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Abstract— In most literatures, the Heterogeneity of porous media has been shown to depend on geometric properties such as the Pore 
Size and its Distribution, Pore Connectivity, Pore Shape, Porosity and many more. However, there is no work in the literature to show a 
clear relationship between characterics properties such as the Pore Size Distribution and Tortuosity. In this work, a simple geometry 
correlation for Tortuosity of flow path and Pore Size Distribution in porous media is presented. The materials studied are chemically pure 
mesoporous silica and alumina catalyst support pellets with simplified pore sizes, pore side dsitribution, and surface Chemistry. The Pore 
Connectivity of the samples are estimated with the aid of Barrett Joyner and Helenda method using a standard technique of Gas Sorption 
and the Tortuosity from log-attenuation plots by Pulsed Field Gradient Spin-Echoe Nuclear Magnetic Resonance. In conclusion, 
Macroscopic Tortuosity increases with an increase in the Variance of the Pore Size Distribution of the samples investigated, and thus, in 
allignment with several two and three dimensional bond networks simulation and Corrugated Pore Structure Models in the literature. 

            Index Terms - Porous Media, Pulsed Filed Gradient Spin-Echoe NMR, Gas Adsorption Porosimetry, Pore Size Distribution, and Tortuosity 
 

——————————      —————————— 

1 INTRODUCTION                                                                     
il reservoirs are physically heterogeneous, with layers of different 
permeabilities. Therefore, oil reservoirs can contain a network of 
high permeability fractures surrounded by matrix blocks of low 

permeability. These heterogeneity can be within and between layers. Effec-
tive dispersivity and effective permeability are primarily due to heteroge-
neity between layer. The permeability of a medium is related to 
the porosity, but also to the shapes of the pores in the medium and their 
level of connectedness. The size, shape, and arrangement of conducting 
spaces in porous materials, such as reservoir rocks, are known to affect the 
flow of fluids and the displacement of one fluid by another [1,2]. Pores 
and throats of different sizes may be distributed randomly in a network 
(randomly heterogeneous) or they may be distributed non-randomly [3]. 
In the latter case, the larger elements may be clustered together in do-
mains and likewise the smaller elements are clustered together in other 
domains.        
 In recent years, [3] compared low-porosity carbonate rocks 
MicroCT images before and after Mercury intrusion. It was found that 
ink-bottle shape pores and tortuous complex porous systems prevent 
Mercury from flowing out of the sample at the end of Mercury 
porosimetry test. On the other hand, low tortuous cylindrical pores allow 
Mercury flowing out. In a similar approach, [4] investigated the effect of 
Tortuosity on capillary imbibition in wetting porous media. The research-
ers obtained the average height growth of wetting liquid in porous media 
driven by capillary force. A linear relationship turns out to be the case 
when dealing with straight capillary tube.  [5] expanded [6] work on Tor-
tuosity by investigating by coupling the circle and square models. The 
researchers established a relationship between tortuosity and porosity 
with different configurations by using a statistical method. In addition, the 
tortuosity fractal dimension is expressed as a function of porosity. It was 
found that tortuosity decreases with an increase in porosity in both cases. 
Therefore, the  predicted correlations of the tortuosity and the porosity 
agree well with the existing experimental and simulated results which 
was in good agreement with the work of [7-10]. The pore size distribution 
(PSD) is one of the most important requirements for predicting tortuosity 
and entrapment from the retraction curves  of Mercury porosimetry. En-
trapment is strongly dependent on the topological (pore connectivity and 
tortuosity) properties of porous media. In recent decades, a direct correla-
tion have been observed between entrapment, PSD, tortuosities, and pore 
connectivity. For random pore network models of 
unimodal/monodisperse porous media, simulation results suggest that the 

mercury entrapment increased as the variance of the PSD got wider 
[11,12] and decreased with increased pore connectivity [13-15]. Similarly, 
tortuosity for molecular diffusion is found to increase with decreasing 
pore connectivity, and increasing width of PSD [16-19].  

In a related development, fractal scaling has been applied to soils, 
both for void and solid phases, as an approach to characterize the porous 
arrangement, attempting to relate particle-size distribution to soil water 
retention and soil water dynamic properties [20]. In this approach, the 
researchers assumed that the void space geometry of soils reflects its solid 
phase geometry, taking into account that soil pores are lined by the full 
range of particles, and that their fractal dimension, which expresses their 
tortuosity, could be evaluated by the fractal scaling of particle-size distri-
bution. The researchers analysed data of 42 soil samples in order to com-
pare fractal dimensions of pore-size distribution. It was found that the 
Fractal dimensions that reflect the pore trace tortuosity is directly propor-
tional to the PSD. This finding is in good agreement with simulations 
work of [21-23]. 

In this paper, a novel multi-technique experimental approach will be 
used to derive structural-topological relationships in order to understand 
the mechanism of fluid flow in porous materials. In this regard, this paper 
will explore this simulation correlation between tortuosity and pore size 
distribution on a range of porous alumina and silica pellets of spherical or 
cylindrical geometries. Gas adsorption and mercury porosimetry are 
complementary methods with the latter covering a much wider size range 
(0.0035 to 500 mµ ). There are well-known and standard techniques from 
gas sorption that can determine key characteristic parameters of porous 
media, such as the BET Surface area and BJH algorithm for pore size dis-
tribution. In the case of mesoporous materials, the Kelvin equation pro-
vides a useful model for the transformation of adsorption data into a PSD 
[24]. There established algorithms based on the Kelvin equation that are 
used for the determination of PSD such as the Barrett Joyner and Halenda 
(BJH) method by [25]. However, there are other approaches that consider 
the fluid-solid interactions [26]. Nevertheless, the BJH method is undoubt-
edly the most widely accepted method for the analysis of nitrogen adsorp-
tion/desorption PSD [24], and thus, it has been adopted in this study. The 
heterogeneity will be examined with the aid of PGSE NMR. Therefore, the 
effects from restricted diffusion, and or various domains having different 
diffusivities, will be investigated. By examining the diffusion behaviour of 
water within a porous medium, it may be possible to see the changes in 
tortuosity effects as a function of diffusion time and PSD. 
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2 THEORY 
The study of diffusion by Nuclear Magnetic Resonance (NMR) began 

back in the early 1950s with the works of [27,28]. Further developments 
included the use of spin echoes, [28] and stimulated spin echo [29] se-
quences for studying diffusion coefficients. Most subsequent diffusion 
sequences are derived from these two sequences [31]. In recent years, the 
PGSE NRM has been a well-established method for measuring diffusion 
coefficients in systems ranging from catalyst supports [32-34] porous 
glasses [35,36] to sedimentary rocks [31,37].  Therefore, the PGSE NMR 
technique have proven to be powerful and popular tools for diffusion studies 
in porous media. However, there are a number of challenges that might arise 
if the investigation is to refer to media of a more complex nature such as the 
heterogeneous, micro-textured, porous, granular, composite or high-viscosity 
materials. Consequently, there will be tendencies to anomalous diffusion, 
superimposed components, extremely small displacement rates, and dis-
placement restrictions [38].      

In PGSE NMR, the echo attenuation ( )'R  is defined as the ratio of the 
echo intensity in the presence of the gradient ( )I  to the echo intensity 
obtained in the absence of a gradient ( )0I . For unrestricted self-diffusion, 

where the random motion of the molecules is assumed to follow Gaussian 
behaviour, the echo intensity ( )I  is given by [28]: 
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where D  is the diffusion coefficient, γ  is called gyromagnetic ratio of 

the observed nucleus, g  is the gradient strength, δ  is length of the gra-

dient pulse, and ∆  is the diffusion time. A range of echo attenuations are 
obtained by varying g , δ  or ∆ . Equation 1.0 can be used to calculate 

diffusion coefficient of the observed nucleus in a homogeneous system. 
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from the slope of the straight line obtained [32]. The diffusion coefficient is 
obtained by labelling the position of the molecules at the start of the ex-
periment through the use of a field gradient. After a certain period of time 
(diffusion time, Δ), during which the molecules will have moved to a dif-
ferent random position due to self-diffusion, the positions of the mole-
cules are labelled again by a second gradient [39]. The final signal ob-
served will be a function of the diffusion coefficient

0D , the gradient 

strength g , δ , and the diffusion time ∆  [39]. A typical pulse sequence 

is illustrated in Figure 1.0 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.0 

A schematic diagram of the pulse sequence that was first introduced by 
[28] 
 

In general, a linear log-attenuation plot suggests diffusion of a 
single component in a homogeneous environment and Equation 1.0 de-
scribes the relationship between signal attenuation and the diffusion coef-
ficient. The effective diffusion coefficient calculated from a one component 
fit will be characteristic of the average motion of all molecules and, there-
fore, will be a combination of free diffusion and restricted diffusion. With 
a very small value of a short diffusion time ( )∆  none of the molecules will 
be restricted as none of the molecules will have sufficient time to reach the 
walls of the pores. Therefore, the effective diffusion coefficient measured 
is that of molecule in free solution.     
 In contrast, if the diffusion time ( )∆  is sufficiently large all the 
molecules contained within the pores will contact the pore walls and thus 
undergo restricted diffusion. Consequently, non-linearity in the echo-
attenuation plot will be observed if the molecules sample regions associat-
ed with largely varying diffusion coefficients. Hence, the long-time behav-
iour of diffusion coefficient provides an indirect measure of the macro-
scopic structure [39]. A discrete multicomponent model was derived by 
[32], Equation 2.0, where the heterogeneity in the apparent diffusion coef-

ficient is attributed to i  components, each containing the fraction, ip , of 

observed nuclei, with the actual diffusion coefficient, iD , where ξ  is 

characteristic of the experimental parameters
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 In a PGSE NMR experiment, the diffusion time can be varied 
from a few milliseconds up to several seconds. Because of effects from the 
restricting geometry, the measured self-diffusion coefficient ( )D  depends 

on the diffusion time ( )∆ . The measured self-diffusion ( )D  is also sensi-
tive to physical parameters like permeability and the volume fraction of 
the diffusing species. The measured self-diffusion ( )D  can be related to 

certain characteristics of the porous medium such as the surface-to-
volume ratio and the tortuosity ( )τ . The measured self-diffusion ( )D  of a 

diffusing fluid is found to decrease with observation time ( )∆  and reach-

es a plateau value. That plateau value represents the tortuosity ( )τ  of the 

system [40]. 
 The effective self-diffusion coefficient )( effD

 
is a measure of 

how the water is diffusing within the porous network. Therefore, the tor-
tuosity of a pore network ( )τ  is a measure of the potential deviation 

from a linear path that a diffusing molecule may experience. For the diffu-
sion of a liquid in a porous solid, the effective diffusivity of the liquid in 
the material is related to the molecular self-diffusion coefficient

 )( 0D  of 

the bulk liquid as follows [32]:  
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τ
εD

Deff =                                                                     (3.0) 

 
where ε  voidage of the material. The voidage term is traditionally ig-
nored since the observed signal contains spin density which is directly 
proportional to voidage. Therefore, Equation (3.0) can be written as:     
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where 0D  is the diffusion coefficient of the bulk liquid. Traditionally 

water is used as the bulk liquid.     
      In general, 
tortuosity )(τ  describes the geometry of flow paths, thus, a measure of 

the complexity of a porous medium. It is as a conceptual, dimensionless 
number representing the departure of a porous system from being com-
posed of straight pores.

 
Since fluid travels along a tortuous path through 

the medium, the actual or effective pore length )( effl  is greater than the 

average linear flow path length )( pl . The ratio of the two lengths defines 

tortuosity [41].  In porous media, tortuosity depends on how well the 
pores are connected [37]. 
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 Furthermore, the total tortuosity )(τ  of a porous solid can be 
considered to have independent contributions from tortuosity on various 
length scales. The total tortuosity can considered as the product of these 
independent tortuosities since the effective diffusivity will decrease mono-
tonically with scale [42]. Therefore, the PGSE (NMR) experiment 
measures: 

                                  ,µτττ e=                                                                      

(6.0) 
 

where eτ  is the mesoscopic contribution to the tortuosity  over length 

scales of a few pore diameters up to scales at which macroscopic hetero-

geneities become significant, and µτ  characterizes tortuosity over length 

scales of up to a few pore diameters [42]. However, if the molecules dif-
fuse between compact particles, the effective restricted interparticle diffu-
sion coefficient is [37,39], 
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where bε  
is the particle bed porosity and τ  the tortuosity that the mole-

cules experience diffusion through the bed of particles.  
 Adsorption pore size distribution analysis of mesoporous mate-
rials is based on an adopted interpretation of the mechanisms of capillary 
condensation, evaporation and the associated hysteresis phenomena [43]. 
The theory for condensation of vapour into a porous medium is derived 
from thermodynamic considerations. This is known as the Kelvin equa-
tion written as: 

                                                                             

(8.0) 

where is the Kelvin radius. 

For nitrogen at liquid nitrogen temperature: 

•  is the surface tension of the adsorbate in liquid form = 

8.85 × 10-3 N m-2; 

•  = 34.6 × 10-6 m-3 mol-1; 

•  is the universal gas constant= 8.314 J mol-1 K-1; 

• is the temperature = 77 K; 

•  is the contact angle between the liquid and the wall of the 
pore = 0°. 

 
 Within a porous material, the gas layers continue to fill the pore 
until the pressure is sufficient that the gas condenses into a ‘liquid-like 
phase’. The pressure at which the gas condenses can be related to the pore 
size according to the Kelvin equation. However, it becomes less accurate 
as the PSD becomes smaller because the Kelvin equation is purely ther-
modynamic, and thus, it does not take account at micropore region 
[44,45]. This model is usually applied for diameters greater than 2 nm, 
because below this size the liquid cannot be considered a fluid with bulk 
properties due to forces exerted by the pore wall. Theoretical calculations 
suggest that the properties of fluids in microporous structures are highly 
sensitive to the size of the pores [24]. 
 When the BJH algorithm is used to determine the PSD, the pore 
size obtained from the Kelvin equation is generally corrected for the mul-
ti-layer film thickness using a universal  -layer equation.  The empirical 
observation by [46] have shown that, for many non-porous surfaces, the 

ratio of the volume adsorbed to the monolayer capacity  plotted 

against relative pressure  all approximately fit a common Type II 

curve above a relative pressure of 0.3. This implies for a given value of 

 the adsorbed layer thickness will be the same regardless of the 

adsorbent. However, the data used to compile common -curves was not 
comprehensive and the universality was only approximated [46]. There-
fore, an individual porous solid may show a deviation from the common 
t-curves, as observed experimentally for nonporous templated silicas, such 
as the SBA-15 using neutron scattering [47]. Nevertheless, the BJH method 
is undoubtedly the most widely accepted method for the analysis of nitro-
gen adsorption/desorption PSD [24], and thus, it has been adopted in this 
study. The BET equation has been used as a standard technique for evalu-
ating the surface area of catalysts. The BET equation derived by [48] for 
multilayer adsorption is given by: 
 

                                                              (9.0) 

 
 A plot of  against  yields a line of slope 

 and intercept . The parameter  indicates the strength of 

the adsorbent-adsorbate interactions, with  and  rep-
resenting low and high interaction strength respectively [24]. The BET 
Equation (9.0) holds for Type I, Type II, Type III and Type IV isotherms, 
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depending on the nature of the constant . The selection of the range of 
relative pressures involving multilayer adsorption is most critical to the 
evaluation of the surface area of porous solids. [24] have stated that for 
many materials, the infinite form of the BET Equation (9.0) only fits over a 
narrow range of relative pressures (typically ~ 0.05 - 0.35).  
 A coefficient of determination value (R2) of 0.999 is recommend-
ed for most solids [43]. The failure of the BET plot at very low  (  < 
0.05) is due to the influence of high adsorption potential in micropores 
and surface heterogeneity [43]. The BET plot of materials with high 
microporosity deviates from linearity. This deviation could lead to unde-
sired negative values of the BET constant energy parameter value. Conse-
quently, two criteria have been proposed for the selection of the  range. 
First, the pressure range must be in the region where  in-

creases with an increase in ; and second the - intercept of the linear 
region must be positive in order to give a meaningful value to BET con-
stant,  [49]. Also, [50] doubt the adsorbed phase is liquid-like. 
 The BET surface area  can be evaluated from monolay-

er capacity by using Equation 10.0, where  is the molecular area of the 

adsorbate molecule in the completed monolayer and  is the Avogadro 

number. For nitrogen,  is assumed to be 0.162 nm2. An incorrect nitro-

gen molecular area can result in an error in the estimation of the surface 
area. [51] showed that the variation in nitrogen molecular area on different 
surfaces and quotes a value of 0.162 nm2 for Al2O3 adsorbents. 
 
                                                                               (10.0) 

 
 The value of  used for nitrogen is based on an assumption 

that the nitrogen molecules are spherical and rest on a plane surface with 
a packing similar to that in the bulk liquid. However, nitrogen molecules 
are in reality non-spherical. They tend to adsorb on the surface in a flat or 
upright position and also possess a quadrupole moment which causes the 
nitrogen molecules to adsorb specifically on certain surfaces [52] masking 
the effect of the formation of a monolayer even though no monolayer has 
been formed in reality. In addition, the surface chemistry has a strong role 
in the apparent area projected by adsorbed molecules. Strong interactions 
can cause the area occupied by each molecule to decrease, and therefore 
adopt a denser packing relative to weaker interactions between the adsor-
bent and adsorbate.  
 

2.3 Materials 
The materials studied in this work are commercially available, chemi-

cally pure mesoporous silica and alumina catalyst support pellets with 
simplified pore sizes, pore size distribution, and surface chemistry. As 
highlighted in Table 1, the materials have pore size lying in the range of 7- 

 
30 nm. The majority of the materials have unimodal structure with the 
exception of one bimodal structured material (AL3984T).  

 
Table 1.0 
A range of alumina and Silica materials tested 
 

S/N 
Sample  Material 

Pellet 
form 

Voidag
e 

Nominal 
diameter 
(mm) 

1 
Aerosil Silica (SiO2) 

Fumed 
sphere 

N/Da* 3.5 

2 
AL3984T 

Alumina 
(Al2O3) 

Tablet 0.59 3.0 

3 
AL3992E 

Alumina 
(Al2O3) 

Extrudate 0.65 3.0 

4 C10 Silica (SiO2) 
Gel 
sphere 0.66 3.0 

5 
C30 Silica (SiO2) 

Gel 
sphere 

0.69 3.0 

6 
P7129 Silica (SiO2) 

Gel 
sphere 

0.67 3.0 

7 
Q17/6 Silica (SiO2) 

Gel 
sphere 

0.49 3.5 

8 
S980A Silica (SiO2) 

Gel 
sphere 

0.6 3.0 

9 
S980G Silica (SiO2) 

Gel 
sphere 

0.61 2.2 

10 

Silica Alu-
mina 

Silica and 
Alumina 
(Al2O5Si) 

Extrudate 0.60 0.5 

Note: a* – Not detected 
 

2.4 Experimental Consideration 
2.4.1 Gas Sorption Porosimetry 
 On each sample, nitrogen sorption experiment was carried out 
at 77K using a Micromeritics accelerated surface area porosimeter (ASAP) 
2010 apparatus. Initially, about 0.2 g of the sample was left under vacuum 
for 4 hours at a pressure of 0.27 Pa as recommended by [53]. The purpose 
of the thermal pre-treatment for each sample was to drive any 
physisorbed water on the sample while leaving the morphology of the 
sample itself unchanged. The sample tube and its contents were then re-
weighed after cooling to room temperature. Thus, the dry weight of the 
sample before being transferred to the analysis port for the automated 
analysis procedure was measured.     
 A full adsorption/desorption micro/mesoporous was carried 
out since the samples' characteristics were unknown. The calculation 
of the dead volume of flask (free space analysis) was carried out by 
using helium. The dead space was the volume of the sample tube 
excluding the sample itself. As also recommended by [53], equilibration 
time for the diffusion of nitrogen molecules to access most of the pores 
present in these materials was set 
at forty five seconds.      
 In the Kelvin Equation








 −
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k

LLV

r
VxRT θγ cos2ln , the 

adsorbate property factor was taken as 9.53 × 10-10 m. Furthermore, it was 
assumed that, the fraction of pores open at both ends was zero, for both 
adsorption and desorption. Thus, capillary condensation commenced at 
the closed end of a pore to form a hemispherical meniscus, and the pro-
cess of evaporation commenced at a hemispherical meniscus.  
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2.4.2 PGSE NMR 
 The samples were prepared by impregnation with deionised 
water, under ambient conditions, in a beaker for at least 24 hours. Howev-
er, before any impregnation, the big pellets, such as Aerosil and Q17/6 
tablets, were sliced into appropriate sizes that could readily fit into an 
NMR sample tube. It was essential to allow the liquid to fully imbibe the 
porous network. However, excess water was removed from the pellet’s 
external surface by contacting each pellet with pre-soaked tissue paper as 
demonstrated by [54]. Also, PGSE NMR phenomena are sensitive to the 
chemical and physical environments of a molecule such as temperature in 
particular [32]. Therefore, the diffusion coefficient of bulk liquid (deion-
ized water) was measured before and after each sample analysis. This was 
necessary in order to detect any slight temperature difference. A quartz 
tube filled with deionised water to a height of around 5 cm was used for 
estimating the diffusion coefficient,

0D , of the bulk liquid.  

 All PGSE NMR experiments were performed by using a Bruker 
AV400 NMR spectrometer, with a broadband (BBO) multinuclear probe 
equipped with gradient coils. The magnet has static field strength of 
9.4 T, yielding a proton resonant frequency of 400.13 MHz for nucle-
us. The gradients were supplied by a Bruker Grasp II unit, and the maxi-
mum attainable gradient strength was 53.5 G cm-1. The maximum sample 
length was constrained by the region over which uniform linear gradients 
could be produced and is 15 ± 1 mm. It was assumed that the magnetic 
field was uniform and there was no cross-relaxation with the sample. All 
experiments were conducted at temperatures of 25 ± 0.5 °C. The 
acquisition parameters used are given in Table 2.0. The data acquisition 
was controlled by a computer. For the bulk liquid diffusion analysis, 
acqusition Set 1 was used; where as in the case of sample diffusion 
analysis, both acquision Sets 1 and 2 were used. A series of eight spectra 
were taken at increasing gradient strengths and the number of scans for 
each spectrum was 16. Signal attenuation was used to calculate the diffu-
sion coefficient and comparative tortuosities of the water confined within 
the samples.  
 
Table 2.0 
Experimental acquisition parameters used for PGSE NMR technique  

Parameter Acquisition set 

_ 1 2 
Gradient strenght, g  (G cm-1) 0.674 to 32.030 0.674 to 32.030  

Diffusion time, ∆  (s)  0.05  0.1  
Gyromagnetic ratio, γ  (radT-1s-1) 2.765  2.765  

Duration of the gradient, δ  (s) 0.02 0.02  

Bi polar correction delay, Tτ  (s) 0.0001  0.0001  
 

4 RESULT AND ANALYSIS 
 During the course of Nitrogen Sorption experiments, the prob-
lem of batch variability was addressed, and thus, in order to allow for the 
variation of support structure between pellets from the same batch and to 
test the reproducibility of measurements, replicate measurements are 
used. The reported parameters in this section are the mean of these sets 
used. Moreover, during the course of experiments, the relative pressure 
was either increased or decreased in small steps, and a small volume of 
nitrogen, either enters, or leaves, the sample. After each relative pressure 
change, the volume of nitrogen within the sample was then allowed to 
come to equilibrium over a period of time. It should be noted that a previ-
ous worker [55] within this research group determined the absolute values 

for different pre-treatment conditions, and the equilibration times suitable 
for these materials. [55] suggested a pre-treatment condition of 250 °C for 
4 hours and 45 seconds equilibration time for the diffusion of nitrogen 
molecules to access most of the pores present in these materials. This re-
searcher observed that the lower point of the hysteresis loop in most ni-
trogen isotherms closed at ~ 0.7 to 0.8. This finding was in good agreement 
with the accepted literature of near equilibration by [52]. Therefore, the 
same pre-treatment conditions, and equilibration time were adopted in 
Section 3.0. In the Kelvin Equation (8.0), the adsorbate property factor was 
taken to be 9.53 × 10-10 m. Furthermore, it was assumed that, the fraction of 
pores open at both ends was zero, for both adsorption and desorption. 
Thus, capillary condensation commenced at the closed end of a pore to 
form a hemispherical meniscus, and the process of evaporation com-
menced at a hemispherical meniscus.  
 Tables 2.0 presents the BET surface area and variance of the 
Pore Size Distribution of the investigated materials. The reported uncer-
tainties indicate the spread of the results over samples from the same 
batch, and the error associated with the technique. It is noteworthy to 
mention that the result obtained showed strong interactions between the 
adsorbate and adsorbents ( )100>c . As detailed in Section 2.0, the sur-
face area of porous media may be determined by using the Brunauer, 
Emmett and Teller (BET) Equation 9.0. The following pressure range, 0.1 < 

  0.3, was used for the BET plots. For each data set, the BET plots 
yielded a coefficient of determination with linear regression  greater 

than 0.999. The BET surface area  was evaluated from the 

monolayer capacity by using Equation 10.0. A typical BET surface area 
plot of one of the samples (Aerosil) is presented in Figure 3.0. Also de-
tailed in Section 2.0, the pressure at which the gas condenses can be re-
lated to the pore size according to the Kelvin equation (Equation 8.0). 
Therefore, the variance of PSD was estimated from the BJH algorithm 
data.       
 Also, in this study, tortuosity as a function of diffusion time was 
investigated. Repeat measurements were made on the bulk probing liquid 
sample (deionised water) on the same day at constant temperature and 
yielded diffusion coefficients agreeing to within 0.8 %. For each data set of 
the probing bulk liquid, the coefficient of determination ( )2R  yielded a 
correlation coefficient greater than 0.999. The self-diffusion coefficient of 
water at 25 °C was nearly 2.5 ×10−9 (± 3.29×10−11) m2/s in each analysis. The 
average diffusion coefficient of bulk liquid was considered for calcula-
tions. A range of porous alumina and silica pellets of spherical and cylin-
drical geometry were investigated. In order to allow for the variation of 
support structure between pellets from the same batch and to test the 
reproducibility of measurements, replicate measurements were made for 
all batches. The apparent tortuosity of the samples were calculated by 
using the diffusion correlation in Equation 4.0. In the case of suspected 
deviation from linear behaviour, further replicate measurements (up to 
two repeats) were made to confirm the true nature of the sample. The 
number of scans was also doubled. The number of scans was increased to 
ensure better results and consequently reduce the effect of errors associ-
ated with measurement, such as the signal to noise ratio. A two compo-
nent model was used to fit the curve in some of the plots with concave 
curve characteristic of a heterogeneous sample. The Microsoft Excel Solver 
was used to estimate the model parameters such as the intensity, diffusivi-
ties and their respective fraction in each domain within the sample. These 
model parameters from Solver were then used as the first guess in Origin 
6.1 software to generate better parameters, along with their respective 
errors.  
 A minimum of seven fully saturated pellets were probed in each 
analysis. The data of the sample was subsequently averaged. Therefore, 
the sample mean error for the tortuosities are given in Table 2.0. The re-
ported uncertainties are the 95% confidence intervals that indicate the 

−z
H1

x ≤
( )2R

( )BETa
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spread of the results over samples from the same batch and the error asso-
ciated with the PGSE NMR measurement. These uncertainties indicate the 
reliability of tortuosity estimates for the diffusion times used in this study. 
Figures 3.0 and 4.0 present the effect of PSD on Tortuosity. It can be seen 
from Figures 3.0 and 4.0 that there is no clear correlation between Tortuos-
ity and variance of the PSD. 
 
Table 2.0 
The average result and standard error obtained from nitrogen adsorp-
tion isotherms and PGSE NMR of the samples 
 

Sample 

Characterization Technique 

PGSE NMR Gas Sorption Porosimetry 

Tortuosity ( )PGSEτ  

BET Surface 
area

 

Variance of 

PSD 







µ
σ

 

(Δ = 50 ms) 
 (Δ = 100 

ms) 

(m2g-1) (-)   (-) (-) 

Aerosil 1.59 ± 0.06 1.86 ± 0.09 162.00 ± 24.00 0.900 ± 0.23 

AL3984T 1.75 ± 0.03 1.81 ± 0.04 103.00 ± 9.04 0.722 ± 0.05 

AL3992E 1.76 ± 0.02 1.85 ± 0.03 159.00 ± 29.02 0.585 ± 0.04 

C10  1.57 ± 0.01 1.63 ± 0.04 326.00 ± 32.56 0.356 ± 0.11 

C30 1.41 ± 0.01 1.49 ± 0.05 81.00 ±  4.15 0.190 ± 0.02 

Q17/6 2.38 ± 0.03 2.42 ± 0.05 156.00 ± 3.90 0.460 ± 0.09 

S980A 1.75 ± 0.02 1.81 ± 0.04 192.00 ± 15.44 0.511 ± 0.16 

S980g 1.54 ± 0.02 1.57 ± 0.04 63.00 ± 2.56 0.143 ± N/A 
Silica Alu-

mina 2.05 ± 0.04 2.19 ± 0.07 198.00 ± 2.34 1.25 0± 0.50 
 
 Furthermore, the tortuosity obtained in Table 2.0 is limited to 
the length scale probed by the PGSE NMR method. This paper addressed 
such limitations, and thus, the Macroscopic Tortusity was correlated with 
the variance of PSD quoted in Table 2.0. The PGSE NMR and MRI studies 
by [42] provided a more comprehensive study of tortuosity. The combina-
tion of these two NMR methods can provide a measure of the macroscopic 
tortuosity describing the pore structure over length scales of the whole 
pellet. These researchers investigated some of the samples presented in 
Table 2.  
 

 
 
Figure 3.0 
Relating the Tortuosity (Δ=50ms) with the Variance of PSD 

 
 
Figure 4.0 
Relating the Tortuosity (Δ=100ms) with the Variance of PSD 
 
Table 3.0 presents the Macroscopic contribution to the tortuosity deter-
mined by experimental measurements in this study by PGSE NMR and 
from the MRI work of  [42]. For the PGSE (NMR) analysis, a single pellet 
was suspended over a water reservoir for imbibition for twenty four hours 
before transfer into the quartz tube. An average of two pellets from the 
same batch were adopted for this study and the work of [42]. Therefore, 
the quoted tortuosities in Table 3.0 by [42] are the average values of the 
fitted distribution diffusivity values. The researchers expressed the macro-
scopic tortuosity ( )Macτ  as a ratio of the tortuosities from the two NMR 

techniques, and thus,
 

. Where Macτ  and PGSEτ  

are the estimated tortuosities obtained by MRI and PGSE NMR tech-
niques, respectively. Figures 5.0 and 6.0 present the effect of PSD on Mac-
roscopic Tortuosity by PGSE NMR and MRI, respectively. It can be seen 
from Figures 5.0 and 6.0 that the Tortuosity increases with an increase in  
PSD. 

 
Table 3.0 
Macroscopic contribution to the tortuosity determined by experimental 
measurements in this study+ and from [42]* 
 

Sample 

Characterization Method 

MRI PGSE NMR 

Macrocopic Tortuosity* Macroscopic Tortuosity+ 

(-) (-) 

AL3984E 2.30 ± 0.30 1.28 ± 0.22 

AL3992T 2.40 ± 0.30 1.30 ± 0.18 

C10 2.30 ± 0.10 1.15 ± 0.06 

C30 1.80 ± 0.30 1.09 ± 0.30 
 

 
 
Figure 4.0 
The BET plot for Nitrogen adsorption at 77 K of Aerosil 

( )BETa

y = -0.0405x + 0.5008 
R² = 0.0017 
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Figure 5.0 
Relating the MRI Macroscopic Tortuosity with the Variance of PSD 
 

 
 
Figure 6.0 
Relating the PGSE (NMR) Macroscopic Tortuosity with the Variance of 
PSD 
  

5.0 DISCUSSION 
 A novel multi-technique approach has been used to derive 
structural-topological relationships in order to understand the mechanism 
of ultimate entrapment in porous materials. As detailed in Section 1.0, 
several researchers used two and three dimensional bond networks simu-
lation to determine the relationships between structural and transport 
properties in artificial porous materials. Other workers used basic Corru-
gated Pore Structure Model (CPSM). Both analytical, basic experimental, 
and simulation have shown Tortuosity increases with an increase in Pore 
Size Distribution. It in this regard that this section discusses these correla-
tions for structural-topological relationships that were tested with experi-
mental results for a range of porous alumina and silica pellets of spherical 
or cylindrical geometries.  
 In general, within the experimental error, for the different pel-
lets studied from the same batch, the isotherms plotted are of type IV 
classification according to the IUPAC. This is typical of monolayer–
multilayer coverage to capillary condensation pattern, with reproducible 
type H2 hysteresis loops with mesoporous materials. It should be noted 

that C30 and S980G have type H2 hysteresis loop, however, due to ma-
chine limitations; it was not possible to cause the capillary condensation of 
liquid nitrogen in pores of sizes greater than mesoporosity. The average 
pore sizes of C30 and S980G are considerably big and thereby explaining 
the observed narrower hysteresis loop with very steep and nearly parallel 
adsorption and desorption branches. This can be explained by the pockets 
of vapours left in mesopores in C30 and S980G at relative pressures close 
to unity. Most of the samples investigated have strong interactions be-
tween the adsorbate and adsorbents . It is likely the surface of 
these samples exhibit high polarity causing nitrogen molecules to adsorb 
strongly due to its quadruple moment on certain sites relative to others 
masking the effect of monolayer formation. [55,56] observed similar find-
ings for some of the material investigated in this study. Therefore, for a 
cylindrical pore with a narrower neck, capillary condensation could occur 
by two means. The first being, both cylindrical meniscuses filling at the 
individual , determined by the Kelvin equation (Equation 8.0). In the 
case of advanced condensation effects, both body and throat filling at the 
filling pressure of the throat exceeds the pressure required to fill the body 
with a hemispherical meniscus. [57] argued that condensation in a narrow 
pore might result in the formation of an unstable vapour-liquid interface 
in the adjacent wider pore that would cause spontaneous condensation in 
the latter prior to achievement of the limit of metastability of adsorption 
films. This effect of initiated capillary condensation or advanced conden-
sation may trigger an avalanche filling of the pore network. Consequently, 
the PSD observed is narrower than it exists in reality for most of the sam-
ples investigated in this study.    
 The application of PGSE NMR diffusion measurements is sensi-
tive to the structure of a medium over a scale comparable to the r.m.s dis-
placement of molecules during the experimental time scale of 10-3 to 1 s 
[31]. The PGSE NMR studies of liquid self-diffusion within porous medi-
um give information on the pore structure itself. Therefore, the diffusion 
measurements of these materials are the absolute estimated values with 
respect to the probing bulk liquid (deionised water) used. In addition, the 
effect of structural damage was limited by cutting the big samples (Aerosil 
and Q17/6) with a small saw. In general, the PGSE NMR method does not 
probe length scale equivalent to the dimension of the whole pellet. The 
method is only limited to the length scale of the probe, and thus, the effect 
of structural damage in those big samples was negligible in the collected 
data. Therefore, in order to elucidate transport phenomena in porous me-
dia, the interconnectivities of the pore system of a wide range of porous 
alumina and silica pellets were examined by diffusion over two diffusion 
time-scales (Δ = 50 and Δ = 100 ms).    
 The estimated tortuosities of the samples at short diffusion time 
are of order of 1.85 ± 0.50. At first glance, the estimated tortuosities of most 
samples varied with diffusion time. Then, 95 % confidence intervals were 
used to evaluate the reliability of the estimated tortuosities. It was found 
that the estimated tortuosities did not vary with diffusion time in most 
samples. [34] observed similar findings for fully saturated silica glasses. 
However, Aerosil and C30 showed more complex behaviour. The estimat-
ed tortuosities of Aerosil and C30 varied with the diffusion time. The 
complex behaviour of these samples can be attributed to high degree of 
heterogeneity they possessed than the rest of the samples. Also, the quot-
ed tortuosities of the samples previously studied by [32] and [42] are in 
good agreement with the estimated tortuosities in Table 2.0. Also, it was 
found that, for different pellets studied from the same batch of different 
samples, the estimated tortuosities were in close agreement with minor 
intra-batch variability in most samples. This observation supports the 
work of [58]. The observed intra-batch variability could be attributed to 
slight differences from manufacturing conditions of the material. In addi-
tion, the majority of fluid molecules held within a saturated porous medi-
um at short diffusion time would experience free diffusion [59]. However, 
at long diffusion time, the diffusing molecules would explore the connec-
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tivity of the porous medium and the ratio of the apparent diffusion coeffi-
cient to the free diffusion coefficient approaches an asymptote equal to the 
inverse of tortuosity [60].Therefore, the results obtained in this study sup-
port the findings of [60] and [59].   
 Furthermore, the Tortuosity quoted in Table 2.0 was correlated 
with the variance of Pore Size Distribution. The relationships are present-
ed in Figures 2.0 and 3.0. There was no trend or correlation  observed at  
short and long diffusion time, respectively. The correlation coefficient 
obtained was 0.001 and 0.004, and thus considered to be statistically insig-
nificant. It is noteworthy to mention that the estimated tortuosities in Ta-
ble 2.0 describe the interparticle and intrapellet tortuosities. Thus, there 
was a high possibility of bulk film on the outside of the pellets. Moreover, 
the tortuosity obtained was limited to the length scale probed by the PGSE 
NMR method. This research intends to address such limitations.
 The PGSE (NMR) in this study and MRI studies by [42] provid-
ed a more comprehensive study of tortuosity. The combination of these 
two NMR methods can provide a measure of the macroscopic tortuosity 
describing the pore structure over length scales of the whole pellet. In this 
approach, the effect of intra batch (intraparticle), and extra film thickness 
of water, to the overall diffusional displacement was investigated. There-
fore, the diffusion coefficients measured in this study refer to the molecu-
lar self-diffusion coefficient of the imbibed water within the pore space of 
a single pellet. Also, it was found that, for different pellets studied from 
the same batch of different samples, the estimated tortuosities were in 
close agreement with minor intra-batch variability in most samples. This 
observation supports the work of [58]. The observed intra-batch variability 
could be attributed to slight differences from manufacturing conditions of 
the material.     
 The variance of Pore Size Distribution is correlated with the 
macroscopic tortuosity quoted in Table 3.0. Figures 5.0 and 6.0 present the 
relationships between Macroscopic Tortuosity [PGSE (NMR) and MRI] 
and the variance of Pore Size Distribution, respectively. It can be seen that 
Macroscopic Tortuosity increases with an increase in the variance of Pore 
Size Distribution. The Macroscopic tortuosity increase with an increase in 
the variance of the PSD. To support this correlation, static analysis was 
carried out in order to rule out any possibility of random chance. A com-
mon alpha level for research is 0.10, and was thus adopted in this study 
[61]. In Figures 5.0 and 6.0, the correlation coefficients obtained for the 
correlation are 0.715 and 0.972. The number of data points used is four. 
Therefore, by using the critical value table for Pearson’s correlation coeffi-
cient [61], it can be concluded that the correlation is statistically signifi-
cant. This finding verified and is in good agreement with the simulation 
works of [15-22]. 

 

6.0 CONCLUSION 
 A novel multi-technique approach has been used to predict the 
relationships between Tortuosity and mercury entrapment. A range of 
porous alumina and silica pellets of spherical or cylindrical geometries 
were investigated. Most of the samples have strong interactions between 
the adsorbate and adsorbent, and thus are susceptible to advanced con-
densation phenomena that will result in a narrow PSD than it exists in 
reality. PGSE NMR studies carried out on fully and partially saturated 
samples revealed similar tortuosities for the range of length scales studied. 
Initial attempt to correlate Tortuosoity and variance of PSD was statistical-
ly insignificant due to the tortuosity obtained was limited to the length 
scale probed by the PGSE NMR method. This paper address such limita-
tions, and thus, the variance of Pore Size Distribution was correlated with 
the macroscopic tortuosity by PGSE (NMR) and MRI, respectively. The 
combination of these two NMR methods can provide a measure of the 
macroscopic tortuosity describing the pore structure over length scales of 
the whole pellet. It was found that the Macroscopic increase with an in-

crease in the Variance of PSD as observed in several two and three dimen-
sional bond networks simulation and Corrugated Pore Structure Models 
(CPSM). 
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