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NMR measurements of porosity are demonstrated for a range of
catalyst and sorbent materials. The NMR method allows porosity
measurements to be carried out directly with the molecules of
interest for a given reaction or separation process, thereby
providing valuable information regarding accessibility of that
molecular species to the pore network during process operation.

The porosity, ¢ of a solid material is an important
characterization parameter that can be used to understand
both the mechanical properties of a material' and the
transport properties of fluids confined within it.>* As such,
porosity is a key parameter to control when optimising the
properties of a wide range of heterogeneous systems. Many
techniques already exist to measure porosity, but the most
common methods still possess significant drawbacks. For
example, the high pressures used for mercury porosimetry are
well-known to damage pore structures,” it cannot detect pores
that are smaller than a few nm, the pore shielding effect can
lead to inaccurate pore size distributions,” and it is a
destructive technique due to the inability to fully remove
mercury from the sample after analysis.® Helium pycnometry
must be combined with an additional bulk or pore volume
measurement to calculate porosity and can become erroneous
for materials which adsorb helium, such as molecular sieves
measured at high pressures.” Furthermore, both methods rely
on the use of indirect probe molecules to measure the
accessible porosity.® The use of indirect probe molecules may
give misleading results if the probe is able to access different
parts of the pore network compared to the actual fluids of
interest. For example, in cases where the pore size is
comparable to the size of the probe molecule even subtle
changes in the structure can lead to large differences in the
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adsorption capacity, as was shown for the four-fold greater
adsorption of toluene in EU type zeolites compared to the
adsorption of 1,3,5-trimethyl benzene.® The size selectivity
of microporous materials such as zeolites makes it
challenging to interpret porosity measurements that rely
on indirect probe molecules such as He, N,, Ar, or Hg.
NMR offers an opportunity to overcome this limitation as
it can be implemented with any probe molecule that
contains a nuclear spin with non-zero nuclear spin
quantum number. The vast majority of existing NMR
porosity methods use water as the probe molecule. CPMG
measurements have been used extensively to measure total
porosity and pore size distributions in macroporous media,
including rock cores” and cements.'* Intensity
differences in MRI images between intra- and extra-particle
liquid have been wused to provide spatially resolved
porosities,"”® which agreed with gravimetric measurements
to within 2% for rock core systems, and NMR
cryoporometry measurements'® have been applied to
measure the nanoporous pore size distribution and total
porosity of titania films' and silica foams.'® Typically,
NMR porosity measurements require an independent
measurement or estimate of the bulk volume of the
porous material to yield a porosity value. However, in
recent years, techniques based on three separate NMR
measurements of intra-pellet fluid, intra- and extra-pellet
fluid, and bulk fluid have been applied to measure the
porosity of irregular shaped porous media without the
need for independent measurements of porosity.'”'® Dick
et al. have coupled such an approach with a CPMG
porosity measurement for studying the porosity of rock
core cuttings'” and Linck et al. used 'H spectroscopy to
measure the porosity of silica spheres.'® For the latter,
good agreement between NMR porosity measurements and
gas sorption porosity measurements was observed for the
large pore silicas, but much poorer agreement was
observed for water in the smallest pore size silicas, with
NMR underestimating the porosity by up to 9%. Further
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consideration of the factors contributing to the
quantitative nature of the NMR measurement are required
to ensure a robust implementation of these NMR methods
for catalyst and sorbent materials, and to allow deeper
physicochemical understanding of liquid accessibility.
Herein we present a simple and robust NMR porosity
measurement that allows the apparent porosity experienced
by any molecule containing NMR-active nuclei within a
porous material to be directly measured. It is therefore
possible to measure the porosity experienced by the
reactants, products and sorbates of interest, with the scope
to apply this method at the temperatures and pressures
relevant to the chemical process under investigation. In
the present work, porosity measurements are made using
'H nucleus observation. The method is applied to a range
of porous oxides and zeolites initially using water as the
probe molecule. When water is used as the probe
molecule it is not necessary to dry the sorbent prior to
analysis, making the NMR porosity method a rapid and
simple characterisation tool. The method is then repeated
with a range of different probe molecules to demonstrate
the differences in apparent porosity that can be observed

for different molecules, these insights could not be
obtained unambiguously from conventional porosity
measurements.

The principles of the measurement method are now given.
The porosity of a material can be defined as:
1%
p

E=—,
Vp + Vs

1)
where V, is the volume of the pore space and V; is the
volume of the solid matrix. The NMR porosity method
introduced in this work calculates the porosity by measuring
the signal intensities of three NMR spectra corresponding to:
(1) saturated pellets (intra-pellet fluid, giving rise to NMR
signal S;), (2) immersed pellets (intra- and extra-pellet fluid
giving rise to signal S,), and (3) bulk fluid without pellets
(signal S3). The absolute signal intensity, S; of each NMR
spectrum is given by:"°

S; = KsN;, 2)

where Ks is a spectrometer constant that is influenced by the
choice of hardware and parameter selection, N; is the number
of "H spins contained within the sample, and i is a label
denoting which of the three NMR spectra is being referred
to. A relaxation correction (see ESIt) is applied to each signal
to avoid introducing systematic errors due to unequal rates
of signal decay between samples and, in particular, due to
the rapid relaxation observed for liquids in porous media.
Under properly optimized conditions Ks will be constant for
all spectra acquired on the same spectrometer - however for
NMR challenging samples (e.g. high metal loadings) this may
require further validation. The volume occupied by the 'H
species in the measurement region (i.e. the radiofrequency,
RF, coil) is given by:
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where V,, is the molar volume of the liquid, N, is Avogadro's
constant, and 7, is the number of 'H species per molecule of
the probe liquid. S; is proportional to the volume of the
porous material that is accessible to the probe molecule and
S3-S, is proportional to the inaccessible volume of the
material. The value of Kg will likely change at the extremities
of the coil. By having samples 2 and 3 extend beyond the top
of the RF coil and by limiting sample 1 to the homogeneous
region of the RF coil, this source of error is minimised (see
ESIY for further details).

It follows that, when the size of the pores far exceeds the size
of the probe molecules, the accessible and inaccessible volumes
are well approximated by V, and V; respectively. Under these
conditions and the assumption of a constant molar volume
upon adsorption, eqn (1) and (3) can be combined to give:

S1

g=——.
S1+83-5

(4)
However, when the size of the probe molecules exceeds the size
of the pore opening, part of the pore space becomes
inaccessible, and eqn (4) then measures the apparent porosity
experienced by the probe molecule, which may vary significantly
from the open structural porosity. This approach to measure
porosity has significant advantages over the NMR CPMG-based
T, relaxation time methods used, for example, in petrophysical
analysis.”>*" In particular, the proposed method allows the
characterisation of porous materials in which the NMR
relaxation time constants are shorter than the NMR CPMG echo
time required for a 7, measurement (e.g. microporous
materials); under such conditions the T, measurement cannot
be employed due to rapid signal loss. Further, the proposed
method does not require an independent measurement of the
bulk volume.

NMR experiments were carried out using a Bruker AV400
NMR spectrometer operating at a 'H frequency of 400.23 MHz,
equipped with a Diff30 probe and 5 mm 'H/**C coil. Fig. 1
shows an excellent agreement between the NMR porosity
measurement and conventional measurements when applied
to a range of titania, alumina, and type A zeolite pellets. Here
water was used as the probe and Fig. 1 shows that the NMR
porosities were consistent to within +2% of the conventional
measurements. By choosing water as the probe molecule it is
possible to sample drying protocols and the
measurements here were taken in less than 15 min per sample.
The method is, in theory, extendable to powder samples noting
that due care must be taken to remove extra-particle liquid.

The conventional porosity measurements were calculated

as:*?

remove

Ps
p—b ) (5)

e=1-

where py, is the bulk density from mercury porosimetry and pq
is the skeletal density of the catalyst pellets. For the aluminas
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Fig. 1 A comparison between the NMR porosity measurement and
mercury porosimetry measurements applied to a range of titanias and
aluminas. Skeletal densities of zeolites 3A and 4A were measured with
helium pycnometry to ensure that the zeolite microporosity was
captured. The solid line is a line of y = x. Errors bars represent the
standard error of 3 measurements.

and titanias, argon physisorption results showed negligible
contributions from pores <5 nm and mercury porosimetry
was used to measure the skeletal density. For zeolites 3A and
4A, argon physisorption data were consistent with significant
microporosity as well as meso/macroporous regions detected
by mercury porosimetry, as shown in Fig. 2 for zeolite 4A. In
addition to the complex pore size distribution observed by
mercury porosimetry and argon physisorption there is an
expected ultramicroporosity corresponding to the zeolite
crystals themselves that is not well detected by either
technique.®?*

To ensure that the total porosity was being detected both
mercury porosimetry and helium pycnometry were carried
out for the zeolite 3A and 4A samples. The complex pore size
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Fig. 2 The pore size distribution measured for zeolite 4A using argon
physisorption (blue solid line) and mercury porosimetry (orange
dashed line).
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distributions can be attributed to a hierarchical pore
structure. For zeolite 4A, the zeolite crystals have a nominal
pore opening of 4 A. Surrounding the zeolite crystals is a
porous network spanning several orders of magnitude of pore
size, associated with the intercrystal space and the binder
used to pelletise the zeolite beads, typical of such materials.**
Helium pycnometry gave a much larger porosity for the
zeolites (eyp = 50.9%), when compared to mercury
porosimetry (eyp = 32.9%). As mercury porosimetry is unable
to access the microporosity, the large difference between the
two measurements is consistent with a microporosity of 18%.
Such a significant difference between eyp and eyp has
previously been observed for similar materials that show a
broad distribution of pore sizes and significant microporosity
such as mudrocks® and cements.”® It follows that the
observed porosity will be a function of the size of the chosen
probe molecule and that it is not always trivial to relate eyp
and eyp to the porosity experienced by the actual sorbate-
sorbent pairs of interest.

The major advantage of the NMR porosity method is that
it can perform chemically-specific measurements and
therefore can be used to directly measure the porosity of the
sorbate-sorbent system of interest. It can also be used to
measure porosity at relevant conditions of temperature and
pressure. Fig. 3 shows porosity measurements for 3 materials:
an alumina (Al-I) and zeolites 3A and 4A using 5 different
probe molecules. Each material was dried (see Fig. S4 in
ESIt) and the porosity measurements were repeated with
each different probe molecule. Fig. 3 shows the porosity for
each material as a function of the critical diameter of the
probe molecule. For these experiments the critical diameter
was defined as the second smallest molecular dimension of
each molecule from ZINDO calculations,?”*® which would be
the limiting dimension for accessing a circular pore opening
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Fig. 3 The porosity experienced by different probe molecules in
alumina and zeolites 3A and 4A. The probe molecules are (left to right
on the dashed line) water, methanol, n-decane, cyclohexane, and
o-xylene. Helium pycnometry (x) and mercury porosimetry (o) results
are shown for comparison.
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of the zeolite crystals. The porosities measured by NMR were
compared to helium pycnometry and mercury porosimetry
methods, which are denoted as having critical diameters of
2.6 and 37 A respectively. For helium pycnometry this value
relates to the kinetic diameter of helium gas® and for
mercury porosimetry it corresponds to the pore size accessed
at the highest pressure of the mercury porosimetry
experiment used in these analyses. For the mesoporous
alumina, Al-1, the pore size distribution was monomodal with
an average pore size of 12 nm. The pores were far larger than
the critical diameter of all probe molecules and no variation
in porosity was noted as the probe molecule was varied.
Excellent agreement was observed between the NMR method
and both the helium pycnometry and mercury porosimetry
methods for Al-I, which indicated that all molecules were
able to access the full porosity. In contrast, the zeolite
materials showed a significant decrease in porosity as the
size of the probe molecule increased, with a step change
from a high porosity region to a low porosity region at 4.2 A.
The change in effective porosity is consistent with a change
in accessibility of the probe molecule. When the size of the
probe molecule was smaller than the aperture size of the
zeolite pores the probe molecule could access both the
intracrystal zeolite porosity and the binder porosity, leading
to a high value of porosity (48% and 52% for 3A and 4A
respectively). When the size of the probe molecule exceeded
that of the zeolite aperture then the probe molecule was
excluded from the microporosity, and only the porosity of the
intercrystalline space was measured (31% and 35% for 3A
and 4A respectively). These arguments agree with the helium
pycnometry and mercury porosimetry data.

The sharp transition in porosity was expected for well-
controlled zeolitic materials such as the 3A and 4A molecular
sieves. The position of the transition, however, was not
simple to predict a priori. Methanol (critical diameter of 4.2
A) was shown to fully access the microporosity of zeolites 3A
and 4A despite being slightly larger than the nominal pore
size of the latter and much larger than the former. This result
is consistent with previous drying (i.e. water removal) studies
of primary alcohols, which suggested that competitive
adsorption within the 3A crystals led to poorer drying of
methanol by 3A zeolites compared to the drying of larger
alcohols and esters, which could not access the zeolite
microporosity.’* The data shown in Fig. 3 support the
argument that as both water and methanol can enter the
zeolite cages, competitive adsorption between water and
methanol plays an important role in the drying process
rather than a pure size exclusion of the methanol as may
have been expected based on the zeolite pore sizes and
molecular diameters. Such physicochemical insights are only
possible when the species of interest are used as probe
molecules themselves at relevant process conditions, as
complex effects such as chemical interaction and structural
flexing are not accurately detected with indirect probe
molecules. Small changes in the system can result in
significant changes in behaviour. For example, previous work
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has shown that when methanol adsorption on zeolite 3A is
carried out in the gas phase rather than the liquid phase,
poor methanol adsorption is observed.’’** Conflicting
literature results coupled with discrepancies in definitions
of  molecular diameters, differences in zeolite
compositions,® breathing phenomena® and interactions
between adsorbates and cations leading to trapdoor
effects®® all complicate the process of predicting molecular
accessibility computationally or from indirect
measurements, and highlight the need for molecule-specific
measurements of molecular accessibility.

In summary, a simple NMR methodology for measuring
porosity has been outlined, and it has been demonstrated
that by ensuring RF homogeneity of the magnetic field in
which the NMR measurement is made and by quantitatively
accounting for T35 relaxation, agreement between magnetic
resonance measurements of porosity and conventional
measurements was reduced to <2% whilst also having the
advantage of allowing rapid molecule-specific porosity values
at any conditions of temperature. The chemical-specific
nature of the measurement has been demonstrated in a case
study in which the porosity of zeolites 3A and 4A was
measured as a function of probe molecule. A significant
decrease in porosity was observed between methanol and
n-decane, corresponding to the latter being unable to access
the microporosity of the zeolite crystals. Methanol was shown
to access the micropores of zeolite 3A despite being
significantly larger than the nominal pore opening. This
result provides further evidence that methanol drying with
zeolites 3A is not driven purely by size exclusion as is often
assumed. For microporous systems a direct measurement of
the porosity each molecule experiences is key to
understanding the physicochemical process that occur within
them, rather than relying on porosity measurements using
indirect probes and calculations of molecular diameters.
These measurements have been made on a 400 MHz
spectrometer and using 'H nucleus observation. However,
the measurements can be made using low field magnet
hardware, time domain NMR methods, and nuclei other than
'H, as long as there is sufficient signal-to-noise. Therefore,
the approach offers the potential for widespread use in
research and analytical laboratories.
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