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Application of complex NMR analysis
to characterize pore space
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Using the example of a study on a solid natural porous material, such as the core of dolomite rock,
the effectiveness of three complementary NMR techniques is demonstrated. These techniques
allow for the determination of the characteristics of the porous structure with sufficient accuracy,
including the pore size distribution. Based on the combination of classical NMR relaxation and
DDIF techniques, a method has been proposed for determining the surface relaxation parameter
of the studied object without the need for additional physico-chemical research or reference to
literature data.

PACS: 71.70.Ch, 75.10.Dg, 76.30.Kg, 71.70.E;.

Keywords: magnetic resonance, NMR, relaxation, diffusion, porous media, pore size distribution, sur-
face relaxation.

1. Introduction

The current understanding of solid materials is based on a deep and comprehensive analysis of
experimental studies. Porosity plays a special role among the parameters that characterize a
solid. Due to their unique properties, porous solid materials can be used in various technologies,
such as batteries development and chemical catalysis. Various methods are used to study the
characteristics of porous solid materials. To determine a relatively simple parameter like open
macroporosity, techniques such as light microscopy, thermoporeometry, liquid volumetry and
gas volumetry can be employed [1,2]. Standard methods for characterizing the pore space in
porous materials, such as mercury porometry, gas adsorption and computed tomography (CT),
have significant limitations. These include destructiveness and indirect determination of pore
sizes, as well as a narrow dynamic range. Other methods, such as those described by Dullien [3],
Rouquerol [4] and Orlinskii [5], offer alternative approaches to characterizing porous materials.
However, these methods also have limitations that need to be considered when selecting the most
appropriate technique for a particular application [6]. At the same time, mercury porometry,
which is considered the gold standard for determining porosity, has the disadvantage of using
toxic reagents and the risk of damaging the fragile rock structure due to high pressure. While
adsorption isotherms and several other methods provide general information about the pore
structure, nuclear magnetic resonance (NMR) allows for spatially selective analysis, allowing us
to distinguish between pores of different sizes and shapes and their contribution to the overall
behavior of the system.

In the article [7], the main focus is on the characterization of porous materials using NMR
techniques. The review not only discusses the traditional NMR spectroscopy methods, but also
explores relaxation time measurement techniques used to characterize porous solids. Addition-
ally, it examines the effects of adsorbate interactions with the solid surfaces of pores. The review
also explores the use of pulsed field gradient (PFG) techniques, which are primarily used to study
transfer characteristics. Furthermore, it considers the potential of more complex techniques such
as magnetic resonance imaging (MRI) for characterizing porous materials. In the paper [8], the
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possibility of obtaining information about the pore size distribution of aerogel from spin-lattice
relaxation data of introduced ®He is demonstrated.

A sufficiently high reliability and stability of the measured spin-spin relaxation time spectra
(Ty) for characterizing the pore structure of natural low-permeability porous materials was
demonstrated in [9-11]. However, this requires verification of NMR data in combination with
other petrophysical properties and macroscopic characteristics obtained by other physical and
chemical methods.

In this paper, we aim to demonstrate the potential of combining several relatively simple
techniques using a single research method — the NMR method.

The simplest methods for characterizing porous structures include measurements of spin-spin
(T3) and/or spin-lattice (77) relaxation times. Under certain conditions, these relaxation times
can be directly related to the characteristics of the porous space. For example, for T5 relaxation
times (the most common type of measurement in NMR practice), there is a simple relationship
with pore sizes (r):

1 pS  3p
== (1)
T2 Vv r
where p is the surface relaxivity and S/(V) is the ratio of the surface area of the pore space to
its volume, also known as the specific surface area.

The most attractive use of expression (1) is in cases where the recorded relaxation time spec-
trum is directly related to the pore size spectrum. This approach is valid under the assumption
of isolated pores, but a number of studies confirm its validity [12,13]. However, it has been shown
that a type (1) bond may not always accurately reflect the real characteristics of porous mate-
rials, especially in the nanometer range. This is due to the averaging of relaxation times caused
by diffusion between pores and the poor sensitivity of the method to pore geometry. Therefore,
according to [14], the use of this expression may lead to large errors in the estimation of small
pore sizes [15]. Several analytical models are presented in [16] to account for the influence of
connectivity between pores on the distribution of relaxation times. The issues associated with
strong inhomogeneous magnetic fields occurring in porous media due to variations in magnetic
susceptibility at solid/liquid interfaces and intrinsic or artificially introduced magnetic impuri-
ties are discussed in [17,18]. An important consequence of these magnetic field gradients is the
necessity to consider the contribution of diffusion to transverse relaxation, which is a challenging
task [19,20] .

It should be noted that many factors influence the process, such as the roughness of the
pore surface, the presence of internal gradients, and the shape of the pores. These factors
can be accounted for by making some adjustments to the surface relaxation value in equation
(1). However, one major challenge is that when studying natural porous materials, the surface
relaxation coefficient can be unknown. The standard method for obtaining surface relaxation
values today is to calculate them based on comparing nuclear magnetic resonance (NMR) data
with mercury porometry, low-temperature nitrogen adsorption, and using the Kozeni-Karman
equation [21]. However, there is often a lack of consistency between the results obtained using
different methods, even when studying the same type of porous material.

In the work by Zhao P. et al. [22], it was shown that the value of the surface relaxation
parameter determined using the Kozeni equation is greater than the values obtained using
mercury porometry and low-temperature nitrogen adsorption. At the same time, the range of
surface relaxation values for dolomite from one rock sample varies from 3.41 to 40 ym/ms.
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Similarly, in the study by Rogozin A. et al. [23-26], the values of the relaxation parameter p
range from 0.1 to 1.6 um/ms for samples of similar dolomite rocks. Thus, even for samples of
the same type, a fairly wide range of values for the surface relaxation parameter can be found,
which confirms the importance of the task of independently measuring this characteristic.

Another negative aspect of the nuclear magnetic relaxation method, as previously noted, is
that expression (1) establishes a linear relationship between pore size and relaxation time only
under the assumption of isolated pores. However, for cohesive pores, there are deviations from
this linear dependence, as shown in the work [27]. These deviations will be more noticeable for
small values in the pore size spectrum, where diffusion averaging effects are more pronounced.
The problem of studying small pores can be solved by using the NMR cryoporometry technique,
which has been developed based on the works [28-30]. This technique is based on the Gibbs-
Thomson effect, which describes the dependence of a crystal’s melting point on the curvature
of its interface. This effect leads to a decrease in the melting point of the liquid in a porous
medium, as described by the following equation:

AT =Ty —T(r) = kGTT, (2)
where Tj is the normal melting point, T'(r) is the melting point of a crystal in a pore with
radius r, and kgt is the Gibbs-Thomson constant, which takes into account the surface energy
at the liquid-solid interface. The value of this constant, for example, for water was determined
in work [31] and is equal to 49-58 nm*K. In the case of hydrocarbons, such as benzene, kgt =
110nm*K has been found. Note that the characteristics of spin-spin relaxation depend strongly
on the state of matter aggregation. Thus, for a liquid (molten) fluid, typical T5 relaxation
times are in the range of 0.1second or more, for example for water. At the same time, the
T5 relaxation time for the solid (ice) state is estimated to be 10 us. Thus, it is not difficult to
isolate the fraction (Ps) of the total NMR signal, which quantitatively characterizes the relative
content of the crystalline component in the fluid. By recording the NMR, signal as a function of
temperature, we can construct the dependence Py(T'), which reflects the features of the phase
transition in the porous medium due to the effect of pore size on the melting temperature, in
accordance with equation (2). The transformation from the experimentally measured Ps(T')
dependence to the pore size can be carried out using the well-known Strange-Rahman-Smith
transformation [28].

Cryoporometry does not require calibration with other methods because it does not depend
on the value of p. This makes it an exceptionally valuable tool for accurately characterizing
nano- and mesoporous materials (from 20 to about 100 nanometers), where traditional NMR
relaxometry can introduce systematic errors [32]. Unfortunately, the cryoporometry technique
becomes less effective for larger pore sizes due to its inability to accurately measure small
differences in temperature (AT).

In order to overcome the limitations of the cryporometry method and techniques that assume
a direct relationship between relaxation time and pore size, more sophisticated experimental
approaches are proposed. These include investigating the T5-T5 correlation [33] or the correlation
between relaxation times and self-diffusion coefficients. To measure self-diffusion coefficients,
significant modifications to NMR equipment are typically required to provide adjustable external
magnetic field gradients.

One such method that has been proposed is the DDIF (Diffusion Decay in Internal Field)
technique [34], which allows for the estimation of pore size through the analysis of relaxation

Magnetic Resonance in Solids. Electronic Journal. 2025, Vol. 27, No 8, 25307 (18 pp.) 3



Application of complex NMR analysis to characterize pore space

in inhomogeneous internal magnetic fields at the rock-fluid interface. The key works that lay
the foundations for this methodology include [35] and [36]. The DDIF methodology is based on
several considerations. When a fluid molecule wanders through a pore, it acquires a random pre-
cession phase due to the action of the nonlinear internal magnetic field gradient inside the pore.
This leads to non-relaxation decay of the NMR signal. When the molecule enters an adjacent
pore, the dephasing process starts anew in the gradient field of the new pore. If neighboring
pores are similar in size, their average internal gradient values will also be similar. This results
in the diffusion contribution to relaxation being the same for molecules that remain in the initial
pore and those that move into the neighboring pore. In other words, the contribution of diffusion
to relaxation is limited by time at which the path taken by molecules during diffusion becomes
comparable to the size of a single pore, whether it is an isolated pore or not. Therefore, the key
aspect of the DDIF method is to determine a diffusion time that meets this condition.

r=1 6DsTd(r)7 (3)

where Dy is the diffusion coefficient, 74 is the diffusion time, and r is the pore size. An exper-
imental indication of the fulfillment of condition (3) is the establishment of the fact that the
influence of internal magnetic field gradients on the NMR signal amplitude is independent at
all times greater than 74(r). It is clear that in the case of pore size distribution, finding such
a diffusion time after which the influence of internal gradients becomes vanishingly small will
correspond to the fulfillment of relation (3) for maximum pore size.

Obviously, each of the listed NMR techniques has both advantages and limitations. Neverthe-
less, it is hoped that their combination will make it possible to compensate for the disadvantages
of each of the methods and obtain information about the characteristics of the porous space of
porous materials without the need to use other physicochemical methods.

2. Materials and research methods

For this research, a sample of natural porous dolomite rock was chosen. By the data from [37]
the sample may contain pores with sizes in range from nanometers to tens of micrometers. The
sample was cut into a 9.5 mm cylinder to fit into a 10 mm tube. After this in order to remove all
residual water the sample was pre-dried until the sample mass stays contant and there was no
NMR signal from dried sample. Depending on the experiment, the sample could be saturated
with either double-distilled water or chemical pure brand benzene for cryoporometry experi-
ments. Saturating dry cores with liquid was done under reduced external pressure, following the
recommendations in GOST 26450.1-85. The porosity of the sample was 8%.

All the experimental studies described in this paper were conducted on the “Proton 20M”
NMR relaxometer (by “Chromatech” inc.) with a resonance frequency of *H 22.5 MHz and the
ability to adjust the temperature with an accuracy of 0.1 K. The “dead time” (time interval
immediately after an RF pulse where the receiver is unable to detect the signal) of the probe
is 11 us. All acquired relaxation attenuation data were processed using the OriginLab software.
The spectra of longitudinal and transverse relaxation times were derived from the experimentally
obtained relaxation attenuation curves using the Spectrum of Spin-Spin Relaxation Times pro-
gram, developed at the Department of Physics of Molecular Systems at the Institute of Physics
at KFU. Further details regarding the acquisition of experimental data can be found in the
relevant subsections of the paper [38].
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2.1. NMR relaxometry

To implement the pore determination technique based on NMR relaxometry data, the standard
Carr-Purcell-Meiboom-Gill [39] pulse sequence was used. The measurements were carried out
with delay 27 between m-pulses equals 100 us and at sample temperature of 298 K. The relaxation
decays obtained were approximated by an integral sum of exponential terms with spin-spin
relaxation times and fractions, according to the following formula:

At) = /O T T e T dr, (4)

where A(t) represents the NMR signal measured in a CPMG sequence and f(7%) is the amplitude
distribution function for spin-spin relaxation times (7%).

2.2. NMR cryoporometry

For NMR cryoporometry experiments, the core sample was saturated with chemically pure
benzene, which has a melting point of 278.5 K. The experiment consisted of several stages,
including “freezing”. The sample temperature was lowered directly in the NMR sensor to 252 K,
corresponding to a supercooled temperature of more than 25 degrees below the melting point.
This high degree of supercooling ensured a fast crystallization process, with a crystallinity of
at least 99%. The sample temperature in the NMR sensor was then increased stepwise by 1K
over 20 minutes, up to about 275 K. At higher temperatures, the step size was reduced to 0.1 K,
and the hold time at each step increased to 60 minutes [40]. This procedure was repeated twice:
once for a volume of benzene, and once for a core sample with pores filled with benzene. At
each temperature step, a solid-echo signal was recorded, which made it possible to compensate
for the effect of dead time after the 90th pulse. This actually corresponded to the registration
of the FID signal starting from zero time. The Solid-Echo pulse sequence (7 = 12 us) was used
for the research [41,42]. The recorded relaxation decay was approximated by an expression like:

t2
Zl(((t))) = Pe T + Zpi eiTLZi, (5)
where Pj is the population of the solid—state (Gaussian) component; Thg is the time of trans-
verse relaxation of the solid—state component; p; are the relative fractions of the components
characterized by relaxation times Tb; (relating to liquid (molten) phase of the fluid inside the
porous space); Ps+ > pi = 1.

The main objective of the experiment was to establish differences in the temperature depen-
dences P4(T) for the fluid in the volume and for the fluid in the porous structure of the sample
in the slow heating mode in the range from 252 to 280 K, including the areas of crystallization
and melting of the liquid. Benzene of the chemical pure brand with a melting point of 278.5 K
was used as a fluid in cryoporometry experiments.

2.3. DDIF Methodology

The Diffusion-Driven Internal Field (DDIF) technique is based on the use of internal magnetic
field gradients within a porous medium containing a liquid [43]. Two sequences were employed
in the experiments: a DDIF sequence that records the attenuation of the spin echo signal due
to internal magnetic field gradients (Figure 1A), and an inversion-recovery sequence followed by
formation of a spin echo signal (Figure 1B). It should be noted that the DDIF sequence is actually
a well-established sequence of stimulated echoes. In contrast to the PFG NMR experiments [44],
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90° 90° 90°
A /\
T T1 T ! t
180° 90° 180°
B l /\
I Tl T 1 t I t

Figure 1. Pulse sequences: A — DDIF, where the internal gradients of the magnetic field act in time
intervals indicated by 7. B — The “inversion-recovery” sequence with an echo signal.

the echo signal in the DDIF sequence is affected only by internal and generally nonlinear but
constant in time magnetic field gradients caused by differences in magnetic susceptibility values
for the porous substance and the intrapore space. A notable feature of this sequence is that
these internal gradients affect the amplitude of the echo signal only during specific time intervals
7. This allows for adjusting the value of 7 so that the gradients have a significant impact
on the amplitude of the stimulated echo. By varying the time interval 7, the diffusion time
T4 = 71 +2/37 can be effectively changed, thus setting the scale for spatial displacements of fluid
molecules. The second sequence, called the “inversion-recovery” sequence, was used to measure
the contribution of spin-lattice relaxation and then exclude it from the results obtained using the
DDIF sequence. In both sequences, the values of the time interval 7 were set to be the same. Note
that the dependence of the echo amplitude Ag(7,74) on the diffusion time 74, recorded in this
way, contains an additional contribution due to spin-lattice relaxation in addition to the desired
diffusion attenuation caused by the movement of molecules in an inhomogeneous magnetic field.
To determine this contribution and then exclude it, it is necessary to conduct independent
studies of spin-lattice relaxation, for example, using the “inversion-recovery” technique. In
order for the experimental data in this sequence to match the DDIF experiment as much as
possible, we used the sequence shown in Figure 1B. The relaxation decay function Ag(7,7q) was
determined from the experimentally measured dependence of the amplitude of the spin echo
signal on the time interval £; in this sequence. In this case, the value of 7 was set equal to the
corresponding value in the DDIF sequence. Then, the result of normalizing the experimentally
measured Ag(7,74) function to the spin-lattice relaxation function Ag(7,74) will be the desired
Ag(7,74)/ARr(T,7q) function, which can be used to determine the pore size distribution [43].
By analyzing this function, information about the pore size distribution can be obtained. In
particular, the inverse Laplace transform can be used. In the long diffusion time region, it
is expected that the Ag(7,7q)/Ar(7,74) function reaches a plateau (independent of 74), which
means that the root-mean-square displacement of molecules becomes larger than the upper limit
of the pore size distribution. Therefore, the DDIF method can be used to accurately determine
this upper bound [45,46]. It is important to note that the measurement result will not be
influenced by factors such as the roughness of the pore surface, the presence of paramagnetic
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impurities, or the values of surface relaxation.

3. Experimental Results and Discussion

A typical example of relaxation decay measured using the CPMG technique for a core sample
of dolomite rock is shown in Figure 2. As can be seen in Figure 3, relaxation decay is

1

0.1

A()/A(0)

0.01 |

1E-3

0 100 200 300 400 500
t, ms

Figure 2. Relaxation decay, normalized to the amplitude at the initial time, obtained using the CPMG
pulse technique for a core sample saturated with water. The temperature of the experiment

was 293 K.

0.010

o
=
S
&
T

0.006

T

0.004

T

P, Differential spectrum

o
=
S
e}
T

[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
[}
il
1

10 100

T,, ms

Figure 3. Differential spectrum of spin-spin relaxation times for a core sample saturated with water.
The dotted lines conventionally indicate the upper (100ms) and lower (1ms) boundaries of

the spectrum.

characterized by a pronounced non-exponential behavior. The result of converting relaxation
decay into a spectrum of relaxation times using the program “Spectrum of Spin-Spin Relaxation

Times” [38] is presented in Figure 3.

The relaxation time spectrum in the figure shows a fairly wide range of relaxation times, from

Magnetic Resonance in Solids. Electronic Journal. 2025, Vol. 27, No 8, 25307 (18 pp.) 7



Application of complex NMR analysis to characterize pore space

1ms to 100 ms. Based on this, if we consider the applicability of equation (1), we should expect
a similarly wide range of pore sizes in the material. However, to use this equation, we need
information about the surface relaxation time, which should correspond directly to the porous
material. Since this information is often not available, literature data or additional experiments,
such as mercury porometry, are used. Let’s try to address this issue using NMR data. We can
use the DDIF sequence to obtain information about the maximum pore sizes. At least, this
technique will allow us to associate the upper bound of relaxation times in the 715 spectrum in
Figure 3 with the upper bound of pore sizes. This can be done using the DDIF technique, as
noted above.

Figure 4 shows the dependence of the echo amplitude Ag(7,7q) for the DDIF sequence (Fig-
ure la) and the relaxation decay Ag(T,7q), which characterizes the spin-lattice relaxation pro-
cess. It also shows the result of normalizing Ag(7,74) by Ar(7,7q), allowing us to take into
account the contribution of spin-lattice relaxation to Ag(7,74). As we can see from Figure 4,

—_ 1
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< N “M 3

24
< 0.6} Adsa
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S L ] i x

= R e
% 0.4} n °, .

o

= p " . L)
~ °
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‘:Qﬁ ] ] @
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Figure 4. Dependence of Ag(7,74) — the amplitude of the stimulated echo - on the diffusion time in the
DDIF sequence (curve 1), the relaxation decay Ag(7,7q), which characterizes the spin-lattice
relaxation process (curve 2), and the result of normalizing Ag (7, 74)/Ar(7, 7a) (curve 3). The
arrow indicates the region where the effect of internal magnetic field gradients on the NMR,
signal amplitude becomes negligible. In both experiments 7 = 8 ms and the temperature was
293 K. All curves have been normalized to the initial amplitude.

after taking into account the contribution of spin-lattice relaxation (curve 2), the dependence of
the echo amplitude in the DDIF sequence (curve 1) is transformed into a dependence (curve 3),
demonstrating the output to a constant level for diffusion times greater than a certain critical
value of about 100-150 ms. According to [43], it is this diffusion time that corresponds to the
diffusion shifts corresponding to the upper boundary in the pore size distribution. Using the

r = /6Dy, (6)

2

standard expression:

with a diffusion time of 125 ms and a self-diffusion coefficient of 2.7 107 m?s~!, the upper limit

of the pore size is estimated at 45 microns.

If we take this result as a basis, then the upper limit (~ 100 ms) of the spin-spin relaxation
time spectrum shown in Figure 3 corresponds to a pore size of about 45 microns. Given this,
it can be assumed that for the sample under study, the surface relaxation can be described by
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the value p = 0.15 pm/ms. This value p does not contradict the data of [23], however, differs
significantly from the estimates given in [22].

Assuming that expression (1) is valid for the entire range of relaxation times, it is easy to
obtain a spectrum characterizing the pore size distribution in the object under study (Figure 5).
So, according to the data presented in Figure 5, the lower limit of the pore size is in the range of
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0.008
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0.006

0.004

P, Pore size fraction

e

=
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et
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PR | " " MR | L L
4.5 45
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Figure 5. Pore size distribution, obtained by applying equation (1) to the spectrum of spin-spin relax-
ation times (p = 0.15 um/ms was used).

values on the order of 0.45 ym. This result was obtained by analyzing the spectrum of spin-spin
relaxation times and using the value of p = 0.15 um/ms calculated from a comparison between
relaxation data and data from the DDIF technique. However, this comparison between the two
techniques was done in the upper limit regions of the T5 time spectrum, and therefore, the pore
sizes. If we consider the comments made in [14,15,17,18], then the validity of applying (1)
to the entire range of relaxation times and pore sizes remains uncertain. Therefore, it seems
necessary to conduct additional experiments in order to verify the accuracy of the data presented
in Figure 5. Specifically, it is important to focus on the lower end of the pore size range, from
0.45 microns and below.

In connection with the above, it seems reasonable to use the NMR cryoporometry technique.
However, as previously noted, one of its main drawbacks is its poor sensitivity in detecting pores
larger than 50-100 nm. This is due to the difficulty in registering values that are too small. For
example, if we assume a pore size of 1 micrometer and water as the fluid inside the pore with
kat =~ 50 nm*K, the expected value of the melting point shift for water inside the pore would
be only 0.05 K. However, if benzene were used instead of water with kgt = 110 nm*K [47], for
pores with sizes around 0.45 ym (the lower limit of the r-spectrum according to the data in
Figure 3), the expected temperature depression would be 0.25 K. To register these small changes
the accuracy of sample temperature setting must be at least 0.1 K. An additional goal of this
experiment could be to demonstrate the absence (or presence) of specific pores in the structure of
a porous material. These pores may be too small to be detected in the relaxation time spectrum,
as they would be averaged out due to the effects of self-diffusion on small spatial scales.

Figure 6 shows the evolution of the Solid-Echo signal for a benzene sample in a porous medium
during heating process. Starting at 278.3 K, a 0.13 fraction of liquid-phase component appears
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Figure 6. Evolution of Solid-Echo signal for a core sample saturated with benzene during heating pro-
cess.
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Figure 7. Temperature dependences of Ps(T'), the fraction of benzene molecules in the crystalline state,
for a bulk sample (black symbols) and for a core sample saturated with benzene (red symbols).

in echo signal and fraction Py of solid-phase decreases to 0.87 (according to eq. 5). As the
temperature increases, the fraction of the solid-state component continues to decrease to 0.47 at
278.5K and only 0.1 at 278.7 K. Spin-spin relaxation time 75 of solid-phase remains unchanged
approximately equals 10 us. The temperature dependence of Py(T') determined from the analysis
of the shape of the Solid-Echo signals is shown in Figure 7 for both samples, benzene in bulk
and benzene with a porous core structure, under conditions of slow temperature increase.

The relaxation attenuation shown in Figure 6 clearly demonstrates the possibility of approx-
imating it by an expression of the form (5), with the ability to determine the proportion of P
that corresponds to the proportion of benzene molecules in the solid crystalline state.

As can be seen from Figure 7, only for the temperature range from 278.0 K to about 278.3 K
in the range of the Py fraction from 1 to 0.7 (see area enclosed by a dashed line in Figure 7),
we can talk about a difference in the recorded Py(T) dependencies, indicating that for some (no
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more than 30%) of the benzene molecules in the porous structure, melting occurs approximately
0.3K at lower temperatures compared to the benzene sample in volume. For all other benzene
molecules, there are no signs of differences in the Py(T') dependencies.

In general, the cryoporometry data fully confirm the information about the pore size dis-
tribution obtained above based on the data from nuclear magnetic relaxation and the DDIF
technique. The region found on the Py(7T") dependences, in which a melting temperature shift of
about 0.3 K is recorded, correlates with the lower boundary in the pore size spectrum — values in
the region of 0.5 microns. At the same time, it can be seen from the spectrum shown in Figure 5
that no more than 30-40% of the volume of the entire porous space corresponds to this region.
The sizes of all other pores are characterized by significantly large values (from units to tens of
microns), so that the values predicted according to (2) AT for them become too small for their
registration.

4. Conclusion

The conducted research clearly demonstrates that it is impossible to obtain reliable information
about the characteristics of porous structures and the pore surfaces (surface relaxation) of solid
porous materials without an integrated analytical approach. Using isolated methods, such as
computed tomography or mercury porometry, despite their power, often leads to fragmented or
even contradictory information. However, the integration of classical NMR relaxometry data
with DDIF techniques based on internal magnetic field gradients and cryoporometry makes it
possible to obtain accurate information about pore size distributions.

The relaxivity (p) value is a parameter that reflects, in one way or another, the properties
of the pore surface. In this regard, an important result of the study was the demonstrated
possibility of directly determining the characteristics of surface relaxation by comparing the
results obtained using two NMR techniques, without having to refer to other experiments or
literature data, which may not correspond to the object under study.
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