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Abstract 
 
The importance of accurately measuring gas diffusivity in porous materials has led to a 

number of methods being developed.  In this study the Temporal Analysis of Products (TAP) 

reactor and Flux Response Technology (FRT) have been used to examine the diffusivity in 

the washcoat supported on cordierite monoliths.  Herein, the molecular diffusion of propane 

within four monoliths with differently prepared alumina/CeZrOx washcoats was investigated 

as a function of temperature.  Moment-based analysis of the observed TAP responses led to 

the calculation of the apparent intermediate gas constant, Kp, that characterizes adsorption 

into the mesoporous network and apparent time delay, τapp, that characterises residence time 

in the mesoporous network.  Additionally, FRT has been successfully adapted as an extensive 

in situ perturbation technique in measuring intraphase diffusion coefficients in the washcoats 

of the same four monolith samples. The diffusion coefficients obtained by moment-based 

analysis of TAP responses are larger than the coefficients determined by zero length column 

(ZLC) analysis of flux response profiles with measured values of the same monolith samples 

between 20-100 °C ranging from 2-5 x 10-9 m2 s-1 and 4-8 x 10-10 m2 s-1, respectively. The 

TAP and FRT data, therefore, provide a range of the lower and upper limits of diffusivity, 

respectively. The reported activation energies and diffusivities clearly correlate with the 

difference in the washcoat structure of different monolith samples. 
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Introduction 

Monolith supported catalysts are widely used in both the automotive industry as catalytic 

converters, as well as in the bulk and fine chemicals industries (Deutschen et al., 2000; 

Kröcker et al., 2006). Monoliths are employed to reduce external mass transfer resistance and 

to reduce the pressure drop over the catalyst (Zhang et al., 2004).  Commonly monoliths 

made from cordierite or metal are used due to their high mechanical strength, although 

ceramic monoliths are more commonplace in catalytic converters due to their lower 

production costs (Degobert, 1995). The major advantage offered by metallic monoliths is the 

larger frontal flow area, for example a standard 400 cell in-2 mobile application cordierite is 

only 69% open while the metallic counterpart is 91% open (Nonnenmann, 1985; Gulati and 

Pierotti, 1985; Bode, 2002). In order to maintain high catalyst surface area, the active phase, 

e.g. a platinum group metal in the case of the automotive catalysts, is impregnated onto an 

oxide washcoat supported on the monolith (Taylor et al., 1980, Taylor 1984 and 1993; Oh et 

al., 1986; Heck et al., 1995 and 1997; Summers et al., 1994). 

 The ability to model the performance of monolith supported catalysts is a crucial tool 

required by manufacturers in order to rapidly explore alternative system designs, lower 

development costs and increase speed of production.  Intraphase diffusion is the transport 

process whereby reactants/products diffuse into a porous structure that contains catalyst. 

Therefore, in order to accurately describe these catalytic systems, it is essential to take into 

account intraphase diffusion since, in most cases, it will control the transport of the reactant 

gases within the porous washcoat to the active sites (Zhang et al., 2004; Kolaczkowski, 

2003). Hence the accurate determination of effective diffusion coefficients is imperative.   

 There are a number of approaches by which intraphase diffusion coefficients may be 

determined, the most common based upon the Wicke-Kallenbach cell (Wicke and 

Kallenbach, 1941; Kolaczkowski 2003; Smith 1981). This is the most simple and direct way 

to measure transport (macro) intraparticle diffusivity.  However, this technique has many 

restraints and, in its original design concept, is limited to measuring pellets and cannot 

investigate intact monoliths.  Other disadvantages associated with this approach include the 

need for analytical instruments downstream and the strict requirement for equal pressure in 

both chambers. 

 Since its initial conception, many modifications to the Wicke-Kallenbach system have been 

made which do allow the direct measurement of monoliths (Beeckman 1991; Hayes et al., 

2001). However, the fundamental problem with the procedures cited is that the transport 

through the washcoat alone is not measured, but that the transport through both the monolith, 
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e.g. cordierite, and the washcoat are measured together and the relative contributions cannot 

be separated. This calls into question the validity of the method in terms of the diffusion 

within the washcoat.  The key difficulty of measuring diffusivity within a monolith washcoat 

is the complexity or non-homogeneity of the structure.  This is particularly problematic in the 

case of cordierite which may contain macro-pores and/or cracks within its structure.  In 

addition, the washcoat is a complex porous network consisting of mesopores, macropores and 

even macrocavities.  A correct kinetic model requires transport data of how quickly 

molecules can enter and leave the porous washcoat containing the catalyst which is a 

mesoporous network rather than macrocavities.  From this perspective, the residence time of 

the molecule within the molecule porous media is the most valuable transport information. 

 A number of other techniques have also been used for similar studies including the use of a 

zirconia oxygen sensor (which measured the difference in potential between discrete 

concentrations of oxygen) (Mezedur et al., 2002); a chromatographic modus operandi 

utilising inlet pulses of a different component injected into a packed bed of particles and the 

effluent pulses recorded (Santos et al., 1996); and the mounting of a section of monolith 

within a spinning basket to reduce the effects of gas film mass transfer (Möller et al., 1996). 

All these techniques rely on measuring transport through or in and out of the porous material 

and, therefore, provide transport or macroscopic diffusivity.  In contrast, pulse field gradient 

NMR (PFG-NMR) has been used which measures the mean square displacement of 

molecules inside a porous material (Kaerger et al., 1992). The diffusivity calculated from the 

mean square displacement is then referred to as microscopic diffusivity. Consequently, the 

PFG-NMR is usually referred as a microscopic technique.  This technique generally gives 

larger diffusivity results and lower activation energies for the diffusion while the reverse is 

true of the macroscopic technique (Nijhuis et al., 1997). 

 The purpose of this paper is to measure the intraphase diffusivity in the washcoat of 

monolith samples and obtain the upper and lower limits of effective diffusivity of the 

monoliths using Temporal Analysis of Products (TAP) (Gleaves et al., 1988), to determine 

the lower limit of effective diffusivity, and Flux Response Technology (FRT) (Buffham et al., 

2000), to obtain the upper limit of effective diffusivity.  

 TAP is a fast pulse-response technique which allows the measurement of transport porous 

diffusivity.  For most microporous and mesoporous materials, intraparticle (porous) diffusion 

is slow compared with the interparticle Knudsen diffusion, i.e. the main transport in the TAP 

reactor (Gleaves et al., 1988). Thus, porous intraparticle diffusion does not contribute to the 

transport through the reactor.  Typically, it hinders the movement of molecules through the 
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reactor in a way which is analogous to reversible adsorption (diffusion in and out of the 

porous material). The diffusivity of n-butane in zeolite silicalite-1 has been studied with 

macroscopic and microscopic techniques (Nijhuis et al., 1997). The TAP results obtained 

were found to be in good agreement with the PFG-NMR data, although, due to the fact that 

curve fitting was used, the reliability of the TAP data was uncertain (Brandani and Ruthven, 

2000; Nijhuis et al., 2000). 

 TAP has been utilised for the detailed kinetic characterization of various heterogeneous 

catalysts in the gas phase and has been applied to study a wide range of reactions and 

catalysts (Gleaves et al., 1988, 1997 and 2010; Pérez –Ramírez and Kondratenko, 2007), 

including diffusivity studies (Nijhuis et al., 1997 and 2000; Delgado et al., 2004; Colaris et 

al., 2002; van Veen et al., 2003) in a range of porous materials (Li et al., 2007). More 

recently, TAP has also been utilised to study intact monoliths (Gleaves et al., 2010; Kumar et 

al., 2009). 

 FRT is a powerful and versatile gas in-situ technique that is able to analyse miniscule 

transient flow rates in the order of 10-2 µL min-1. The FRT method functions in a way that is 

analogous to an electrical Wheatstone bridge assembly whereby gas molecules represent 

electrons and flow capillaries represent resistors (Palmer et al., 2011). The technique is based 

on capillary viscometry and can be used to measure minuscule changes in flow rates between 

two gas streams for potentially any gaseous process involving a change in volume (dV/dt) 

(Buffham et al., 1986 and 2002; Russell et al., 1986; Mason et al., 1998). Due to the 

pneumatic Wheatstone bridge configuration between the flow sensing and flow setting 

capillaries, FRT can make very sensitive differential measurements for a range of processes.  

In previous studies, the versatility of the FRT method in measuring adsorption, reaction and 

desorption in situ in the reactor has been reported (Buffham et al., 2000; Palmer et al., 2011; 

Richardson et al., 2004). By applying the Zero Length Column (ZLC) method to analyse the 

desorption curves generated by the FRT system, the correct representation of the rate of 

diffusion within the washcoat is calculated. 

 The control of emissions of volatile organic compounds (VOCs) such as light alkanes has 

become more stringent in recent years (Solsona et al., 2009). Light alkanes, such as propane, 

have been used extensively to examine hydrocarbon oxidation (Richardson et al., 2004) and 

selective catalytic reduction of NOx (Čapek et al., 2010). Hence, propane was chosen for this 

study as it is representative of the hydrocarbons found within exhaust gases. 

 

Materials and Methods 
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Samples 

The samples studied were cordierite monoliths coated with an Al2O3-CeZrOx washcoat 

(supplied by Johnson Matthey). Table 1 summarises the textural characteristics of the 

different macropore diameters determined from scanning electron microscopy. 

 

BET Surface Area Measurements 

The BET characterisation was obtained using a Tristar 3000 (Micromeritics) gas adsorption 

analyser using N2 to determine the specific surface area along with average pore diameter and 

average pore volume. The sample was subjected to vacuum to remove any impurities, such as 

water, followed by flushing with helium gas for 2 min before the vacuum was then 

reintroduced. The BET surface areas of each monolith sample are also summarised in Table 

1. 

 

TAP Experiments 

The TAP reactor operates on the premise of injecting a small gas pulse (≈ 10-10 moles) of 

very short duration (250-500 µs) into an evacuated micro-reactor containing a packed bed of 

particles.  These conditions provide the technique with a sub-millisecond time resolution. 

Additionally, under TAP conditions, the convective flow disappears and gas transport occurs 

by Knudsen diffusion. 

 TAP pulse experiments were performed in a TAP-1 reactor (Autoclave Engineers) using a 

stainless steel micro-reactor (41 mm long, 5.5 mm i.d.). The temperature of the reactor was 

measured by a thermocouple positioned in the centre of the micro-reactor, which enabled 

accurate temperature control via a Eurotherm 818 control unit.  The probe gases were 

recorded at the reactor outlet by a UTI100C quadrupole mass spectrometer. Further details of 

the TAP system used can be found elsewhere (Goguet et al., 2006, 2011a and 2011b; 

Shekhtman et al., 2008; Morgan et al., 2010). 

 Typically, the monolith samples were prepared by cutting a small square containing 4 

channels, 1 mm2 per channel, of 2-3 mm in length. The monolith sample was embedded 

between two layers of inert silicon carbide, particle size 500 μm (VWR).  The monoliths were 

studied over a range of temperatures, 20-100 °C.  The gas pulses employed were composed 

of a 1:1 ratio of krypton and propane (BOC) and all masses representative of these molecules 

were monitored.   

 

FRT Experiments 
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The FRT method has been adapted for the measurement of gas desorption in order to perform 

in-situ measurements of propane desorption in the monolith samples. The experimental 

configuration involves the integration of a temperature programmable furnace into the 

Wheatstone bridge assembly. The temperature programmable furnace houses the system 

reactor, a quartz tube containing a fixed bed of the test sample in a well defined geometry. 

Samples were loaded into a quartz tube reactor (4 mm i.d.) and held in place by two plugs of 

quartz wool. The monolith samples were crushed and sieved to size fraction of 425-850 μm. 

Depending on whether the system reactor caused a pressure drop, a reference reactor was 

used on the reference side of the Wheatstone bridge assembly to shift the baseline of the 

experiment. A schematic of the experimental configuration and the expected flux response 

profile are presented in Figures 1 and 2, respectively. 

Samples were prepared for analysis by heating in a high purity carrier stream of argon 

(99.99%, BOC) from room temperature to 400 °C. Samples were regenerated after each 

temperature cycle by heating at 400 °C for 30 min. Typically ~0.186-0.190 g of each 

monolith was used in each experiment. The sorbate used in the experiment was propane 

(98%, Sigma Aldrich) and argon (99.99%, BOC) was used as the carrier gas. The monolith 

samples were studied over the range of 25-100 °C. The test samples were investigated with a 

1:1 ratio of argon and propane passed through the system side of the apparatus during 

perturbations. 

 The differential pressure between the system and reference flows just upstream of the 

measuring resistances was measured using a differential pressure transducer (Furness 

Controls, model FCO 44), interfaced to a data logging PC via a DataShuttle/USB 54 system 

(Adept scientific). Delay lines, which were lengths of empty PFA tubing (1⁄4 inch o.d.) were 

employed to delay the time at which the composition (and hence viscosity) of the gas passing 

through the measuring resistance changed.  

 

Theory and Analysis 

TAP 

In all experiments, the thin zone TAP reactor (TZTR) concept (Shekhtman et al., 1999a) was 

used. Both intensity and shape of such curve can be analysed using moments, which are 

integrals of the observed TAP pulse responses weighted with a different power of time, as 

illustrated in Equation (1). 
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0

( )  n
nM t F t dt

+∞

= ∫             1

0
res

M
M

τ=  (1) 

 

where Mn is the moment of nth order (mole*sn), Fexit is the area-normalized exit flow (s-1), M0 

is the zeroth moment (mole), M1 is the first moment (mole*s), M2 is the second moment 

(mole*s2) and τres is the residence time of molecules (Shekhtman 2003). 

 M0 determines the total number of molecules leaving the reactor after a single pulse. M1 

determines the residence time (τres) of a species in the micro-reactor when divided by M0. M2 

determines the dispersion of residence time that can be related to the characteristic time of 

observed kinetic processes. 

 Using the moment-based analysis of the observed responses, information regarding 

adsorption and direct measurement of the residence time of the molecule in the porous 

network can be obtained (Shekhtman et al.1999b).  In this analysis, the first moment, M1, 

gives access to the apparent intermediate gas constant, Kp which can be viewed as an 

equilibrium adsorption constant.  The second moment, M2, gives access to the apparent time 

delay, τapp, which corresponds to the residence time of the molecule inside the porous 

network.  The detailed mathematical description of the analytical method has been reported 

elsewhere (Shekhtman et al., 1999a, 1999b, and 2003; Shekhtman 2003). 

 

FRT 

The governing equations used to extract information from the flux response profile are 

developed by understanding the flow through the sensing capillary. Theoretically, the flow 

can be described by the Hagen-Poiseuille Law for laminar flow. Assuming the flow through 

the sensing capillary is laminar, viscous and incompressible, the change in pressure (pz) with 

distance (z) for the flow of fluid through a section of tube of the sensing capillary is given by 

Equation (2). 

  

  z
c

dp K μQ
dz

= −  (2) 

 

where Q is the volumetric flow rate, µ is the viscosity and Kc is a constant dependant on the 

characteristics of the tube.  

 For an ideal gas: 
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z

MRTQ
p

=  (3) 

 

where M is the molar flow rate of gas, pz is the pressure at distance z, T is the absolute 

temperature and R is the ideal gas constant. 

 By substituting for Q in Equation (2) with Equation (3), the longitudinal pressure gradient 

can be expressed as shown in Equation (4). 

 

    z
z c

dpp K MRT
dz

μ= −  (4) 

  

The viscosity of a gas is dependant primarily on temperature. At low pressure, the viscosity is 

considered to be independent of pressure hence µ is constant in Equation (4) (the sensing 

capillaries are kept at a constant temperature). Integrating along the whole length of the 

capillary tube gives Equation 5.  

  
2 2 2BPRp P K MRTμ− =  (5) 

 

where K = KcL, L is the length of the capillary tube, p is the pressure at the inlet of the 

capillary and PBPR  is the outlet pressure (Mason et al., 1998). 

 In order to calculate the diffusivity within the washcoat of the monolith samples, it is 

necessary to apply the ZLC method to analyse the FRT generated desorption curves (Eic and 

Ruthven, 1988b). This method has been widely used to study both micropore and macropore 

diffusion (Eic and Ruthven, 1988b and 1989; Silva and Rodrigues, 1996; Cavalcante et al., 

1997; Ruthven and Brandani, 2000; Gunadi and Brandani, 2006; Guimarães et al., 2010). The 

ZLC method of measuring intraphase diffusivity depends on following the desorption of the 

sorbate from a previously equilibrated sample of adsorbent into an inert carrier stream. In this 

study, the experimental desorption curves were interpreted according to the original 

simplified model where the analysis utilizes the long time region of the desorption curve (Eic 

and Ruthven, 1988b).54  

 The ZLC method is based on the following assumptions: spherical adsorbent particles, 

Fickian diffusion, linear sorption isotherm, perfect mixing through the cell, isothermal 

conditions, high flow rate of the gas stream and neglect of fluid phase hold-up. From these 
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assumptions, the response curve is given by Equation (6) (Crank 1997). 

  

( )

2

2

2
10

exp

2
1

n

n
n

Dt

L
L L

rc
c

β

β
∞

=

⎛ ⎞
⎜ ⎟−
⎜ ⎟
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+ −

∑
  

 (6) 

 

where βn is given by: 

  

cot 1 0n n Lβ β + − =    (7) 

 

and 

  
21

3 s

FrL
KV D

=  (8) 

 In equations 6 to 8, c represents the concentration at any time t, c0 is the initial 

concentration, F signifies the purge flow rate (ml min-1), Vs is the crystal volume in the ZLC 

cell (cm3), K represents the dimensionless Henry’s law constant, D is the diffusion coefficient 

(m2 s-1), r is the particle radius (cm), while L and βn are dimensionless parameters. For large 

values of t, i.e. when measuring the tail of the desorption curve, only the first root of 

Equation (6) contributes to the summation, thereby reducing to a simple exponential decay 

curve shown in Equation (9) (Eic and Ruthven, 1988a). This solution has a linear asymptote 

in the long time region, from which the slope and intercept of plotting ln(c/c0) against t 

provide ZLC parameters, D and L. 

  

( )
2

2 2
0

2 exp
1

n

n

Dtc L
c L L r

β
β

⎛ ⎞
= −⎜ ⎟+ − ⎝ ⎠

 (9) 

 

 A plot of ln(c/c0) against t should give a linear asymptote in the long time region from 

which the slope and intercept can be used to calculate parameters D and L. 
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Results and Discussion 

TAP 

Preliminary TAP data showed that porous molecular diffusion could not be studied above 

100 °C because the residence time within the porous washcoat network was too short 

compared with the residence time of molecules in the TAP reactor.  Consequently, the 

temperature range of this study was limited to between 20-100 °C where the residence time in 

the porous monolith network was sufficiently long to be observed within the range of 0.05-

0.2 s.  Figure 3 shows a typical pulse response obtained over monolith Sample 1 at 60 °C 

(analogous pulse responses for Samples 2 to 4 are shown in the supporting information, 

Figures S1 to S3).† 

 Values of Kp and τapp for the four monolith samples were obtained from TAP studies. 

Figures 4 and 5 show these calculated values of Kp and τapp respectively. From Figure 4, it is 

clear that the Kp values for Samples 2-4 are similar, indicating the same adsorption properties 

for all three samples whereas lower values were obtained for Sample 1.  This difference can 

be explained by the fact that Sample 1 has no macroporosity (see Table 1) and, therefore, has 

a smaller outer surface area or specific area for entering a mesoporous network. It is also 

possible that the difference in the structure of the porous network and preparation methods 

may result in a change in the type of adsorption sites.  The slopes of all curves are also 

comparable, irrespective of preparation method, indicating that similar adsorption sites are 

present for each sample. The activation energy of desorption for all the monolith samples was 

estimated as 30 kJ mol-1. 

Figure 5 shows the temperature dependence of the residence time in the porous monolith, 

τapp, directly observed in the TAP experiment.  The wide range of values for τapp obtained for 

the four monolith samples is due to the differences in mesoporous and macroporous network 

structures within the washcoats.  The residence time dependence characterizes the overall 

diffusion resistance of the material, i.e. the time period for molecules to be transported into 

and out of the porous network. This value may be used, without further modification, in, for 

example, the determination of the Thiele Modulus for the system under study.  An effective 

diffusivity is usually associated with a relatively homogeneous porous part of the material, 

which, in the present case, can be considered as the washcoat.  This effective diffusivity can 

be estimated using Equation (10). 
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2

    ave
app

eff

L
Dτ ≈  (10) 

 

where Lave is the average pore length and Deff is the effective diffusivity. 

 The washcoat is a porous structure and thus can only be described by the average pore 

length in an approximate manner.  In this case, although values for Deff may be obtained, a 

more representative indicator for the diffusion is τapp.  Nevertheless, in the absence of a more 

accurate means of describing and measuring the average pore length of these structures, the 

average pore length estimates given in Table 1 were used for calculation of the porous 

diffusivity. 

 Figure 6 shows the effective diffusivities as a function of temperature for the samples 

measured.  Clearly, an increase in the diffusivity with temperature and macropore diameter of 

the washcoat (given in Table 1), as expected.  The parameters from the linear approximation 

are given in Table 2. 

 

FRT 

Figure 7 shows an example of the flux response profile for Sample 3 (flux response profiles 

for Samples 1, 2 and 4 are shown in the supporting information, Figures S4 to S6).† Figure 7a 

shows an expanded view of the first dynamic cycle and highlights the partial desorption 

effect. Figure 7b presents the entire FRT experiment showing the three dynamic cycles. As 

expected, a strong correlation between the expected flux response profile detailed earlier and 

the experimental flux response profile is apparent. The key effects are the propane partial 

adsorption peak, the viscosity effect caused by the propane perturbation into argon carrier 

gas, the propane partial desorption peak and the viscosity effect caused by the composition of 

the gas changing from a propane/argon mixture to purely argon carrier gas. 

 For the investigation of diffusivities within the washcoats of the monolith samples, it was 

necessary to analyse the concentration of propane in the effluent stream in order to apply the 

ZLC analysis. The measuring element within the FRT apparatus is an extremely sensitive 

differential pressure transducer (DPT) with the differential pressures measured being small 

relative to the absolute pressure of the system which allows the flux response signal to be 

linearised. The integral of the DPT pressure responses in the flux response profile have been 

shown to be directly proportional to the amount of probe molecules ad/desorbed onto or from 

the surface of the adsorbent (Richardson et al., 2008). As such, with reasonable accuracy, the 
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responses by the DPT in the flux response profiles can be considered linear and directly 

proportional to the concentration of C3H8 in the effluent stream. 

 Figure 7a presents the partial desorption curve that is required for the analysis of intraphase 

diffusivity. The analysis of the FRT partial desorption curve required this response curve to 

be normalized to the initial concentration by using Equation (11) (Brandini 2002): 

 

inf

0 0 inf

( )( ) tc t
c

σ σ
σ σ

−
=

−
 (11) 

 

where σn is the value of the FRT signal at time zero and σinf is the value of the FRT signal at 

the completion of desorption. 

 The data acquisition was started at the beginning of the experiment, recording all the 

prevailing FRT responses to the propane perturbation before the start of the desorption curve. 

Consequently, in order to accurately evaluate σn, the time scale from the data acquisition had 

to be shifted back by t0 seconds.  

 Figure 8 represents the normalised experimental desorption curve for ZLC analysis. Once 

this curve was generated, it was necessary to account for apparatus effects influencing the 

measured signal response such as dispersion, dead volume and adsorption on tube walls. 

When the perturbation gas is switched in during the experiment, the dispersion of the probe 

molecules through the tubes connected to the switch in valve can have a significant role on 

data analysis. Such an effect can dominate the signal response as is shown in the Figure 9 and 

needs to be corrected for using a blank run. The trade-off between systematic errors brought 

about through pressure drops within the FRT apparatus and dispersion effects through the 

tubes of the apparatus had to be limited during the building of the FRT system and as such, 

such apparatus effects would have to be accounted for during data analysis.  By comparing 

the curves of the FRT setup in the presence and absence of the test sample, it was possible to 

evaluate the full extent of the dispersion effect for identical system conditions. Figure 9 

shows the comparison of response with the test sample and the corresponding blank.  

 The reason for performing the blank experiments is to use them as a comparative tool 

stemmed from preliminary experiments where the generated ZLC models for the FRT 

desorption curves fitted the long time region of the curves accurately but with seriously 

underestimated initial concentrations. By taking the dispersion effect into account, a better fit 

between the generated ZLC curves and the experimental data is attained, thus eliminating 

these systematic errors. 
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 As shown in Figure 9, the concentration ratio falls to approximately zero after ~19 s when 

no sample is present while it takes ~25 s when a sample is present. This result negates the 

possibility of the underestimate of initial concentrations being due simply to a slow system 

response time. Both experiments show a pronounced tail from 25 s which indicates the likely 

cause is due to an apparatus effect associated with dispersion through the system, as stated 

earlier. 

 Having developed a function consisting of a double exponential (Brandini 2002), it was 

possible to limit the influence of this dispersion by simply subtracting the difference between 

the models generated for the blank experiment from those with the sample present to allow 

the accurate application of the ZLC equations. The exponential function in Equation (12) was 

used to model the dispersion effect where the characteristic times, τ1 and τ2 are the 

characteristic times for the dispersion effect, I and I0 are the intensity at any time t and the 

maximum intensity at the start of the decay, respectively, and t0 is an offset depending on 

whether the curve starts at time = 0. Having taken the dispersion effect into account, it was 

then possible to evaluate the ZLC parameters, D and L from Equation (6). By generating a 

plot of ln(c/c0) against t, it was possible to calculate these parameters by using the slope and 

intercept of the linear asymptote in the long time region. This is known as the long time (LT) 

analysis in ZLC studies (Brandini 2002):  
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t t t t
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 The slope and intercept of the semi-logarithmic plot of c/c0 against t are given, according 

to Equation (9), by Equation (13): 
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By combining the intercept and transcendental equation (Equation (7)), the root of 

transcendental equation β1 was found using Equation (14). 
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 Equation (13) was solved analytically using Maple software, from which the value of the 

time constant, D/r2 and hence the diffusion coefficient could be solved (see supporting 

information for the full Maple code).†  

 One of the advantages of the ZLC experimental method is that, for any particular system, 

the validity of the basic assumptions under the experimental conditions can be verified 

directly by a series of simple experiments. In performing the three cycles required for the 

complete FRT-ZLC experiment and comparing their asymptotes, a test for the validity of the 

ZLC assumptions is coincidentally carried out. Similar tests have been performed by varying 

the flow rate of the purge gas and comparing the long time asymptotes. In such cases, the 

generated asymptotes would be expected to be parallel to one another (Loos, 2000; Gunadi 

and Brandani, 2006; Gobin 2006). 

 Having evaluated the ZLC parameters from the LT analytical solutions, it was possible to 

construct the FRT-ZLC plots with the experimental desorption curves fitted with the ZLC 

model. Figure 10 is an example of the experimental curve with its appropriate model.  The 

supporting information shows the analogous data for Samples 1, 2 and 4 (Figures S7 to S9).† 

 It is clear from Figure 10 that good agreement exists between the experimental curve and 

the LT model for ZLC diffusion. Figure 11 shows the experimental and theoretical curves for 

the complete cycles of propane diffusion for Sample 3 as a function of temperature.  The 

supporting information shows further temperature points for Sample 3 (Figure S10)† as well 

as the analogous data for Samples 1, 2 and 4 (Figures S11 to S13).† Again good agreement is 

found between the theoretical and experimental curves at each given temperature, therefore, 

confirming the validity of the experimental method and analysis. 

Figure 12 summarises the variation of the diffusion coefficients with respect to temperature 

using the first desorption as well as the average value over three desorption cycles for each 

sample. Slight variations are found when comparing the diffusion coefficients using the 

desorption data from the 1st desorption and the average of 3 complete cycles. However, all 

the plots show a similar increasing linear trend for the variation of the diffusivity coefficients 

with respect to increasing temperature, as expected. 

 The FRT data compares well with other reported values for the diffusivity of propane in 

silicalite (Sun et al., 1996). Therein, a diffusion coefficient between 4-6 x 10-10 m2 s-1 was 

determined over the temperature range of 30-70 °C which may be compared with values of 4-

10 x 10-10 m2 s-1 between 25-80 °C from the present study. The range of values reported in 

Figure 12 can be attributed to the structural difference within the washcoats of the samples. 
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 A comparison of the diffusion coefficients for all the samples as determined by FRT 

(Figure 12) shows a similar trend to that found using the TAP methodology (Figure 6). 

However, it is evident that the values differ by approximately an order of magnitude. 

Table 3 compares the diffusion coefficients determined using both techniques. To evaluate 

the limits of effective diffusivity in the cordierite samples shown by both techniques, one 

should consider the sensitivities of the two methodologies. TAP measurements are sensitive 

to the slowest diffusing species, operating within the Knudsen regime, where the diffusivity 

is independent of the concentration. However, in the FRT-ZLC measurement of diffusivity, 

Fickian diffusion dominates and the transport diffusion coefficient accounts for the motion of 

species under the influence of a concentration gradient. 

 The reported activation energies and pre-exponential factors for diffusion were determined 

from the Arrhenius-plots given in Figure 6 and 12, in accordance with Equation (15). 
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 In Table 2, the activation energies for diffusion and pre-exponential factors determined by 

both methods are given for all four samples. Table 4 gives the activation energies for 

diffusion determined by other techniques to compare with this study.  A large variation 

between the methods is observed dependant on whether the technique is microscopic or 

macroscopic in nature (Eic and Ruthven, 1988b; Heink et al., 1992; Sun et al., 1996; Karge et 

al., 2008). The microscopic techniques generally result in high diffusivities and low 

activation energies for diffusion. Conversely, the macroscopic techniques generally have high 

activation energies for diffusion and diffusivity values as much as two orders of magnitude 

lower when compared with the microscopic techniques. These changes may be associated 

with the macroscopic techniques observing other effects such as desorption during 

measurements as well as the actual diffusion of the molecules in the micropores. These 

additional effects have been shown to strongly influence the diffusivities observed (Crank 

1979; Eic and Ruthven, 1988b and 1989; Van den Begin et al., 1989; Heink et al., 1992; 

Jobic et al., 1992; Hufton and Danner, 1993; Silva and Rodrigues, 1996; Sun et al., 1996; 

Cavalcante et al., 1997; Nijhuis et al., 1999; Loos 2000; Ruthven and Brandani 2000; Gobin 

2006; Gunadi and Brandani 2006; Richardson et al., 2008; Karge et al., 2008; Guimarães et 

al., 2010). 
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Conclusions 

The TAP reactor has been successfully used to characterise diffusional transport in a complex 

porous structure of intact monoliths.  The residence times in pores were experimentally 

determined and used for calculation of effective porous diffusivities using approximate 

values of pore lengths for four different samples.  The obtained values of equilibrium 

adsorption constants and effective porous diffusivities correlate with the difference in macro-

porous structure of washcoat. FRT has also been successfully adapted for the in situ 

measurement of zero length column diffusion in cordierite samples. A mathematical model 

was developed in Maple to calculate the diffusion coefficients generated from the theoretical 

ZLC models derived through experimentation. The diffusion coefficients obtained are 

consistent with previously reported ZLC data (Gobin 2006) and compare well when 

evaluating the structural differences of the washcoats of each sample.  The lower and upper 

limit of effective diffusivity have been  evaluated using TAP and FRT methodologies, 

respectively, together with the activation energies and pre-exponential factors for the range of 

samples. The differences observed in the diffusivities of the TAP and FRT could be as a 

result of the Knudsen diffusion (TAP) being independent of concentration while Fickian 

diffusion (FRT) is dependent on a concentration gradient. 
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Table 1 Textural characteristics of the blank and coated monolith samples. 
 
 

Sample 
Macropore 

μm 

BET  

Surface Area 

m2 g-1 

Pore Length 

μm 

Blank 

monolith 
- 0.70 - 

Sample 1 - 23.79 21 

Sample 2 3 21.63 52 

Sample 3 5 26.79 47 

Sample 4 10 25.60 46 

 
 
Table 2 Pre-exponential factors and activation energies of diffusion in Samples 1-4 

determined using the TAP and FRT methodologies. 

 
 
 
 
 
 
 
 
 
 
 
  

Sample 

Pre-exponential 
factor 
 m2s-1 

Activation Energy 
kJ mol-1 

TAP FRT TAP FRT 

Sample 1 1.7 x 10-7 8.3 x 10-9 12 ± 0.3 7 ± 0.4 

Sample 2 6.5 x 10-7 9.5 x 10-9 11 ± 0.4 7 ± 1.6 

Sample 3 6.6 x 10-6 1.0 x 10-8 14 ± 0.4 6 ± 0.8 

Sample 4 2.5 x 10-5 1.7 x 10-8 16 ± 0.5 8 ± 0.1 
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Table 3 Comparison of diffusivity coefficients between TAP and FRT. 
 
 

Sample 
Temp  

K

Diffusivity  
m2s-1 

TAP FRT 

Sample 1 
313 2.55 x 10-9  5.6 x 10-10 
333 3.86 x 10-9   7.2 x 10-10 
353 4.80 x 10-9   7.8 x 10-10 

Sample 2 
313 9.20 x 10-9  6.4 x 10-10 
333 2.12 x 10-8 9.7 x 10-9

353 1.60 x 10-8  1.2 x 10-9 

Sample 3 
313 2.28 x 10-8  1.0 x 10-9 
333 2.56 x 10-8 1.2 x 10-9 
353 3.22 x 10-8 1.3 x 10-9 

Sample 4 
313 2.20 x 10-8  7.9 x 10-10 
333 4.25 x 10-8 9.4 x 10-10 
353 5.58 x 10-8 1.2 x 10-9 

 
Table 4 Overview of activation energies for propane diffusion calculated using different 

techniques. 

 
Sorbent  EA  

 kJ mol-1 Technique Reference 

Cordierite 
monolith 

12−16 TAP this study 

6−8 FRT-ZLC this study 

Silicalite-1 
  

7.2 Multitrack Nijhuis et al., 1999 
6.7 FR Van den Begin et al., 1989 

13.0 ZLC Eic and Ruthven, 1989 
25.6 CPC Hufton and Danner, 1993 
8.0 Wicke-Kallenbach Sun et al., 1996 
5.0 QENSa Jobic et al., 1992 
6.0 PFG-NMRa Heink et al., 1992 
7.9 MD simulations Granato et al., 2010 
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Figure 1 Schematic of the FRT experimental setup.  
 
 

 
 

Figure 2 Schematic of expected flux response profile for C3H8 sorption under isothermal 

conditions for varying molar fractions of C3H8 perturbation gas in an Ar carrier gas illustrated 

by P1/P0, P2/P0, P3/P0. 
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Figure 3 TAP pulse responses and theoretical fits (solid lines) of krypton (●) and propane (■) 

for Sample 1 at 60 °C. 

 

 

 

 

 

  

 
 
 
 
 
 
 
 
 
 

 

Figure 4 Variation of ln(Kp) as a function of temperature for Sample 1 (■), Sample 2 ( ), 

Sample 3 (▲) and Sample 4 ( ), derived from TAP. 
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Figure 5 Variation of ln(τapp) as a function of temperature for Sample 1 (■), Sample 2 ( ), 

Sample 3 (▲) and Sample 4 ( ), derived from TAP. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6 Variation of ln(Deff) with temperature for Sample 1 (■), Sample 2 ( ), Sample 3 

(▲) and Sample 4 ( ), derived from TAP. 
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Figure 7 Flux response profile for Sample 3 using propane (mole fraction = 0.5) for (a) first 

sorption cycle showing partial desorption and (b) the complete experiment showing three 

sorption cycles. 
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Figure 8 Experimental FRT-ZLC for the 1st desorption curve using propane (mole fraction = 

0.5) at 25 °C. 

 

 
 

 

Figure 9 Comparison of the FRT-ZLC curves measured for system in the presence and 

absence of Sample 3 at 25 °C (propane mole fraction, 0.5). 
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Figure 10 FRT Experimental (points) and fitted (solid line) curves for Sample 3 using 

propane (mole fraction = 0.5) at 40 °C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 11 Complete cycle of FRT experimental (1st cycle ( ), 2nd cycle (▲), 3rd cycle (X)) 

and fitted (solid lines) desorption curves for Sample 3 using propane (mole fraction of 0.5) at 

25 °C. 
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Figure 12 FRT Diffusion coefficients at temperatures between 25 °C -100 °C for (a) 1st 

desorption cycle and (b) averaged desorption cycles, showing Sample 1(■), Sample 2 

(♦),Sample 3 (▲), and  Sample 4( ). 
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Highlights 
 
Gas diffusivity in porous materials has been measured using TAP and FRT 
technologies 
Molecular diffusion of gases has been measured in monolith supported catalysts 
TAP and FRT data provide the lower and upper limits of diffusivity, respectively 
The activation energies and diffusivities correlate with the washcoat structure  
 


