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Single-sided NMR with the NMR-MOUSE is employed for the characterization of fluids in fibrous and open foam
materials. One of the key aspects of this study is the quantification of the fluid amount. To this end critical
information was provided by a relaxation study. Using 2mM/L of a Gd*>* relaxation agent the repetition time
could be shortened to 250 ms, improving the correlation coefficient between liquid amount and signal amplitude

from R? = 0.893 to R* = 0.982. To assess reproducibility and instrument precision, calibration experiments
were repeated several times and their variation investigated. The results showed that the device is highly precise
and robust with a standard deviation for liquid quantification of less than 1%.

1. Introduction

A major application area of NMR is the study of porous materials
which started in the early days of NMR when Torrey investigated the
complex diffusion dynamics of fluids inside porous media [1]. From the
early 1970s on NMR relaxation properties have been used to char-
acterize the permeability of porous rock [2], and the basic physics of
surface relaxation and its relationship to the pore-surface area have
been studied intensively [3]. Spin relaxation is still being used to probe
the surface-to-volume ratio (SVR) [4]. Since then, NMR relaxation has
been explored extensively in studying porous materials such as cement
[5] and subsurface-rock formations [6]. However, fibrous substrates
and in particular thin fibrous materials have received much less at-
tention. A thin porous layer is defined by a thickness that is orders of
magnitude lower than its lateral dimensions [24]. Such materials are
employed in a wide range of products such as fuel-cells, paper, filters,
fluid absorbents and barrier materials, textiles, diapers, and pads. The
interaction of fluids with the fibers is of fundamental importance for the
processing and function of these materials.

Magnetic resonance imaging (MRI) can monitor fluid distributions
and flow through porous materials noninvasively. For example, MRI
has been employed to determine the moisture content in textile and
fibrous materials such as carpets [7], filtration materials [8,9] and
paper [10,11]. However, quantitative studies and the generation of
calibration curves with MRI methods can be challenging. Ideally, one
would like to have MRI experiments for this purpose that produce

images of the spin density only without other contrast parameters such
as the relaxation times T, and T, and diffusion so that the signal in-
tensity is proportional to the liquid amount. When using standard MRI
sequences such as the spin-echo and the gradient-echo sequences, the
T; weight can be eliminated from the image by setting the repetition
delay sufficiently long. Signal attenuation from T, relaxation and dif-
fusion can be minimized by choosing imaging sequences with short
deadtime, for example, single point imaging (SPI) techniques [12], UTE
[20,21], ZTE [22], and SWIFT [23]. However, the low sensitivity of
MRI techniques, challenges the quantification of low liquid amounts in
thin porous media.

Alternatively, mobile single-sided NMR devices can be used for
determining liquid distributions inside porous materials, such as soil,
concrete, building materials and food [13-15]. The Profile NMR-
MOUSE is an example of such a sensor that can provide depth profiles
with spatial resolution better than 10 um due to a strong gradient
perpendicular to the sensor surface and very low lateral-field variation
at a fixed measurement distance from the sensor [16]. In this work, this
type of sensor serves to measure relaxation signals to quantify liquid
amounts. Other than imaging, most relaxation measurements are
without spatial resolution, but such a single-sided probe can provide
information on the liquid content of a sample as a function of the depth.

One of the key aspects of the study is the quantitative measurement
of fluid amount in different thin, porous media by NMR relaxation with
a single-sided NMR sensor. The measurements provided the critical
information needed to quantify the liquid amount. To assess the
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Fig. 2. Placement of the tubes on the NMR sensor for the Calibration tests.
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Fig. 3. Profile of a filter paper soaked with 40 uL 0.9% saline solution. To

quantify the liquid load, the area under the curve and maximum height of the
curve were investigated.
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robustness of the quantification, the precision of measurement was

determined by executing calibration experiments several times and
determining their variation.

2. Experimental procedure

2.1. Instrument

The device that is used for the measurements was a PM-25 NMR-
MOUSE from Magritek (Aachen, Germany). It has a depth range varying
from 5 to 25 mm, sufficiently large to cover the thickness of different
porous materials. The sensitive slice above the surface of the sensor is
4 x 4cm?, and 1D profiles can be acquired across different depth
ranges with the help of a high-precision lift. This device generates a
static gradient of 8 T/m in the direction perpendicular to the sensor
surface, and the protons in the sensitive slice are in resonance at a
frequency of 13.5 MHz.

2.2. Relaxation measurements

Two different pulse sequences were used, a CPMG sequence for T,
relaxation measurements (echo time 150 ps, number of echoes 4096,
repetition time 6000 ms, number of scans 8), and a saturation-recovery
sequence to measure T; relaxation (echo time 63.5 ps, number of echoes

256, repetition time 100ms, number of scans 8, recovery time
9000 ms).

2.3. Liquid quantification

The proportionality of the NMR signal amplitude to the liquid
amount was investigated with and without a relaxation agent. For the
experiments without a relaxation agent, 200 um thick WHATMAN filter
paper was cut into 4 X 4 cm? samples and placed on a glass slide on top
of the NMR sensor. Different amounts 0.9% saline solution (40 pL, 80 pL
and 160 pL) were dripped onto the filter paper from a pipette. The filter
paper was covered by another glass slide to avoid evaporation during
the measurements. A NMR profile with a 50 um spatial resolution was
measured through the filter paper sample using the CPMG sequence and
the high-precision lift.

Whenever the fluid inside a porous material is not able to move
freely, its relaxation is accelerated by contact with the confining
structures [17]. In order to investigate this in more detail, a series of
experiments was performed to determine the relaxation inside porous
materials. T; and T, were measured for different saturation levels. Due
to the fact that the proportion of bound and free fluid inside a porous
structure is most important for our analysis, two materials differing
widely with respect to their pore structure were investigated. First filter
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Fig. 4. Quantification of the 0.9% saline water load for different repetition
times. (a) Area under the curve. (b) Maximum height for the profile of filter
paper.

Table 1
Correlation coefficients for area and maximum height versus liquid load for
different repetition times and correspondingly different acquisition times.

Repetition time R? R? Measurement time for 1 mm at
[ms] Area-Load Max-Load 50 um resolution [min]

500 0,8083 0.8933 3

2000 0.9786 0.9946 11

4000 0.9995 0.9989 22

paper (FP) was used, which binds a considerable amount of fluid.
Second, an open foam material was used, which contains mostly free
fluid. The pores in the foam material are largely open and the material
is hydrophobic so that the fluid inside the pores can be considered to be
free fluid (Fig. 1a). The structure of filter paper consists of densely
packed fibers, which absorb the fluid in the gaps and into the fibers.
This fluid inside is expected to be partly bound (Fig. 1b).

Following the experiments without relaxation agent, experiments
with relaxation agent were performed to study in how far the faster
liquid relaxation affects the proportionality between signal and fluid
amount. For these experiments 2 mM/L of diethylenetriamine pentaa-
cetic acid gandolinium III dihydrogen salt hydrate (381667 Sigma-
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Fig. 5. Relaxation measurements for open foam material with different sa-
turations of 0.9% saline solution. (a) T; measured with a saturation-recovery
sequence. (b) T, measured with a CPMG sequence.

Aldrich) was added to decrease T; relaxation and thereby reduce the
required acquisition time.

2.4. Calibration and precision of dynamic measurements

In the dynamic measurements the amounts of liquid passing
through a fixed sensitive volume were measured with high temporal
resolution (250 ms). Such measurements provide valuable information
to understand the material and product behavior in the first few sec-
onds after liquid application.

To calibrate the signal amplitude with the fluid amount in dynamic
measurements four identical 12.3 mm diameter glass tubes were filled
with 0.9% saline solution and placed vertically on top of the sensor
(Fig. 2). The thickness of the sensitive volume was fixed to 400 pm, and
the sensitive area of the PM-25 device is 4 x 4 cm? With these para-
meters, the liquid volume inside the sensitive volume was estimated
from the known volume of each tube (48 pL).

In order to test the ability of the PM-25 sensor to monitor the dy-
namic behavior inside porous materials and products, the following
experimental procedure was executed: First, all calibration tubes were
placed into the sensitive volume. Every 30 s one of the tubes was re-
moved while the NMR signal amplitude was measured continuously.
This resulted in a step function that can be employed to calibrate the
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Fig. 6. Relaxation times for filter paper with different saturation levels of 0.9%
saline solution. (a) T, relaxation. (b) T, relaxation.

liquid volume with the signal amplitude. The procedure was repeated
five times with the same tubes to investigate the instrument precision
and reproducibility.

2.5. Calibration and precision of profiling

Similar to the calibration procedure for dynamic measurements,
four identical 1.23 cm diameter glass tubes filled with 0.9% saline so-
lution served to calibrate the signal amplitude obtained from the sums
of the first 8 echoes versus the liquid volume. In profiling measure-
ments, the sensitive volume is moving through the sample with the help
of a high-precision lift. A total range of 2000 um along the tube's height
and inside the tubes was profiled to evaluate the stability of the signal
with a spatial resolution of 50 pm. The same experiment was performed
with 4, 3, 2 and 1 tubes. Each experiment was repeated five times to
investigate instrument precision.
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Fig. 7. Relaxation measurements for open foam material as a function of 0.9%
saline solution load with and without relaxation agent (Gd®+ complex). The
relaxation axes are logarithmic. (a) T;. (b) Ta.

Table 2
Comparison of T; and T, relaxation times, correlation coefficients, and total
experiment times for 0.9% saline solution with and without relaxation agent.

T, T, R? area- R? max- Experiment
Free Free load load time [min]
fluid fluid (TR:500 (TR:500
[ms] [ms] [ms]) [ms])
0.9% saline w/o 2160 50 0,8083 0.8933 3
relaxation (with 16
agent scans)
0.9% saline with 50 32 0.9761 0.9824 1.5
relaxation (with 8 scans)
agent

3. Results and discussions

3.1. Relaxation and proportionality study

There are two possible options to quantify the liquid amount inside

porous materials using the NMR-MOUSE (Fig. 3). First, one can use the
area below the profile curve as the quantity to correlate with the liquid
amount. Second, one can use the peak of the curve. Therefore, both
values were determined for NMR profile measurements with three
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Fig. 8. Five repetitions of experiments for calibration with four identical glass
tube containing 0.9% saline solution and 2mM Gd ** relaxation agent.

different amounts of added water and three different repetition times,
500, 2000 and 4000 ms (Fig. 4).

Fig. 4 shows that both the area and the maximum height strongly
correlate with the amount of water in the sample. The correlation
coefficients R? are listed in Table 1. Use of the area is physically jus-
tified and the correlation coefficient is slightly better than for the
height. Therefore, the area below the curve was used for liquid quan-
tification. The total acquisition time for each repetition time and for a
1 mm thick sample was calculated as

d

t= . X NS X Rt a
where t is the total acquisition time, d is the thickness to be scanned
(1 mm here), Re is the spatial resolution used for profiling, NS is the
number of scans per slice of profiling, and Rt is the repetition time for
the CPMG sequence. Table 1 shows that the linearity as expressed by
the correlation coefficient improves with increasing repetition time
between the pulses. This is expected because an increasing repetition
time allows for a more complete build-up of the thermodynamic equi-
librium magnetization. For sufficiently long repetition times, the signal
amplitude is no longer T;-weighted. Additionally, in all these experi-
ments the signal amplitude was estimated from the sum of the first
eight echoes, which is less T, weighted and essentially depends only
depends on the proton density.

The T; and T, relaxation times measured for the free 0.9% saline
solution are 2166 ms and 62 ms, respectively. Fig. 5 shows the mea-
sured T; and T, relaxation times for open foam material in the case of
0.9% saline solution as fluid. The value for T, increases with increasing
saturation. For the highest load, it reached 2100 ms, which is similar to
the value of free saline water (Fig. 5a). When the open foam is fully
saturated, the protons relax in the same way as in the free fluid. This
suggests that most liquid inside foam is free and not bound. These re-
sults are fully consistent with the expectations about the open foam
material.

In order to avoid Tp-weighting of the signal amplitude, T should be
high enough so that the signal does not decay during the first eight
echoes. The results of the T> measurements (Fig. 5b) demonstrate that
T, is high enough for adequate quantification, even at low saturation
(34 ms). The echo time used in the CPMG sequence was 0.15 ms, and
thus the time required for acquisition of four echoes was 0.6 ms. This is
far less than T.

Furthermore, the T, values reach their maximum value at low

Table 3
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Fig. 9. (a) Calibration curve for dynamic measurement, 0.9% saline solution
containing 2 mM Gd 3+ with averaged data. (b) Calibration with a random set
of data from all experiments to study the effect of averaging on linearity.

amount of saturation and do not change significantly until the foam is
fully saturated. The load-dependent trend for the relaxation times
confirms that the foam contains largely free liquid even at lower loads.
The same measurements were executed with filter paper. The trend
of Ty (Fig. 6a) indicates an increase in relaxation time with increasing
saturation. For fully saturated filter paper with (240 pL saline solution),
T1 = 622 ms. This relaxation time is short compared to that of the free
fluid and saturated foam material, indicating a high amount of bound
liquid inside the porous structure of the filter paper. Fig. 6b shows the
T, relaxation times for different saline-solution loads on filter paper. T,
was found to be 20 ms at low saturation and 36 ms at full saturation.
Fig. 7 shows the T; and T, relaxation times with and without the
presence of relaxation agent for a foam sample at different liquid loads.
When comparing the T; relaxation times for liquid with and without
relaxation agent, it is observed that the relaxation agent strongly re-
duces T; to values as low as 50 ms independent of the saturation level of
the filter paper. This observation suggest that the repetition time and
therefore the total acquisition time can significantly be reduced by

Correlation and instrument precision for dynamic measurements tested with 0.9% saline solution containing 2mM Gd >* relaxation agent.

Volume [pL] Max value Min value Average signal Variance Standard deviation [%]
4 tubes 192 0.1382 0.13634 0.1372 6.97 E-07 0.0835
3 tubes 144 0.1008 0.0974 0.099 2.09 E-06 0.1446
2 tubes 96 0.0626 0.0613 0.0621 2.14 E-07 0.0462
1 tubes 48 0.02481 0.0242 0.0246 5.50 E-08 0.0234
Base 0 —0.0083 —-0.0113 —0.0100 1.36 E-06 0.1168
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Results of the correlation and instrument-precision study for profiling measurements with 0.9% saline solution containing 2mM Gd >* relaxation agent.

Volume [pL] Max signal Min signal Average signal Variance Standard deviation % Max area Min area Average area
4 tubes 960 0.2698 0.2656 0.2680 2.52E-06 0.1589 539.52 531.21 536.06
3 tubes 720 0.2027 0.1991 0.2005 2.40E-06 0.1550 405.49 398.27 401.08
2 tubes 480 0.1340 0.1314 0.1330 1.26E-06 0.1126 267.92 262.87 266.00
1 tube 240 0.0672 0.0638 0.0655 1.6 E-06 0.1281 134.49 127.57 130.93
(@) (b) (©)
Calibration Curve (Signal-Load) Calibration Curve (Area-Load) Correlation with Random Data
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Fig. 10. Calibration curve for profiling measurement using (a) signal amplitude, (b) the area below the profiling curve, and (c) a random selection of data from all

experiments to study the effect of averaging on linearity.

relaxation agents to 5T; = 250ms for the dynamic measurements.
However, in profiling measurements we have used repetition a time of
500 ms, which is about 10T; so that all magnetization will build up in
the time between consecutive scans.

To check the proportionality of the NMR response with the liquid
load amount, profiles of three open foam samples with three different
loads of 0.9% saline solution and the Gd®** complex were measured
with a CPMG sequence. Again, the area and the maximum height of
each profile curve were used to correlate with the liquid load amount.
The resulting correlation coefficients are listed in Table 2 together with
the correlation coefficients obtained with the use of the relaxation
agent.

According to Table 2, T, relaxation is reduced to 50 ms by the re-
laxation agent. Thus, high linearity of the calibration curve can be as-
sured even when at a repetition time as short as 500 ms. The correlation
coefficients for area and maximum height against the load are 0.9761
and 0.9824, respectively. Due to the high sensitivity that could be
reached with the relaxation agent, only 8 scans were acquired. There-
fore, the total experiment time was reduced to 1.5 min for scanning a
depth range of 1 mm with a spatial resolution of 50 um. However, it
worth mentioning that the correlation coefficient is high also with
longer repetition times (see Fig. 4). Longer repletion times could be
used when it is not possible to employ a relaxation agent for experi-
mental reasons.

3.2. Calibration and precision study

Fig. 8 shows the results obtained for five experiments executed with
the same sample tubes containing 0.9% saline solution and 2 mM/L Gd
3% relaxation agent. The step sizes for the signal amplitude correlate to
the volume of 48 L per tube inside the sensitive slice.

The signal amplitudes within each 30 s time step were averaged for
each experiment, and the associated standard deviations and variances
were determined (Table 3). The average values derived from these five
experiments were fitted to the liquid amount in a calibration curve
(Fig. 9a). The five-point calibration curve fits a line with a correlation
coefficient of R? = 0.9997. Furthermore, standard deviation is smaller
than 1% in all the experiments, indicating indicated that the instrument
precision is very high.

In order to assure that averaging of data in each experiment does
not affect the variation of the test response, the quality of the calibra-
tion is also evaluated using randomly chosen data, i.e. one signal

amplitude for 1, 2, 3 and 4 tubes selected randomly from the repeat
experiments (Fig. 9b). The linear fit and the resulting correlation
coefficient are almost the same. This suggests that averaging of the
signal amplitude in 30 s windows and in each experiment for different
volumes does not have a meaningful effect on the calibration curve and
function.

The calibration procedure for the profiling measurements was per-
formed with the same glass tubes and the same liquids that were used
for the calibration of the dynamic measurements. The average of the
signal amplitude in each profile has been taken for calibration of the
relationship between signal intensity and liquid volume. In addition,
the corresponding standard deviations and variances have been calcu-
lated (Table 4). The calibration curve (Fig. 10a) has a high correlation
coefficient of R = 0.9999 with the experimental data.

In addition to signal amplitude, the area beneath the profiling curve
was taken for calibration of the liquid volume (Fig. 10b). In order to
make sure that averaging of data in each experiment for signal does not
affect the variation of the test response, the calibration was also tested
with randomly chosen signal amplitudes for 1, 2, 3 and 4 tubes
(Fig. 10c). Results show that, the linear fit and the resulting correlation
coefficient are almost the same. This suggests that averaging of the
signal amplitude does not have not significantly improved the precision
of the calibration.

4. Conclusion

In this paper, a single-sided NMR sensor, the NMR-MOUSE, was
employed to quantify the liquid amount inside porous materials. In
order to understand the effects of free and bond fluids in the material on
the relaxation times, relaxation was measured on filter paper where
most of the fluid is bound and on an open foam material where most is
free due to its hydrophobic nature and large pores. In addition, a re-
laxation agent with minimum effect on liquid and material properties
was introduced to further decrease the repetition time and thereby the
total experiment time. The use of 2mM/L of Gd®>* complex and a re-
petition time of 500 ms resulted in an improvement of the correlation
coefficient between liquid amount and signal amplitude from
R® = 0.893 to R* = 0.982.

A series of experiments was performed to investigate the instrument
precision and to correlate the signal amplitude to the actual liquid
amount in both profiling and dynamic measurements. Results showed
that the device is highly precise with a standard deviation less than 1%
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for both types of measurements.

The single-sided low-field NMR sensor has already been recognized

as a powerful tool to investigate the interaction of fluid and thin fibrous
porous materials and to validate numerical studies [18,19]. Therefore,
establishing a robust and fast quantitative measurement of liquid dis-
tributions will further provide valuable insights into fluid transport in
porous media.

References

[1]
[2]

[3]
[4]

[5]

[6]
[71

[8]

[9]

[10]

Torrey H. Bloch equations with diffusion terms. Phys Ther 1956;104:563-5.
Senturia S, Robinson J. Nuclear spin lattice relaxation of liquid confined in porous
solids. SPE J 1970;10:237-44.

Bloch F. Nuclear relaxation in gases by surface catalysis. Phys Ther
1951;83:1062-3.

Cohen M, Mendelson K. Nuclear magnetic relaxation and the internal geometry of
sedimentary rocks. J Appl Phys 1982;53:1127-35.

D'Orazio F, et al. Molecular diffusion and nuclear magnetic resonance relaxation of
water in unsatyrated porous silica glass. Phys Rev B Condens Matter
1990;42:9810-8.

Kenyon W. Nuclear magnetic resonance as a petrophysical measurement. Nucl
Geophys 1992;6:153-71.

Leisen J, Beckham HW. Quantitative magnetic resonance imaging of fluid dis-
tribution and movement in textiles. Text Res J 2001;71:1033-45.

Hoferer J, Lehmann MJ, Hardy EH, Meyer J, Kasper G. Highly resolved determi-
nation of structure and particle deposition in fibrous filters by MRI. Chem Eng
Technol 2006;29:816-9.

Lehmann MJ, Hardy EH, Meyer J, Kasper G. MRI as a key tool for understanding
and modelling the filtration kinetics of fibrous media. Magn Reson Imaging
2005;23:341-2.

Leisen J, Hojjatie B, Coffi n DW, Beckham HW. In - plane moisture transport in
paper detected by magnetic resonance imaging. Drying Technol 2001;19:199-206.

[11]

[12]
[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]
[21]
[22]
[23]

[24]

Magnetic Resonance Imaging 56 (2019) 131-137

Leisen J, Hojjatie B, Coffi n DW, Lavrykov SA, Ramarao BV, Beckham HW. Through
— plane diffusion of moisture in paper detected by magnetic resonance imaging. Ind
Eng Chem Res 2002;41:6555-65.

Gravina S, Cory DG. Sensitivity and resolution of constant — time imaging. J Magn
Reson B 1994;104:53-61.

Bliimich B, Casanova F, Appelt S. NMR at low magnetic fields. Chem Phys Lett
2009;477:231-40.

Bliimich B, Casanova F, Dabrowski M, Danieli E, Evertz L, Haber A, et al. Small scale
instrumentation for nuclear magnetic resonance of porous media. New J Phys
2011;13:1-15.

Bliimich B, Perlo J, Casanova F. Mobile single-sided NMR. Prog Nucl Magn Reson
Spectrosc 2008;52:197-269.

Perlo J, Casanova F, Bliimich B. Profiles with microscopic resolution by single sided
NMR. J Magn Reson 2005;176:64-70.

Kleinberg RL, Kenyon WE, Mitra PP. Mechanism of NMR relaxation of fluids in rock.
Magn Reson 1994;A(108):206-14.

Tavangarrad AH, Mohebbi B, Hassanizadeh SM, Rosati R, Clausen J, Bliimich B.
Continuum-scale modeling of liquid redistribution in a stack of thin hydrophilic
fibrous layers. Transp Porous Med 2018;122:203-19. https://doi.org/10.1007/
511242-018-0999-0.

Mohebbi Behzad, Tavangarrad Amir Hossein, Claussen Jan, Bliimich Bernhard,
Hassanizadeh S Majid, Rosati Rodrigo. Revealing how interfaces in stacked thin
fibrous layers affect liquid ingress and transport properties by single-sided NMR. J
Magn Reson September 2018;294:16-23.

Pauly JM. Selective excitation for ultrashort echo time imaging. Encycl Magn Reson
2012;1:381-8.

Margosian PM, Takahashi T, Takizawa M. Practical implementation of UTE ima-
ging. Encycl Magn Reson 2012;1:297-310.

Weiger M, Pruessmann KP. MRI with zero echo time. eMagRes 2012;1:311-22.
https://doi.org/10.1002/9780470034590.emrstm1292.

Idiyatullin D, Corum C, Park J-Y, Garwood M. Fast and quiet MRI using a swept
radiofrequency. J Magn Reson 2006;181:342-9.

Ceballos L, Prat M, Duru P. Slow invasion of a non-wetting fluid from multiple inlet
sources in a thin porous layer. Phys Rev E 2011;84:056311.


http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0005
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0010
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0010
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0015
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0015
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0020
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0020
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0025
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0025
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0025
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0030
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0030
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0035
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0035
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0040
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0040
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0040
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0045
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0045
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0045
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0050
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0050
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0055
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0055
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0055
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0060
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0060
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0065
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0065
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0070
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0070
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0070
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0075
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0075
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0080
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0080
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0085
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0085
https://doi.org/10.1007/s11242-018-0999-0
https://doi.org/10.1007/s11242-018-0999-0
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0095
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0095
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0095
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0095
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0100
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0100
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0105
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0105
https://doi.org/10.1002/9780470034590.emrstm1292
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0115
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0115
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0120
http://refhub.elsevier.com/S0730-725X(18)30349-7/rf0120

	Fast and robust quantification of liquid inside thin fibrous porous materials with single-sided NMR
	Introduction
	Experimental procedure
	Instrument
	Relaxation measurements
	Liquid quantification
	Calibration and precision of dynamic measurements
	Calibration and precision of profiling

	Results and discussions
	Relaxation and proportionality study
	Calibration and precision study

	Conclusion
	References




