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Abstract

Experimental measurements of systems with slow gas transport kinetics are generally considered a relatively easier task
when compared to the challenges of measurements of very fast systems. On the other hand, when the transport process goes
towards time constants of the order of several hours, not only the measurements, but also the analysis and interpretation of
the data offer challenges which make the assessment of the correct time constant of the process non trivial. In this work we
used the measurements of CO, diffusion in Na,Cs-Rho crystals, carried out using the zero length column (ZLC) technique,
as a case study for the use of the technique for very slow adsorption processes. The system, which has a time constant of
the order of 8 h, shows the importance of using the partial loading approach for the determination of an unambiguous time
constant from the analysis of the ZLC desorption curves. The traditional analysis is refined by using the nonlinear ZLC
model to take into account the isotherm nonlinearity that results in a concentration dependent diffusivity. Finally, the method
proposed by Cavalcante is used to confirm the 3-D diffusion path of the system.

Keywords Adsorption - ZLC technique - Slow diffusing systems - Carbon dioxide - Rho zeolite

Abbreviations q Average concentration in the adsorbed phase, mol/
a, Pre-exponential factor in the analytical solution of m’
fluid phase concentration 90 Initial concentration in the adsorbed phase, mol/m*
b Langmuir parameter, m>/mol q, Adsorbed phase concentration at saturation, mol/m?
c Concentration in the fluid phase, mol/m? P Pressure, Pa
c Average concentration in the fluid phase, mol/m> R Particle radius, m
o Initial concentration in the fluid phase, mol/m? t Time, s
Cg Fluid phase concentration at the second switch of tg Time between the two switches in the partial load-
the partial loading experiment, mol/m?> ing experiment, s
Diffusion coefficient, m2/s Vs Volume of solid, m>

Diffusivity at infinite dilution, m?/s Ve Volume of fluid, m?

D

Dy,

F Volumetric flowrate, m>/s
Greek letters

K

[

L

b, Eigenvalues of the diffusion equation

Y Dimensionless parameter defined in Eq. 4
A Nonlinear parameter defined in Eq. 9

T Time constant = REZ, S

Dimensionless Henry law constant
Half-thickness of slab geometry, m
Dimensionless parameter in ZLC model defined in
Eq. 4
L Dimensionless parameter in ZLC model for the slab
geometry, Eq. 7
Dimensionless parameter in ZLC model for the slab

geometry, Eq. 7 Introduction

The zero length column (ZLC) technique was introduced

54 Stefano Brandani in 1988 as an alternative method to measure accurately fast
s.brandani @ed.ac.uk intra-crystalline diffusion in systems characterised by strong
adsorption (Eic and Ruthven 1988). The main experimental
challenges when dealing with fast systems lie not only in
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designing a system that can reliably detect quick changes in
the monitored concentration (i.e. a system designed with a
faster intrinsic kinetics then the mass transport) but, more
importantly, in minimising heat effects generated due to the
rapid adsorption process. The design of the ZLC, based on
the use of a very small amount of sample in a monolayer
setup with a relatively large flow of gas per mass of sample,
has the key advantage of minimising both bed resistance and
heat effects, allowing the determination of the mass transport
kinetics with no intrusion of secondary resistances. Dur-
ing the past three decades, the ZLC has seen a number of
improvements and adaptations, which have broadened the
application of the technique to a wide variety of systems. In
a recent review, we have described how the technique has
evolved over the years to allow measurements of different
kinetic regimes as well as equilibrium processes, highlight-
ing good practices and pitfalls in the use of the methodology
(Brandani and Mangano 2021). Clearly, moving to slower
adsorption processes helps to mitigate the effects of sec-
ondary resistances therefore it simplifies the experimental
approach to the measurements. On the other hand, the inter-
pretation of the results when processes have time constants
of the order of several hours, reveals some challenges.

The first ZLC measurements on slow systems were car-
ried out by Cavalcante and Ruthven (1995) who were look-
ing at the kinetics of C6 paraffins in silicalite. These systems
are particularly interesting because the dimensions of the
molecules are very close to the size of the silicalite channels,
resulting in a very slow diffusion process due to the steric
resistance. Most of the uptake rate experiments were car-
ried out using a gravimetric system, but as explained by the
authors, even if all possible precautions were taken to ensure
isothermality (small mass, small pressure incremental steps)
the ZLC was used to confirm some of the results. Undesired
effects such heat resistance or crystal size distribution can in
fact be easily mistaken for slow diffusion processes therefore
the ZLC proved to be a useful tool to show that the large
time constants (up to about 7 h) were indeed a hindered
diffusion process.

The same authors expanded the study by using the ZLC to
investigate the diffusion of a series of paraffins (nC6-nC20)
in offretite-erionite intergrowth crystals (Cavalcante et al.
1995). The study was of particular relevance as it showed
the expected monotonic decrease of the diffusivity with the
carbon number, being one of the first studies to disprove
the so-called “window effect” theory (Cavalcante et al.
1995; Magalhées et al. 1996) used to explain an unusual
trend of diffusivities of paraffins in zeolite T (Gorring 1973).
With time constants as large as almost 20 h, to the best of
our knowledge, Cavalcante et al. (1995) report the slow-
est systems ever measured with a ZL.C system. In order to
confirm the time constant measured with the classical ZLC
long time approach the authors introduced the intermediate
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time analysis. This has the added advantage of allowing
an easy check of the diffusion path, i.e. to discern between
3-D isotropic and one-dimensional diffusion. By using this
combined approach, the authors not only confirmed the time
constants obtained but also clearly identified the slab diffu-
sion mechanism for the pure offretite sample which was also
in line with the geometry of the sample (Cavalcante et al.
1995, 1997).

Hindered diffusion is generally associated with the case
in which the size of the probe molecule is very close to the
size of the channels of the adsorbent. This is a relatively well
established and understood phenomenon. In more recent
years, the development of new materials with complex struc-
tures has given rise to a number of unconventional transport
behaviours. Among these, adsorbents with flexible struc-
tures which undergo structural transition, typically MOFs
(Remy et al. 2011; Zhao et al. 2016; Serre et al. 2002) or
zeolites(Palomino et al. 2012; Lozinska et al. 2014; Greena-
way et al. 2015; Li et al. 2017), are probably the ones that
have received more interest. What makes these materials of
interest is that their structural changes are mostly triggered
by a specific adsorbate concentration and can manifest, for
example, as a change of the cage volume, breathing (Bar-
thelet et al. 2002) or gate opening (Georgieva et al. 2019;
Lozinska et al. 2012), therefore opening the possibility to
finely control their kinetic and/or equilibrium selectivity dur-
ing the adsorption process. Among zeolites, the Rho-types
are probably the most renowned for this feature. Their struc-
ture is characterised by a body-centred-cubic arrangement of
a-cages connected by double eight-rings, with an effective
channel diameter of about 3.6 A (Baerlocher et al. 2007).
These zeolites are characterised by a severe hindering effect
caused mainly by the deformations to the structure induced
by the extra-framework cations (Lee et al. 2001). Distribution
and positioning of the cations inside the Rho structure have a
key role in this steric effect to gas transport and may result in
the so-called “molecular trapdoor” mechanism, in which only
molecules having affinity with the cations (CO,, for example)
can “open” the trapdoor and access the cage, while other
molecules are completely excluded (Lozinska et al. 2014;
Shang et al. 2012, 2013). In a previous study (Lozinska et al.
2012), we have proved the use of the ZLC technique as a
powerful tool to understand the CO, adsorption and transport
mechanism in Na- and Na,Cs-Rho identifying, for the fully
exchanged Na-Rho, a clear structural transition occurring
during the desorption of CO,. The Na,Cs-Rho sample did not
show any evidence of structural modification, but its severe
hindering effect resulted in a very slow CO, uptake rate with
a time constant of about 8 h. In this contribution, we will use
CO, in Na,Cs-Rho as an interesting case study to show the
use of the ZLC analysis to extract the correct diffusional time
constant of the process and, using the nonlinear model, the
CO, isotherm parameters.
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The ZLC technique

The model of the ZLC is based on the mass balance of an
adsorption column in the limit of an infinitesimally short
column, which effectively results into a perfectly mixed cell
(Eic and Ruthven 1988). Assuming a single adsorbate in an
inert carrier gas, the mass balance of the column is given by

dqg dc
Vsd—? + VF_j = (Fo)y — (FO)ours (D

where ¢ is the average fluid phase concentration; ¢ is the
average adsorbed phase concentration; c is the fluid phase
concentration; F is the volumetric flowrate at the tempera-
ture and pressure of the column; Vs is the volume of the
solid in the column; and V/ is the volume of the fluid in the
column. Under the assumption of equilibrium linearity and
Fickian diffusion in a spherical particle, the solution of the
dynamic response to a step change in concentration at the
inlet from the initial concentration desorption ¢, to 0 can
be derived as (Brandani and Mangano 2021; Brandani and
Ruthven 1995)

D
2Lexp <—ﬂfﬁt>

(yB+1-L) +yp2+L—1

C
L3, —

n

or kinetic regime, i.e. small samples and high flowrates are
recommended for kinetic tests and the opposite for equilib-
rium controlled tests (Brandani and Mangano 2021).

An essential tool for kinetic experiments and especially
for slow systems is the so-called partial loading experiment,
where the experiments are run by preventing the sample to
reach full equilibration in the adsortion step. In practice,
the desorption starts after an adsorption step significantly
shorter than the equilibration time, with the result of essen-
tially imposing a time constant to the system (Brandani and
Ruthven 1996; Brandani et al. 1995). The solution to the
linear model for the case in which the system is partially
loaded for a time ¢, is given by

>, a, [1 —exp (—ﬂ’f%%)] exp [—ﬂf%([ - ts)] ]
_ = or =
Cs 1-Y a,exp <—ﬁ51%t5>
&)
where cg is gas phase concentration at the switch of the par-
tial loading experiment. From Eq. 5 it is clear that, being f¢
imposed by the user, no additional parameters are required,

- 3o (2

where f, is given by the root of
p,cotp,+L—1-yp>=0. 3)

The solution in Eq. 2 is determined by the dimensionless
parameters

_1FR \
3KV, D’ “)

where K is the dimensionless Henry law constant and 1% the
diffusional time constant. The dimensionless parameter y
represents the ratio of the accumulation in the fluid phase
relative to that of the adsorbed phase; while L is the ratio
between the diffusion time constant and the time constant
of the washout of the adsorbed phase, % For strongly
adsorbed components K is very large and therefore y ~ 0.
This simplifies Eq. 2 to the orginal solution derived by Eic
and Ruthven (1988).

L is the key parameter that controls which regime the
system is under. For L >> 1, the system is transport limited,
therefore under kinetic control. If L < 1, the system is under
equilibrium control, i.e. the diffusion is so fast that the inter-
nal concentration profile inside the adsorbent is essentially
flat. From the definition of L it is clear that by tuning the
experimental conditions (flowrate, temperature and sample
mass) it is possible to push the system towards equilibrium

therefore the partial loading experiment can be predicted
from the parameters extracted from the full loading experi-
ment. Matching both the partial and full loading curves
ensures unambiguously that the correct time constant has
been determined.

In some cases, it may be useful to couple the conventional
long-time analysis with the intermediate time one (Hufton
and Ruthven 1993). This approach, by looking at the early
stages of desorption, is less affected by any baselining error,
but at the same time it is more sensitive to any uncertainty
in the time-zero of the desorption curve and therefore less
reliable for very fast systems (Brandani and Ruthven 1996).
The methodology has also the advantage to provide an easy
way to discriminate between the spherical and slab diffu-
sion model (Cavalcante and Ruthven 1995; Cavalcante et al.
1995). Solving the ZL.C model for intermediate times the
following expressions are obtained (Cavalcante et al. 1997,
Hufton and Ruthven 1993)

c 1 R2

- == — -1 h

Co L( nDt ) sphere (6)
2

L2 gab %)

cg LV =Dt
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To use properly the intermediate time analysis, Eqs. 6 and
7 should be used in the time range corresponding to ci <0.2
0

and for L > 10. In addition, all factors affecting the initial
part of the desorption curve should be minimised, meaning
that the method should be applied to relatively slow system,
under linear conditions and with narrow particle size distri-

bution (Brandani and Mangano 2021). In a plot — vs \/; ,
€o

Eqgs. 6 and 7 are straight lines with intercept at —% or 0,
therefore providing a clear distintion between the two diffu-
sion paths (Cavalcante et al. 1997). A convenient way to
display ZLC response curves at different flowrates is to plot

CiL Vs % In this plot, in fact, the solutions for different
0
flowrates should reduce to the same straight line with inter-

cept at —1 for Eq. 6 and O for Eq. 7.

Experimental

The ZLC apparatus used in this study is described in detail
in previous publications (Hu et al. 2015a, b). The system is
equipped with two sets of Brooks mass flow controllers that
allow to operate the system under low and high flow condi-
tions for equilibrium and kinetic experiments. Briefly, the
experiment consists in flowing a mixture of 10% CO, in
He (carrier gas) through the ZLC at a constant flowrate,
once equilibration is achieved the inlet flow to the column is
switched to the carrier and the desorption starts. The experi-
mental procedure for the partial loading is exactly the same,
but this time the adsorption step is considerably shorter to
prevent the system to reach equilibration. The outlet con-
centration of the ZLC is monitored using an Ametek Dycor
Dymaxion quadrupole mass spectrometer and the raw signal
is then converted to dimensionless concentration.

The Na,Cs-Rho crystals used were synthesised by Prof.
Wright’s group at the University of St. Andrews. A detailed
characterisation is provided in a previous contribution (Loz-
inska et al. 2012). Images of the crystals acquired using a
Jeol ISM-6700F high resolution Scanning Electron Micro-
scope show 1 um agglomerates of crystals of about 100 nm
in diameter, Fig. 1. A 1/8" Swagelok union with 11.6 mg
of sample was packed for the ZLC experiments. Prior to
the experiments the adsorbent was regenerated at 350 °C
overnight under He flow. The regeneration procedure was
carried out using a slow temperature ramp of 1 °C/min to
110 °C first, holding the temperature for 1 h and followed
by a second ramp to 350 °C

Full loading experiments were carried out at 35 °C at
flowrates ranging from 2 to 30 ml/min with additional par-
tial loading runs at 2.1 and 8.4 ml/min to confirm the kinetic
regime and assess reliably the time constant.

Experimentally, the first evidence of a slow adsorption
process was the high dependency of the amount adsorbed
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Fig. 1 SEM images of Na,Cs-Rho crystals

on the adsorption time. The monitored variable is in fact the
concentration in the gas phase, and, in this case, the uptake
is so slow that the outlet gas phase concentration is practi-
cally constant, resulting into a misleading stable plateau of
the monitored signal. For this reason, running a quick partial
loading test can provide a good indication of the time con-
stant of the process and therefore fully equilibrate the sample
by running an adsorption step for a time exceeding 0.5 R?>/D
(Brandani and Ruthven 1996). The sample required about
8 h to achieve full equilibration.

Applying a mass balance to the column the amount of
CO, adsorbed at equilibrium can be calculated. At 35 °C
and 0.1 bar the CO, uptake on Na,Cs-Rho resulted in
2.13 mol /kg.

Results and discussion

As mentioned above the sample showed a considerably
long equilibration time which is already an indication per
se of the presence of a transport resistance. Nevertheless,
to confirm the controlling regime a simple graphical check
is available by plotting the ZLC desorption curves as ¢/c,
vs Ft (Brandani 2016). Under equilibrium control the ZLC
curves will overlap in an Ft plot, while if the curves cross
the system is under kinetic control. Figure 2 shows the ZLC
desorption curves for CO, in Na,Cs-Rho at two different
flowrates both as # and Ft plots. The Ft plot shows the curves
at different flowrates clearly intersecting, confirming the
presence of a kinetic resistance.

Given the extremely slow kinetics, macropore resistances
due to the crystal agglomerates shown in Fig. 1 can also
be excluded. The CO, uptake and Henry law constant are
similar to those of 13X zeolites, which should yield, in the
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Fig.2 ZLC desorption curves
for Na,Cs-Rho at 2.1 ad 8.4 ml/
min: a ¢ plot; b Ft plot

(a) 10°

° 2.1 ml/min
¢ 8.4 ml/min

° 2.1 ml/min

¢ 8.4 ml/min

0 1000 2000

tls]

100
° 2.1 ml/min
¢ 8.4 ml/min

3000

2000
t[s]

0 1000 4000

Fig.3 ZLC desorption curves at 35 °C for CO, on Na,Cs-Rho ana-
lysed at three dlfferent observation times, 400, 1000 and 4000 s. Time
constants (7 = —) for each case are reported in the plot, vertical lines
indicate the 400 and 1000 s markers

case of a macropore diffusion controlled regime, to a much
quicker response in the order of seconds or minutes, not
hours.

The ¢ plot shows the expected profile of the ZL.C experi-
ment, but, due to the slow kinetics, the signal is characterised

3000 4000 0 100 200

Ft [ml]

300 400

by a slowly varying exponential decay that extends for sev-
eral hours. The main issue with such a behaviour is that
it is not immediately obvious where the long-time asymp-
tote should be taken to extract the kinetic constant. This is
even more clear in the example shown in Fig. 3. Here the
experimental curves are matched with the model predictions
with different time constants extracted using the long-time
asymptote corresponding to different range of times for the
desorption (400, 1000 and 4000 s from the start of the des-
orption). For each time constant, 7, (or long-time asymp-
tote), the standard ZL.C model provides a very good match
of both flowrates indicating that in this case relying only on
the analysis of the full loading experiments does not allow to
determine a time constant independent from the observation
time (Brandani and Mangano 2021).

It is clear then that the use of the traditional full loading
approach is not sufficient to solve this issue, while adding
the partial loading runs can resolve the ambiguity.

Figure 4 shows the full and partial loading curves for 2.1
and 8.4 ml/min with the ZLC diffusion model predictions.
Comparing this to Fig. 3 it is evident that only the time con-
stant corresponding to the longest observation time allowed
to match both flowrates and the corresponding partial load-
ing experiment. Figure 4 includes also the predictions using

(a) 10 - (b) 10° -
- — _5 —_
R——35X105 1 ﬁ_&SXlO s71
y = 0.045 y = 0.045
10 L=76 1 10" L =304 1
(=} =]
Q 21ml/min | O
O O
8.4 ml/min
102 102
2.1 ml/min, ty = 5.6 min ) y
10 ‘ ‘ ‘ = 10
0 500 1000 1500 2000 0 500 1 000 1500 2000

t[s]

t[s]

Fig.4 Full and partial loading ZLC curves of 10% CO, in Na,Cs-Rho at a 2.1 ml/min and b 8.4 ml/min with ZLC model predictions. Red:
model parameters reported in the plot; Blue and Green: model predictions using time constants reported in Fig. 3
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the time constants at shorter observation times used in Fig. 3.
These clearly lead to the prediction of a faster process, result-
ing in a mismatch of the partial loading response, closer to the
full loading compared to the experimental data (Brandani and
Mangano 2021). The match of full and partial loading at two
different flowrates confirms the correctness of the diffusiv-
ity obtained. Note also that the model parameters used are
extracted from a curve at a single flowrate, knowing the partial
loading time, z,, the only flowrate-dependent parameter is L.
A closer inspection of the curves shows also a non-linearity
effect evident in the small mismatch between the data and the
model in the initial curvature of the full loading curves. This
is also confirmed by the CO, isotherm measured at 25 °C and
reported in our previous contribution (Lozinska et al. 2012). It
should also be noted that the nonlinearity effect is not reflected
in the partial loading response. In fact, due to the short adsorp-
tion time and the slow diffusion, the average adsorbed concen-
tration inside the crystal is low enough to be essentially under
linear equilibrium conditions (Brandani and Mangano 2021).
The solution for the ZLC model in presence of nonlinear
equilibrium but constant diffusivity was derived by Brandani
(1998). Compared to the linear ZL.C model, there is one addi-
tional parameter if the Langmuir isotherm is used, Eq. 8.

q  bc
q, 1+bc ®)

The resulting dimensionless nonlinearity parameter, 4, is
given by

_ 90 _ bc,
qs 1+bC0

®

The key effect of nonlinearity is a shift of the long-time
asymptote inducing a large uncertainty in the apparent L
parameter, with L,,, = L,/(1 — A). The apparent L param-
eter is obtained applying the linear model to nonlinear

(a) 10°
D
28 = 3:5%10°
A =0.444
; y = 0.045
10t Ly = 40
o
) 2.1 ml/min
)
10-2 L
2.1 ml/min, ty = 5.6 min
103 ‘ ‘ ‘
0 500 1000 1500
t[s]

2000

experiments, which in this case are the values shown in
Fig. 4.

As A is reduced the system becomes linear. To obtain
an improved match with the experimental results here the
concentration dependence of the diffusivity according to the
Darken correction is used. This is also only a function of A
and the initial concentration in the adsorbed phase which
can be determined independently from the mass balance as
discussed above.

dInp D, D,
D(Q)=D0dlnq - 1-4 - 1-43
q. 90

5

10)

In the nonlinear L, D corresponds to the diffusivity at
infinite dilution, D, and the Henry law constant, which
in the case of the Langmuir isotherm is given by K = bgq,.
This means that, once the linear analysis is used to obtain
L,,, and 1% from the fully equilibrated and partial loading
experiments, the limiting L parameter can be calculated from
Ly = (1 - AL,,, and only 4 is needed to match the experi-
mental curves. Figure 5 shows the comparison between the
experimental data from Fig. 4 and their nonlinear prediction.

The nonlinear model clearly provides an improvement of
the match of the full loading data in the entire range of con-
centrations while predicting well also the partial loading and
this is achieved by varying only the nonlinearity parameter.
The results give a value of 0.444, which is below 0.5 and is
indicative of a mild nonlinearity effect at the conditions of
the experiment (Brandani 1998).

One additional advantage of the formulation of the non-
linear model is that it provides an easy way to calculate the
equilibrium isotherm from the ZLC kinetic data. From Eq. 9,
¢, is known experimentally, g, is calculated applying the
mass balance to the desorption curve, therefore once 4 is
determined, the Langmuir isotherm parameters » and g, can
be calculated allowing to retrieve the full isotherm. From

(b) 10°
D 35x 100
RE= > X S
A =0.444
y = 0.045
10” _
Ly = 160
) A 8.4 ml/min
10°F %
&% !
. S AR 00
8.4 ml/min, tz = 10.3 min 00 &W%%é@
10 : ‘ ‘
0 500 1000 1500 2000
t[s]

Fig.5 Full and partial loading ZLC curves of 10% CO, in Na,Cs-Rho at a 2.1 ml/min and b 8.4 ml/min with ZLC nonlinear model predictions.

Model parameters are reported in the plot
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Fig.6 Comparison between experimental CO, isotherm at 25 °C
(Lozinska et al. 2012) and predicted at 35 °C from ZLC nonlinear
analysis. Dotted line indicates the extrapolation of the predicted iso-
therm above 0.1 bar

the calculated CO, adsorbed amount (q, = 2.13 mol/kg)
we obtain g, = 4.79 mol/kg and this allows us to extract
the CO, isotherm at 35 °C. Figure 6 shows the comparison
between the calculated isotherm at 35 °C and the one meas-
ured at 25 °C using a Micromeritics ASAP 2020 volumetric
system reported in our previous study (Lozinska et al. 2012).
The ZLC data are only up to 0.1 bar and the dashed line is
the extrapolation up to 1 bar. While the isotherm appears to
cross the lower temperature data, the ZLC derived isotherm
is closer to the true isotherm than the data from the volu-
metric system. Adsorption of CO, in a small pore zeolite
should not result in a hysteresis, indicating that the volumet-
ric measurements do not reach equilibrium and therefore the
adsorption branch is actually below the true isotherm. This
is consistent with the fact that the instrument used allows
equilibration times for each adsorption/desorption point of
up to 100 min, which is clearly below the saturation time
required for this system. This indicates that conventional
automated uptake measurements can be impractical with
extremely slow adsorption processes. The ZLC provides an
option for such systems with reasonable accuracy given that
only one parameter is used to include the nonlinear effect.
The fact that an accurate match of the kinetic curves can also
be used to obtain type I isotherms has been demonstrated for
CO, on 13X (Friedrich et al. 2015).

As a final example of what can be extracted from the
experimental ZLC curves, the method proposed by Caval-
cante (Cavalcante et al. 1995) is used to assess the diffu-
sional path. The application of the analysis requires simply
the plot of the desorption curve as c/c, vs % and the match
with Eq. 6 (or 7 for slabs). The approach is valid foré <0.2

and values of L > 10 but not too large in order to have a
meaningful signal. The theory suggests to use fL Vs \/; if
0

multiple flowrates are available. Figure 7 shows the curves
at 2.1 and 8.4 ml/min along with the theoretical line corre-
sponding to a 3-D geometry. The experimental data are not
perfectly overlapping because of the nonlinear effects but
the intermediate analysis suggests an intercept close to — 1,
confirming that the system is characterised by a 3-dimen-
sional isotropic diffusion path.

Conclusions

Technological advances in the field of gas diffusion meas-
urements in nanoporous materials have often focussed on
overcoming the difficulties to measure fast systems, and for
this reason the challenges of measuring very slow system
may be overlooked. Processes with slow kinetics pose a
number challenges from the point of view of the instrumen-
tation (signal/apparatus stability over long recording time),
the experimental practicalities (long equilibration times) and
the interpretation of the results. In this contribution we used
the measurement of CO, in Na,Cs-Rho crystals as a case
study to demonstrate how the ZLC system can be used as
a powerful tool for the reliable assessment of the time con-
stant of slow diffusion processes. For these systems, kinetic
measurements cannot rely only on the use of the classic full
loading experiment at different flowrates as this may lead to
an incorrect interpretation of the time constant. Coupling
the full loading to the partial loading experiment is therefore
essential to extract the correct time constant of the process.
The kinetic response of CO, in Na,Cs-Rho showed also evi-
dence of a mild nonlinearity which was taken into account
using the nonlinear solution of the ZL.C model. This not only
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Fig.7 ZLC intermediate time analysis for the full loading experi-
ments at 2.1 and 8.4 ml/min. In red the model prediction, Eq. 6
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improved the model prediction, but it also allowed to gener-
ate the CO, equilibrium isotherm on Na,Cs-Rho. Finally,
the use of the intermediate time analysis confirmed that the
diffusional path of the system aligns with the spherical dif-
fusion model.

Prof. Cavalcante was the first to use the ZLC technique to
measure adsorption processes with diffusional time constant
of several hours, which are, to date, the slowest ever meas-
ured in a ZLC setup. His early work on the use of the ZL.C
system revealed to be highly valuable and inspirational to the
design of our approach and the interpretation of the results.
This contribution is meant to celebrate his many achieve-
ments in the field of adsorption engineering, looking forward
to the many more to come.
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