
Zweitveröffentlichung/

Secondary Publication

Mueller, R. and Zhang, S. and Klink, M. and Bäumer, M. and Vasenkov, S.

The origin of a large apparent tortuosity factor for the Knudsen diffusion inside monoliths of 
a samaria–alumina aerogel catalyst: a diffusion NMR study

Journal Article peer-reviewed accepted version (Postprint)

https://doi.org/10.26092/elib/2457

15/09/2023

Mueller, R. and Zhang, S. and Klink, M. and Bäumer, M. and Vasenkov, S., 

The origin of a large apparent tortuosity factor for the Knudsen diffusion inside monoliths of a samaria–alumina 

aerogel catalyst: a diffusion NMR study 

Phys. Chem. Chem. Phys., 2015, 17, 41, 27481-27487 

The Royal Society of Chemistry 

http://dx.doi.org/10.1039/C5CP04609B

with all rights reserved.



The origin of a large apparent tortuosity factor for
the Knudsen diffusion inside monoliths of a
samaria–alumina aerogel catalyst: a diffusion
NMR study†

R. Mueller,a S. Zhang,a M. Klink,b M. Bäumer*b and S. Vasenkov*a

Pulsed field gradient (PFG) NMR was applied to measure tortuosity factors for carbon dioxide diffusion in

the Knudsen and gas regimes inside monoliths of a samaria–alumina aerogel catalyst, a high porosity

material containing micropores in addition to meso- and macropores. The apparent tortuosity factor

obtained from PFG NMR measurements for the Knudsen diffusion in the meso- and macropores of the

catalyst has an unexpectedly large value of approximately 6 if carbon dioxide adsorption in the micro-

pores and other types of surface adsorption sites of the catalyst is ignored. At the same time, the corres-

ponding apparent tortuosity factor in the gas regime was found to be around 2. Application of a

proposed model which describes fast molecular exchange between the surface adsorption sites and the

main pore volume of the catalyst yields corrected tortuosity factors which depend only on the pore system

geometry. Using this model, the corrected tortuosity factors were found to be around 2 for both diffusion

regimes, in agreement with the expectations based on a high porosity of the studied catalyst.

Recent progress in sol–gel synthesis has resulted in the devel-

opment of relatively simple and inexpensive experimental

procedures suitable for forming aerogel catalysts.1–11 These

materials usually exhibit large porosity (Z0.95) and a broad

distribution over pore sizes where the majority of pores fall in

the mesopore and macropore ranges. Active sites are located on

pore walls of aerogel catalysts. Hence, these sites are directly

accessible for guest molecules. Among several types of aerogel

catalysts, rare-earth aerogels are of significant interest for cata-

lytic reaction involving light gases.8–11 In particular, samaria and

samaria–alumina aerogels represent promising catalysts for the

oxidative coupling of methane (OCM).12,13 It is important to note

that samarium can be used as a structure promotor to increase

the stability of alumina and other catalyst supports developed for

gas phase reactions including CO2 methanation and methane

steam reforming.14,15

The transport of reactant and product molecules inside

meso- and macropores of catalysts can play a large role in the

catalytic performance. The transport properties of such cata-

lysts can be characterized by the tortuosity factor (Z), which

provides a means of quantifying the extent of increased mole-

cular trajectories in porous systems due to multiple reflections

from the porous structure. A known value of molecular self-

diffusivity (D) in the pore systems of catalysts can be used to

calculate the tortuosity factor16,17

Z ¼
D0

D
; (1)

where D0 is the corresponding reference self-diffusivity. Two

reference diffusivities can be defined for the diffusion of gases,

one for the Knudsen regime when molecule–solid collisions

occur much more frequently thanmolecule–molecule collisions

and another for the gas diffusion regime when molecule–

molecule collisions dominate. The reference diffusivity in the

Knudsen regime (DK0) is usually assumed to be equal to that for

the diffusion of gas molecules confined within straight parallel

cylindrical pores with the diameter equal to the mean intercept

length (d) in the considered pore system

DK0 ¼
1

3
�ud; (2)

where %u = (8RT/pM)0.5 is the mean thermal velocity at temperature

T, R is the gas constant and M is the molar mass. The reference

diffusivity in the gas diffusion regime (Dg0) can be defined as

the diffusivity in the macroscopic gas volume surrounding the
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porous material under the equilibrium conditions. The tortuo-

sity factors in the two regimes are given by

ZK ¼
DK0

DK

; Zg ¼
Dg0

Dg

; (3)

where DK and Dg are, respectively, the self-diffusivities in the

Knudsen and gas regime in the considered porous system. In

the general case when both molecule–molecule and molecule–

solid collisions contribute to the diffusion process the overall

self-diffusivity in the pores (Dpmodel) can be estimated using the

Bosanquet-type approximation18

1

Dpmodel

¼
1

DK

þ
1

Dg

¼
ZK
DK0

þ
Zg

Dg0

; (4)

where the expression in the right-hand part of eqn (4) was

obtained using eqn (3). Kinetic Monte Carlo (KMC) simulations

of gas diffusion in porous systems revealed that ZK can be much

larger than Zg due to deviations of the molecular trajectories in

the Knudsen regime from those which are usually assumed

based on the analogy with the diffusion in the gas regime.18–20 In

particular, these deviations can arise as a result of correlations

between the directions of trajectory segments in the Knudsen

regime.20 Tortuosity factors that are larger in the Knudsen

regime than in the gas regime were also observed experimentally

for diffusion in zeolite beds.21 In all these cases when ZK 4 Zg

the system porosity was usually much smaller than 1 and the

tortuosity factor in the Knudsen regime was larger than 2. In

high porosity systems like aerogel catalysts, Knudsen regime

tortuosity factors around 2 or smaller are predicted by models

based on the Maxwell equation and other approaches that relate

tortuosity and porosity.22,23

In this work 13C PFG NMR was used to measure tortuosity

factors for diffusion of CO2 molecules inside macroscopic

particles (i.e. monoliths) of samaria–alumina aerogel catalyst.

CO2 was chosen as a representative probe molecule because it

is one of the reactants or products in many gas-phase reactions

of interest for samaria–alumina aerogel catalysts.12–15 Owing to

a very broad range of CO2 densities used in the PFG NMR

diffusion studies it was possible to obtain tortuosity factors for

both the Knudsen and gas regimes of diffusion inside the

catalyst monoliths. Applying eqn (4) to the measured CO2

self-diffusivity in the samaria–alumina aerogel catalyst the

apparent tortuosity factor in the Knudsen regime was found

to be around 6.4, which is more than a factor of 3 larger than

that in the gas regime. A model explaining the origin of the

large value of the tortuosity factor in the Knudsen regime and

the large difference in the apparent tortuosity factors in the two

regimes is presented and discussed. It will be demonstrated

that using the reported NMR data it is possible to calculate the

corrected tortuosity factors that depend only on the topological

properties of the catalyst. The corrected tortuosity factors were

found to be similar for the Knudsen and gas regimes. Their

values (B2) are in agreement with the expectations based on

the large porosity of the studied catalyst.22,23 The corrected

tortuosity factors were found to be comparable with the tortuo-

sity factor in the gas regime (B1.7) observed for diffusion in the

gaps between microscopic particles of the aerogel catalyst in a

particle bed.24

Experimental

A sample of alumina stabilized samaria–alumina aerogel was

formed using the sol–gel method presented in ref. 25 and 26. A sol

was prepared by dissolving a mixture of 95 mol% of aluminum

chloride hexahydrate (Alfa) and 5 mol% of samarium(III) chloride

hexahydrate (Chempur, Karlsruhe, Germany) in an absolute

ethanol (Roth, Germany) and water solution prepared at around

20 : 1 volume ratio. Propylene oxide (Sigma Aldrich) was used as

the gelation agent. The sols were sealed inside cylindrical PTFE

vials (6 mm diameter) and allowed to gel and age for at least

24 hours under ambient conditions. The resulting gels were

then immersed in a bath of absolute ethanol where they were

washed three times in three days, changing the ethanol daily.

These alcogels were processed to aerogels in a BALTEC super-

critical point drier. The alcohol in the gel pores was exchanged

for liquid CO2 for 3 days at about 285 K, after which the

temperature of the vessel was ramped up to about 318 K while

not exceeding a pressure of around 104 kPa. The vessel was then

depressurized at a rate of about 700 kPa per hour. The formed

aerogel monoliths were calcined at 973 K. The monoliths have a

shape of a cylinder with a diameter of about 2–3 mm and a

length of around 10–20 mm. The density of an aerogel monolith

was found to be approximately 0.21 g cm�3.

Nitrogen adsorption isotherms were measured at 77 K using

a QuadraSorb sorption analyzer (Quantachrome Instrument

Corp.) after degassing the aerogel sample for 120 hours at

523 K. Density functional theory (DFT) and the Barrett–Joyner–

Halenda (BJH) method were used, respectively, for obtaining the

pore size distributions in the micro-/mesopore and meso-/macro-

pore ranges from the measured N2 adsorption isotherms. Based

on the N2 adsorption isotherm data and the known volume of the

catalyst monoliths used in the measurements the particle poro-

sity is estimated to be 0.96� 0.03. This value is in agreement with

the expectations for aerogels.

To prepare a sample for PFG NMR studies, one or two aerogel

monoliths were placed into a 5 mm NMR tube. For sample

activation (i.e. degassing) and loading with CO2 the NMR tube

with the sample was connected to a custom-made vacuum

system. The activation was performed under high vacuum

(o10�3 Pa) at 473 K for at least 24 hours. Activated sample

was loaded with CO2 (Sigma-Aldrich, 99% 13C isotopic enrich-

ment) by either exposing it to the gas at the desired pressure for

at least 4 hours at 298 K or by cryogenically freezing the desired

quantity of CO2 from a calibrated volume of the vacuum system

using liquid nitrogen. After loading with CO2, the NMR tube

with the sample was flame sealed and separated from the vacuum

system. PFG NMR diffusion measurements were performed using

a 17.6 T Bruker BioSpin NMR spectrometer operating at 13C

resonance frequency of 188.6 MHz. Sine-shaped magnetic field

gradients with the effective duration of 120–200 ms and amplitude

up to 3 T m�1 were generated using diff60 diffusion probe
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(Bruker BioSpin) and Great60 gradient amplifier (Bruker BioSpin).

The standard PFG NMR stimulated echo pulse sequence with

longitudinal eddy current delay (PGSTE LED) was used.27 This

sequence can be schematically presented as p/2–t1–p/2–t2–p/2–t1–

p/2–te–p/2-echo where the gradient pulses are applied during the

time intervals t1. The absence of disturbing magnetic suscepti-

bility effects was confirmed by verifying that the diffusion data

obtained for different values of t1 in the range between 0.4 and

1.5 ms were the same within the experimental uncertainty.28 The

longitudinal eddy current delay te was between 0 and 1.5 ms.

Self-diffusivities were obtained from 13C PFG NMR attenua-

tion curves, viz. the dependences of the normalized PFG NMR

signal intensity (S) on the amplitude of the magnetic field

gradient (g). For the considered case of CO2 diffusion S was

equal to the area under the single 13C NMR line of CO2. For

normal diffusion the signal attenuation (C) is given by the

following relation17,29

C �
SðgÞ

Sðg � 0Þ
¼ exp �Dq2t

� �

; (5)

where t is the time of observation of diffusion process (i.e.

diffusion time) and q is defined to be ggd where g is the

gyromagnetic ratio, d is the effective gradient pulse length. In

the case of normal self-diffusion in three dimensions, the mean

square displacement (MSD) can be obtained using the Einstein

relation

hr2(t)i = 6Dt. (6)

Longitudinal (T1) and transverse (T2)
13C NMR relaxation times

of CO2 inside the catalyst monoliths were measured using

the inversion-recovery and Carr–Purcell–Meiboom–Gill pulse

sequences, respectively.29 Under our experimental conditions

the T1 relaxation time varied between about 30 ms at an

equilibrium sorbate loading pressure of 10 kPa and 250 ms at

103 kPa. At the same time, the T2 relaxation time varied between

about 2 ms at a loading pressure of 10 kPa and about 70 ms at

103 kPa. The T1 and T2 NMR relaxation curves were consistent

with only one relaxation ensemble at each loading pressure. All

NMR measurements were performed at 297 K.

Results and discussion

Fig. 1 shows the pore size distribution resulting from the

measurements of the N2 adsorption isotherms. The values on

the vertical scales in the figure are relative pore volumes divided

by the interval of pore sizes between two adjacent points

obtained by the same method. This interval was chosen to be

much smaller for the DFT method than for the BJH method,

resulting in the differences of the value ranges on the vertical

scales for the two methods. The average pore size given by the

first moment of the pore size distribution was found to be around

75 nm. Fig. 2 shows examples of 13C PFG NMR attenuation curves

for CO2 diffusion inside the catalyst monoliths at different

diffusion times and different equilibrium CO2 pressures in the

gas phase surrounding the monoliths. These attenuation curves

do not have any contributions from CO2 molecules that diffuse

only in the gas phase of the samples over the duration of

diffusion time. Such contributions have been subtracted away

for clarity of the presentation in the same way as discussed

in ref. 30. Fig. 2 shows that in agreement with eqn (5) the

attenuation curves are linear in the semi-logarithmic presenta-

tion of the figure. It is also seen that the attenuation curves

measured for the same CO2 pressure and different diffusion

times collapse into a single line as prescribed by eqn (5) for the

case of normal diffusion with a single, time-independent

diffusivity. These data indicate that for each loading pressure

the CO2 diffusivity is the same everywhere inside the monoliths.

Fig. 1 Pore size distributions of the studied samaria–alumina aerogel
catalyst. The distributions were obtained from the N2 adsorption isotherms
by applying density functional theory (triangles, left-axis) and Barrett–
Joyner–Halenda method (circles, right-axis). The pore size distributions
have been scaled such that the areas under the distributions are proportional
to the calculated total volume by the corresponding adsorption model. The
line segments connecting the points serve as a guide to the eye. The vertical
dashed line shows the first moment of the pore size distribution.

Fig. 2 Examples of 13C PFG NMR attenuation curves for CO2 self-
diffusion inside the aerogel catalyst for several diffusion times and CO2

loading pressures at 297 K. In this presentation, the contribution of the gas
phase surrounding the catalyst monoliths have been subtracted away
revealing only intraparticle diffusion attenuation.
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Hence, we can conclude that under our measurement condi-

tions the particle transport properties are uniform. The fitting

of the attenuation curves in Fig. 2 using eqn (5) resulted in the

intraparticle diffusivities of CO2 molecules (Dintra) that are

presented in Fig. 3 and Table S1 (see ESI†) as a function of

the CO2 pressure in the surrounding gas phase. It was verified

that for the measured range of the diffusion times the values of

root MSD, which were obtained for diffusion inside the catalyst

monoliths using eqn (6), were much smaller than the smallest

dimension of the monoliths (2 mm). Hence, the measured

intraparticle diffusivities are not expected to be perturbed by

any effects at the particle boundaries. In addition to the

intraparticle diffusivities, Fig. 3 also shows the corresponding

CO2 reference diffusivities in the gas and Knudsen regimes. The

reference diffusivities in the gas regime (Dg0) for all the pres-

sures except for the smallest pressure of 10 kPa were measured

by 13C PFG NMR in the NMR tubes that contained only CO2 gas

(no porous material added). The reference diffusivity in the gas

regime at the pressure p = 10 kPa could not be measured by PFG

NMR because of the insufficient signal-to-noise ratio. This

diffusivity was obtained by the extrapolation of the corres-

ponding diffusivities measured at higher pressures using the

expected proportionality between Dg0 and 1/p.17 It was verified

that the values of Dg0 in Fig. 3 are in agreement with the

corresponding diffusivities calculated using the kinetic theory

of gases as discussed in detail in our previous work.24

The reference diffusivity in the Knudsen regime (DK0) was

estimated using eqn (2) where it was assumed that the mean

intercept length d is equal to the first moment of the intra-

particle pore size distribution (75 nm). It is possible to estimate

the tortuosity factors for the diffusion in both regimes inside

the particles knowing the values of the intraparticle diffusivities

and the corresponding reference diffusivities in the gas and

Knudsen regimes for a broad range of CO2 pressures between

10 and 1000 kPa. The tortuosity factors were obtained by least-

squares fitting of the diffusion data in Fig. 3 to eqn (4),

assuming that the measured intraparticle diffusivity (Dintra) is

equal to Dpmodel in eqn (4). The resulting tortuosity values were

found to be equal to 1.9 � 0.4 and 6.4 � 1 for the gas and

Knudsen regimes, respectively. The best-fit values of the intra-

particle diffusivity (Dpmodel), which were calculated using

eqn (4) with these tortuosity factors, are shown in Fig. 3 and

also in Table S1 (ESI†).

Considering the fact that the porosity of the studied aerogel

catalyst is around 0.96, the value of 6.4 obtained for the

tortuosity factor in the Knudsen regime is surprisingly high.

Indeed, the known correlations between the porosity and

tortuosity suggest a much lower value of around 2 or smaller

for a typical tortuosity factor in such high porosity system.22,23

The observed large difference between the tortuosity factors in

the gas and Knudsen regime is also surprising in view of the

large porosity of the studied catalyst. Recent PFG NMR studies

of diffusion of organic liquids in mesoporous catalysts have

demonstrated that the apparent tortuosity factor obtained from

PFG NMR measurements can depend on the reactive chemical

functionalities of diffusing molecules.31,32 The PFG NMR data

reported in these papers suggest that the apparent tortuosity

factor heavily dependents on the physical and chemical inter-

actions within the porous medium. Clearly, strong molecule–

solid interactions can also influence the apparent tortuosity

factors measured by PFG NMR in the current study of CO2

diffusion in the aerogel catalyst. In the case of attractive inter-

actions an increase of the CO2 density inside the pores relative

to the surrounding gas phase is expected. This consideration

provides a motivation for comparing the average CO2 concen-

tration inside the catalyst pores with the CO2 concentration in

the surrounding gas phase.

The CO2 concentration in the catalyst monoliths was deter-

mined by comparing the NMR signal of CO2 in the catalyst

samples with the signal from the NMR tube containing only a

known quantity of CO2 gas in the same way as discussed in

ref. 30 and 33. These data and the known catalyst porosity were

used to calculate the CO2 concentration inside the catalyst pores,

i.e. the intrapore concentration. Fig. 4 presents the intrapore

concentrations and the corresponding CO2 concentrations in the

surrounding gas phase as a function of the CO2 pressure in the

gas phase at 297 K. The van der Waals equation of state was used

to relate pressure and concentration in the gas phase. Fig. 4

shows that at small pressures the intrapore concentration is more

than a factor of 3 larger than that in the surrounding gas phase.

This indicates a strong interaction between CO2 molecules

and the pore walls. With increasing CO2 pressure the difference

between the intrapore and gas phase concentrations becomes

smaller and, within the experimental uncertainty, disappears at

the largest CO2 pressure (Fig. 4). This behavior is typical for the

saturation of a limited number of surface adsorption sites with

CO2 molecules as the molecular density in the pores increases.

Fig. 3 CO2 self-diffusivity, Dintra, measured by 13C PFG NMR inside the
monoliths of the studied samaria–alumina aerogel catalyst at 297 K and the
corresponding theoretical diffusivity, Dpmodel, obtained by least-squares
regression of the diffusion data shown in the figure to eqn (4). Also shown
are the following self-diffusivities of CO2 molecules at 297 K: self-diffusivity in
the macroscopic gas volume surrounding the catalyst (Dg0), and the reference
self-diffusivity in the Knudsen regime estimated by using eqn (2) with d =
75 nm (DK0). All diffusivities are presented as a function of the CO2 equilibrium
pressure in the gas volume surrounding the catalyst monoliths at 297 K.
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The role of such adsorption sites can be played by micropores

present in the catalyst. In contrast, formation of carbonate and

bicarbonate species,34,35 which is expected for alumina-based

materials in the presence of CO2, is unlikely to contribute to the

adsorption process observed by NMR (Fig. 4) because of the low

mobility and the resulting dramatic line broadening of the

NMR spectrum of such species. Since the length scale of strong

interactions between CO2 molecules and adsorption surface is

not expected to be much larger than 1 nm, it can be assumed

that the CO2 density in the main volume of the meso- and

macropores of the samaria–alumina aerogel catalyst is the same

as in the surrounding gas phase. Based on this expectation, the

CO2 density inside the catalyst pores (qads) was approximated as

a sum of the CO2 density in the gas phase surrounding the

catalyst monoliths (qgas) and an additional density due to

adsorption in the surface adsorption sites (qsurf)

qads ¼ qgas þ qsurf ¼ qgas þ qsurf max

bp

1þ bp
; (7)

where the expression in the right-hand part was obtained by

using the Langmuir adsorption model for qsurf. Least-squares

fitting of the data for qads to eqn (7) yields satisfactory fit (Fig. 4)

with the best fit values of 0.29 mmol cm�3 and 0.0029 kPa�1 for

qsurfmax and b, respectively. The parameter qsurfmax indicates

the maximum concentration of CO2 molecules in the pores due

to adsorption in the surface adsorption sites. Assuming that the

CO2 density in the combined volume of these sites at the max-

imum loading is equal to the density of saturated liquid carbon

dioxide at 297 K (B0.8 g cm�3) we estimate that the combined

volume of the sites is approximately 1.6 � 10�2 cm3 per 1 cm3 of

the catalyst pore volume. This combined volume corresponds to

around 30% of the total micropore volume (0.24 cm3 g�1)

determined from the N2 adsorption isotherm data. Hence, the

micropore volume in the catalyst is sufficiently large to assume

that the discussed above adsorption in the surface adsorption

sites occurs only in micropores. In the presence of CO2,

the micropore volume available for CO2 molecules can be

smaller than that obtained from the N2 adsorption isotherm

measurements because of the expected formation of carbonate

and bicarbonate species on the micropore walls.34,35 As dis-

cussed above, such species are likely to remain undetectable in

the reported NMR measurements and lead to a significant

reduction of the micropore volume available for CO2. Clearly,

such micropore volume reduction results in an even better

agreement between the available micropore volume and the

estimated volume of CO2 adsorbed in the surface adsorption

sites at the maximum density.

Under our experimental conditions we have observed a

single self-diffusivity value as well as single values of T1 and

T2 NMR relaxation times for each CO2 pressure at 297 K. Hence,

it can be assumed that on the time scale of diffusion observa-

tion by PFG NMR there is a fast molecular exchange between

the surface adsorption sites and the volume of the meso- and

macropores for mobile CO2 molecules that are detected in the

NMR diffusion studies. In this case, the diffusivity measured by

PFG NMR (Dintra) can be approximated as the weighted sum of

the surface diffusivity (Dsurf) and the gas phase diffusivity in the

meso- and macropores (Dpmodel)
17

Dintramodel = psurfDsurf + (1 � psurf)Dpmodel, (8)

where psurf denotes the fractions of CO2 molecules in the surface

adsorption sites at any given time under the considered steady-state

conditions. For any CO2 pressure, the value of psurf is given by

psurf ¼
qsurf

qads
: (9)

Substituting the data in Fig. 4 into eqn (9) allows obtaining the

values of psurf, which are found to be in the range between around

0.7 and 0.25 under our experimental conditions. Surface diffusiv-

ities are expected to be more than 2 orders of magnitude lower

than the corresponding bulk diffusivities.17,36,37 Hence, under our

experimental conditions the first term in the right-hand part of

eqn (8) can be neglected because it is expected to be much smaller

than the second term. As a result, eqn (8) can be re-written using

eqn (7) and (9) as follows

Dintra model ¼
qgas

qads
Dp model ¼

qgas

qads

ZK
DK0

þ
Zg

Dg0

� ��1

; (10)

where the expression in the right-hand part was obtained using

eqn (4). Least-squares fitting of the diffusion data in Fig. 3

(which are also shown again in Fig. 5) to eqn (10) resulted in the

tortuosity factors of 1.5 � 0.3 and 2.0 � 0.4 for the gas and

Knudsen regimes, respectively. These tortuosity factors are in

agreement with the expectations based on the high porosity of

the studied aerogel catalyst.22,23 The best-fit values of Dintramodel,

which were calculated using eqn (10) with these tortuosity

factors, are shown in Fig. 5 and also in Table S2 (ESI†). It is

seen that there is a satisfactory agreement between the values of

Dintramodel and Dintra for each CO2 pressure used in the measure-

ments. This observation supports the applicability of eqn (10).

The tortuosity factors obtained by eqn (10) are similar or, within

the experimental uncertainty, even the same in both regimes.

Fig. 4 Mean CO2 density inside the pores of the aerogel catalyst and CO2

density in the gas phase surrounding the catalyst monoliths as a function
of the CO2 pressure in the gas phase at 297 K. Solid line shows the best fit
of the experimental data for the aerogel catalyst to eqn (7).
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It was verified that least squares fitting of the diffusion data in Fig. 4

to an equation, which is a modification of eqn (10) where ZK and Zg

are replaced by Z (ZK = Zg� Z), resulted in a similarly good agreement

between the values of Dintramodel and Dintra as that in Fig. 5. This

agreement is demonstrated in Fig. S1 and Table S3 (ESI†). The

tortuosity factor Z obtained by the least-squares regression using the

modified eqn (10) with ZK = Zg � Z was found to be 1.8 � 0.4.

Conclusions

Analysis of the 13C PFG NMR data reported in this work for

diffusion of CO2 molecules in the monoliths of the samaria–

alumina aerogel catalyst demonstrates that it is possible to sepa-

rate the contribution from surface diffusion into the apparent

tortuosity factor measured for the catalyst using PFG NMR. It is

shown that without separating this contribution the apparent

tortuosity factor obtained in the Knudsen regime by PFG NMR

can be several times larger than the corrected tortuosity, i.e. the

traditionally-defined tortuosity which for a given diffusion regime

depends only on the geometrical properties of a porous system.

Using the reported analysis, the corrected tortuosity factor was

found to be around 2 for both the Knudsen and gas regimes in the

studied aerogel catalyst. This value is in agreement with the

expectations based on the high porosity of the catalyst.
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