric, we obtain

wp_ L1d (0P +132P
= — — —7 _— —— =0,
/ or' 12 aZ/Z

3)

where we have introduced normalized coordinates ' = r/R
and 7 = z/I with the droplet radius R[m] and nylon thickness
[. After rewriting this expression, we end up with

19 ,(oP\ 3°P
- =)+ = =0, 4
7 8r’r(8r’)+ 072 @

where € = (I/R)?. From Eq. (4), it becomes clear that the
problem can be assumed 1D when the following condition is
met: € < 1. By comparing the typical droplet radius (2 mm)
and the nylon thickness (165 um), € can be estimated to
be 0.0068, showing that the process can be considered as a
1D process. The same condition also holds for paper with a
thickness of 90 um.

Now that we have proven that the liquid penetration in the
setup can be assumed to be 1D, we are able to compare our
results to 1D models found in literature. Assuming a homo-
geneous porous structure, the imbibition of the liquid front /
can be described according to Darcy’s law in one dimension
[19], where a constant and isotropic permeability K[m?] is
assumed throughout the sample. Using the capillary pressure
[Eq. (2)] and the following scaling relation for permeability in
function of the pore radius K = Kyr? [20], an expression for
the imbibition front in one dimension is obtained [8§],

l(t)2 _ 4K0c0s(0)a_rt 5)

¢ U

with ¢[%], the porosity of the substrate. To test the Darcy
scaling with surface tension o, pore radius r, and viscosity 7,
imbibition experiments were carried out with different water-
glycerol mixtures and nylon membranes with two different
pore diameters (0.42 and 0.53 um). The front positions are
determined as described in Fig. 2. Results are shown in Fig. 3,
where the front position is plotted as a function of the square
root of time. For all different viscosities and pore radii, a linear
behavior between / and /7 is observed.
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FIG. 3. Imbibition experiments for different water-glycerol mix-
tures (0, 25, 50, and 75 wt % glycerol) in nylon membranes with
different pore radius (r = 0.21 um and r = 0.27 um). The legend
gives the amount of glycerol in wt % and the pore radius of the nylon
membranes in um. The fluid front position is given as a function

of \/1.

The experiments stop at [ = 165 um, where the end of the
membrane is reached. For both pore radii, the rate of pene-
tration slows down with increasing glycerol concentration. In
addition, a smaller pore radius leads to a slower imbibition at
similar glycerol water ratios. To validate the predicted scaling
by Darcy’s law [Eq. (5)], the penetration fronts are plotted
as a function of rescaled time /o r/n+/t[mm], Fig. 4. After
rescaling, the absorption measurements coincide on a single
master curve. Because other scaling parameters like the per-
meability and porosity are media dependent, this indicates that
the dependency on viscosity and surface tension are correct.
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FIG. 4. The liquid penetration depth as function of the rescaled
time for the different water-glycerol mixtures (0, 25, 50, and 75 wt %
glycerol) in nylon membranes with different pore radii (r = 0.21 um
and r = 0.27 wm) membranes.
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FIG. 5. Liquid profiles for a 0.25-M CuSO, solution in Mondi
Niveus Top printing paper. For clarity, the initial paper-liquid in-
terface at position 0 um is marked with a dashed line. Shown in
top right are the liquid front (black) and swelling front paper-liquid
interface (red) indicated by arrows in the main figure. In blue, the
signal acquired just before the droplet hits the sample surface is
shown.

The corresponding slope of the master curve, being 170, can
be used to estimate the dimensionless permeability K,. When
using a typical contact angle for water on nylon-6,6 of 70°
[21] and the according porosity, Ky, was calculated to be
0.016 and 0.018 for the 0.43- and 0.53-um pore diameters,
respectively. This value is in good agreement with values
found in Tomadakis et al. [22], who summarized values for the
dimensionless permeability in function of porosity, calculated
from different models and experimental results.

Measuring these profiles allows us to investigate physical
phenomena with spatial resolution. To illustrate the capability
of the measurement technique, imbibition experiments with a
Top printing paper (Mondi Niveus) were measured. Profiles
where taken every 0.3 s with a 0.25-M CuSOy solution and
can be seen in Fig. 5. In blue, the signal acquired just before
the droplet hits the sample surface is shown. In the beginning
of the experiment, the paper-liquid interface situates at posi-
tion 0, marked with a dashed line in Fig. 5. The initial paper
position ranges 0—100 um and has a maximum intensity of
0.6 due to the porosity of paper. Positions above the paper
have a signal intensity of 1 and are taken up by the droplet.
The first liquid profiles overlap indicating a retardation in
the fluid front which was not observed in nylon-6,6. After
this retardation, the liquid starts to penetrate inside the paper
indicated by the black arrow. The measurement also revealed
a swelling front of the paper (red arrow in Fig. 5) that could be
measured over time. A corresponding front versus time graph

for swelling (red) and penetration (black) is shown on the top
right of Fig. 5. From this figure, it can be clearly observed that
a retardation period is followed by a period of penetration.
The retardation is probably the effect of sizing, a technique
commonly used in paper to provide resistance against pene-
tration of liquids [23]. Mondi Niveus Top printing paper has a
high amount of AKD sizing which can clarify the retardation.
However, further studies are required to investigate this re-
lationship. When comparing swelling with penetration it can
be concluded that in the case of water, the swelling front and
penetration front will start at almost the same time, around
3 min. The liquid profiles during penetration are less sharp
then the ones found in nylon-6,6. This can be easily viewed
when comparing the profiles from Figs. 2 and 5 where in
the printing paper it can be observed that liquid fronts span
the whole width of the sample while in the nylon-6,6 this is
not the case. From the last experiment, it can be concluded
that liquid penetration in paper is a much more complex pro-
cesses where swelling, broader liquid fronts, and retardation
in uptake are observed. Explaining these phenomena requires
further research but lies beyond the scope of this Letter.

In this study, we developed a high-speed NMR technique
able to measure the liquid penetration in thin porous media
with a time resolution of 10 ms and a spatial resolution
of 14.5 um. We demonstrated that this technique can be
used to measure liquid profiles inside nontransparent thin
porous media from which penetration behavior can be stud-
ied. The measurements revealed that for the nylon-6,6 and
water-glycerol mixtures, imbibition at this scale happens with
a sharp moving liquid front. The liquid front position for
different water-glycerol mixtures varied with the square root
of time and could be described by a 1D-Darcy model for
capillary action. It was shown that in this medium the Darcy
scaling with viscosity, surface tension, and pore radius could
be observed at this particular time and length scale. Using this
model, the dimensionless permeability of the nylon samples
were calculated, which agreed well with values found in the
literature. Last, measurements in paper revealed deviations
from this 1D-Darcy law, a retardation in uptake, broader fluid
fronts, and the occurrence of swelling. The high spatial and
time resolution of this technique allows us to study the liquid
penetration process in thin nontransparent porous media at
small time and length scales.
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