Catalysis Today xxx (XXXxX) XXX

Contents lists available at ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

ELSEVIER

Parametric sensitivity analysis of the transient adsorption-diffusion models
for hydrocarbon transport in microporous materials

Vladyslav Shostak ?, Evgeniy Redekop ™, Unni Olsbye *

@ Department of Chemistry, University of Oslo, P.O. Box 1033, Blindern, N-0315 Oslo, Norway

ABSTRACT

The complex nature of hydrocarbon transport in microporous materials offers unique challenges for the description of transient kinetic data in catalysis by e.g. acidic
zeolites and zeotypes. Currently, very few models in the literature capture such phenomena as surface barriers or hindered microporous diffusion - processes that are
known to impact gas transport during the kinetic studies of zeolite catalyzed reactions. In this work we provide extended models that reflect the aforementioned
phenomena during pulse-response experiments in the Temporal Analysis of Products (TAP) reactor. Systematic studies of models’ parametric sensitivity are presented
to assist the design of future experiments. Numerical simulations are used to investigate how thermodynamic adsorption properties of realistic zeolites can affect the
pulse-response shapes. For certain combination adsorption/diffusion parameters, microporous diffusion is shown to result in a characteristic bend in the mean

residence time temperature dependency, which can be used as a fingerprint in model discrimination.

1. Introduction

Diffusion and reactions of hydrocarbons in zeolites and zeotypes
remain one of the most challenging topics in Transient Kinetics as well as
in other fields of natural and mathematical sciences [1-3]. Providing
deeper understanding of mass-transport in zeolite catalysts is particu-
larly important for gaining insights into and controlling the kinetics of
catalytic reactions of many crucial industrial chemical processes. Tran-
sient kinetic techniques like Temporal Analysis of Products (TAP) can
provide data on intrinsic kinetic properties which can, in principle, be
quantitatively compared to microscopic measurements on model ma-
terials and/or ab initio studies. Unlike most microscopic methods of
diffusion characterization, TAP experiments can be used to investigate
pore diffusion simultaneously with chemical reactions. Furthermore,
typical TAP Reactor Systems allow exposure of catalytic samples to more
realistic reaction conditions under ambient pressure flow of reactants,
followed by rapid and reproducible evacuation to the well-defined
regime of Knudsen diffusion, where the impact of the flow pretreat-
ment on the intrinsic kinetic and diffusion properties of the materials
can be probed [4-6]. However, transient experiments are also impacted
by, generally, multi-scale transport phenomena ranging from diffusion
within individual crystallites to the reactor-scale fluid transport. The
kinetic resolution of transient data is determined by how soundly these
transport phenomena are reflected in mathematical models that are
employed to estimate the intrinsic kinetic parameters from experimental
measurements. Kinetics, after all, is only as accurate as the standard
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transport process used to measure it. Thus, systematic quantification of
diffusion in zeolites can sharpen the fundamental understanding of re-
action kinetics and, ultimately, help improve large-scale zeolite-cata-
lyzed processes in industry.

The main challenge in investigating gas transport in zeolites is the
manifold of simultaneously occurring processes. Several diffusion
mechanisms can co-exist, including most common modes of diffusion
(Knudsen, surface hopping, single-file) and other major or minor case-
specific interactions [7]. Microscopic studies elucidated that a preva-
lent mechanism is often determined by the ratio between the sizes of the
guest molecules and the host channels, channel shape, crystal shape and
size, strength and frequency of interactions between guests and either
internal and/or external active sites [8-10]. In macroscopic transport
studies on technologically-relevant samples, diffusivity measurements
are also influenced by phenomena occurring at the outer rim of zeolite
crystallites. Observed hindrance at the zeolite outer shell is typically
described as a “surface barrier”. The origin of surface barriers is still
unclear and proposed explanations are very case-specific [11,12].
Moreover, evidence suggests that surface phenomena are not only able
to hinder the transport inside the pore but on the opposite facilitate it,
especially for the molecules that strongly interact with a zeolite frame-
work [13]. In addition, in a large-scale industrial catalysis, gas transport
is also influenced by zeolite-shaping additives, operating conditions, and
time-on-stream [1].

Advanced model materials [14] and multi-scale computational
models [15,16] can in principle capture some of the aforementioned
complexities of transport in zeolites, but more robust and
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Nomenclature Ky equilibrium adsorption constant, Henry constant;.
L length of TAP reactor, m;.
A cross-sectional area of the TAP reactor bed, m?;. N amount of gas pulsed through the reactor, mol;.
Ag concentration of surface active sites, mol/mz. r spatial coordinate of zeolite crystal, m;.
C gas concentration, mol/m3;. S, surface to volume ratio of zeolite crystal, mL.
C dimensionless concentration of gas;. t time, s;.
o gas concentration inside micropores, mol/m>;. z spatial coordinate of TAP reactor bed, m.
C, dimensionl?ﬁs gas concentration inside micr;)pores;. Greek letters
Dy bulk diffusivity through TAP reactor bed, m“/s;. . e e
. . X & o R 2 a ratio of the characteristic interpellet bed diffusion time and
D, intracrystalline diffusivity within zeolite crystal, m*/s;. the characteristic intrapellet pellet diffusion time
kq adsorption rate on the surface active sites, m® /(mol - s);. di . . P P ’
- imensionless;.
kq dimensionless adsorption rate on the surface active sites;. y; geometric factor of zeolite crystal, dimensionless;.
E desorption rate from the surface active sites, s ;. S ratio of the zeoltie crystal radius to the thickness of the
kq dimensionless desorption rate from the surface active single-unit layer on the outer tim of the crystal;
sites;. dimensionless;.
kaginey adsorption rate inside confined space of micropores, S5z Dirac delta function of reactor length space;.
m®/(mol - 5);. Al unit-cell thickness of surface layer of zeolite;.
Ka(ing) dimensionless adsorption rate inside confined space of & bulk porosity of the TAP reactor bed, dimensionless;.
micropores;. & porosity within the zeolite (catalyst) crystal (ratio of void
Kacine) desorption rate inside confined space of micropores, s ;. volume to total crystal volume, dimensionless;.
King) dimensionless desorption rate inside confined space of 0 surface coverage, dimensionless;.
micropores;. 0 dimensionless surface coverage;.
Kent gas pore entrance (intake) rate, s 4 dimensionless spatial coordinate of TAP reactor;.
Kent dimensionless gas pore entrance (intake) rate;. P dimensionless radial coordinate of zeolite crystal;.
Kext gas pore exit (outtake) rate, s7L T dimensionless time.
Kext dimensionless gas pore exit (outtake) rate;.
dehydration reactions [21], hydrocarbon conversion [22], cracking and
7 reforming [23], MTH and MTO processes [1,24-26].
> In this paper, we extend the range of transport models used for the
analysis of TAP data with microporous diffusion [2,27,28] by incorpo-
inlet outlet rating terms that reflect surface barriers and complex nature of micro-
- 5 porous diffusion. Numerical studies were used to map sensitivity ranges
of increasingly detailed models, and novel fingerprints were identified in
model behavior that can aid in data interpretation for future
experiments.
> >
Dinert Dinert 2. Methodology
Dzeol

Fig. 1. Schematics of three Zone TAP reactor.

computationally tractable models are more suitable for the routine
regression of transient kinetic data for catalytic reactions. These models
of “optimal complexity” [17] must adequately and accurately represent
the essential features of transient responses at appropriate time scales
without either under- or over-fitting the data. Only then can the intrinsic
parameters of diffusion, adsorption, and reactions be properly estimated
by data regression.

The Transient Analysis of Products (TAP) technique is uniquely
suited for gathering transient intrinsic kinetics data in zeolites, among a
wide range of materials [4,5]. Classical TAP experiments are conducted
under low-pressure conditions, whether the reactor-scale gas transport
occurs by well-defined Knudsen diffusion, and a temporal resolution of
milliseconds. Furthermore, TAP measurements can be combined, within
the same device and for the same sample, with steady-state and
non-steady-state experiments under various other conditions. This
approach can accommodate materials of vastly different complexities,
including pristine well-defined zeolites, hierarchical materials, and
application-ready porous pellets. The scope of TAP applications in
zeolite catalysis includes gas adsorption and diffusion [18-20],

2.1. Standard TAP model

Configuration of TAP reactor that is typically used for investigation
of reactions catalyzed by microporous materials is illustrated in Fig. 1.
Reactor consists of 3 zones: two inert zones that are usually filled with
inert material like quartz and one catalytic zone in the middle filled
with, for example, zeolite. The length of catalytic zone can be adjusted to
control the amount of catalyst, hence the contact time with pulsed gas.
Diffusion length of the passing molecules can also be controlled by
adjusting the length of zones and selecting materials of certain bulk
porosity. Suitable reactor design justifies the assumption of negligible
radial concentration gradients, radial and axial temperature gradients
and, most importantly, that gas diffusivity within each zone is constant,
which is ensured by using a relatively narrow fraction of particle sizes
(usually sieved to 250 < d < 400um). In practice, experiments are
typically conducted in thin-zone configuration of the reactor to mini-
mize non-uniformities of concentration and ensure that the catalyst zone
is positioned in the isothermal reactor zone. More details about testing
and validating these assumptions are presented elsewhere [29-32,33].
For gases that do not experience microporous diffusion delay and do not
interact with catalyst, the model is a simple one-dimensional diffusion
equation in heterogeneous media. Initial conditions for the partial dif-
ferential equation assume the gas pulse in the inlet of the reactor at time
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zero can be described as Dirac delta function. Neumann and Dirichlet
boundary conditions imply zero influx at the inlet of the reactor and zero
gas concentration at the outlet. The reactor assembly and simple model
provide robust basis for estimation of Knudsen diffusivity of gases.

aC, 0°Cy
—— =D, 1
€p 3 A 52 @
With initial conditions:
N,
0<z<L  t=0, Ci=6,5 @
E'hA
And boundary conditions:
z = 0 % _ 0;
0z 3
z = L, Cy=0;

2.2. Development of mathematical models

2.2.1. Model 1. Equilibrium adsorption at the pore mouth + microporous
diffusion (EqQMP)

The 2-parameter model of microporous diffusion in the TAP context,
originally proposed by Keipert [27], was selected as a benchmark model.
The gas transport inside the pore is controlled by a Henry-like constant
of adsorption equilibrium at the pore mouth Ky and microporous
diffusivity Dp. Distribution of gas molecules along the micropores is
described in this model by the transient one-dimensional 2nd Fick’s law.
Pores are assumed equal-sized and evenly distributed forming a
pseudo-homogeneous environment within the crystallite. Potentially
differing modes of diffusion are described by a single microporous
diffusivity D, which is assumed isotropic and homogeneous through the
zeolite crystal. Intracrystalline diffusion within the zeolite particle is
assumed symmetrical in relation to the crystal centre and for crystals
with 1D pore architecture the diffusion equation can be implemented in
linear coordinates, while for 3D pore systems spherical coordinate sys-
tem can be applied. Gas transport between crystals is assumed to always
follow bulk Knudsen diffusivity. The underlying assumption in all
models developed herein is that equally-sized pores are distributed
isotropically and homogeneously within the crystallite, forming a
pseudo-homogeneous diffusion domain. This assumption makes the
models valid at least for two broad classes of microporous materials
often encountered in practice: 1D parallel pores (e.g. TON, AFI) and 3D
highly-interconnected pores of equal diameter (e.g. MFI) or cavities
interconnected by windows (e.g. CHA, AEI). Other types of materials in
which interconnected pore systems with multiple sizes exist may require
more intricate models to be developed.

2
% p, 2o (1-&)S.D ai’"l (€3]

Por =k

Intra-pellet diffusion inside rectangular pellets is defined as:

aC °C,
Ep()itp =b arzl ®)

With initial conditions:

Ny

t=0 ,
I €bA/

CA = 52 CpA = 0 (6)

And boundary conditions:

l)CA
= 0 A0
¢ ’ 0z ’
z = L, Cy = 07 (7)
0Cp4
r = 0, o = 0
r = R, Cor = KyCy.
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Fig. 2. Concept of Equilibrium adsorption + microporous diffusion model.
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Fig. 3. Concept of dynamic adsorption + microporous diffusion model.
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Fig. 4. Concept of dynamic adsorption + surface barriers model.

This model is simple, robust and captures well experimental data on
the transport of light inert, permanent, and hydrocarbon gases through
several zeolites, although primarily these examples involve relatively
weakly interacting pairs of gases and materials (e.g. alkanes and alkene
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Fig. 5. Concept of dynamic adsorption + surface barriers model and micro-
porous adsorption model.
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Fig. 6. Concept of dynamic surface adsorption -+ microporous adsorp-
tion model.

in neutral silicalites and alkanes in acidic zeolites). The model features
only two parameters (in addition to bulk diffusivities in the packing
zones) that need to be regressed - Ky and D,. Therefore, it is fairly easy to
perform explicit sensitivity analysis of this model and use it as a
benchmarking example for other models Figs. 2, 3, 4, 5, 6.

2.2.2. Model 2. Dynamic adsorption, microporous diffusion model (DAMP)

Further extension of the Keipert’s model considers dynamic, i.e. non-
equilibrated, adsorption at the pore mouth prior to pore diffusion, as
reflected by two parameters - adsorption constant k, and desorption
constant kg [2,6]. Non-equilibrated adsorption explicitly accounts for
the existence of a finite capacitance corresponding to the coverage of the
adsorbate at the outer surface of a zeolite, which is reflected by a
dedicated spatially-localized variable 6,4. This adsorbate capacitance at
the outer surface can simultaneously and dynamically (i.e.
non-equilibrated at the time scales of the experiment involved) ex-
change with the bulk as well as microporous domains. Importantly, the
model with a finite dynamic capacitance allows accurate representation
of cases in which strong adsorption at the outer surface may result in a
measurable delay of the probe molecule with respect to the inert stan-
dard, even without the pore entry. It can also account for the limitation
of diffusion into the pores by the insufficient amount of adsorption sites
at the outer surface. In comparison, Model 1 assumes instant equilibrium
between the probe molecules in the bulk and the boundary layer of the
pseudo-homogeneous pore space, thus failing to account for the subtle
transient effects related to changes of the coverage at the outer surface.
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We note that the concept of a unit cell thickness defined in boundary
conditions may not apply in many cases of practical importance, e.g.
disordered microporous materials such as activated carbon, which are
not considered in this work.

ac, c
gbiA = DbAizA 7ASSV(1 — Eb)(kaCA(l — HA) - kdgA)
ot 07
00 D, oC ®
A _ _ _ _p 7
ot KaCa(l = 04) = ka0 Ag or |r:R
ac, 7C,
epd_tp =by 6r21 ©®
With initial conditions:
N,
=0, Ci=6—"2 6,=0, Cps = 0. (10)
€;,A
And boundary conditions:
6CA
z = 0, ()_Z = 07
z = L, Cy=0;
;= 0, 0Cp4 —0 11D
Jar
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r = R, £,Cpp = EQA'

The model describes the distribution of gas molecules within mi-
cropores in a similar fashion to Keipert model.

2.2.3. Models 3 - Dynamic adsorption, surface barriers model (DASB).
Model 4 - Dynamic adsorption, surface barriers + dynamic microporous
adsorption (DASBMA) model

Models reflecting the surface barriers were developed on the basis of
the dynamic adsorption model. Concentration of adsorbed molecules on
the outer surface of zeolite crystal is represented by the surface coverage
as in case of the previous model, however, to reflect surface barriers or
facilitated transport, the intake and outtake rate through the pore mouth
were introduced. The rates are defined by two constants kep and keyt
accordingly. Microporous transport is described by the single diffusivity
term Dy, as in the previous models.

The transport equation for model reflecting surface barriers:

aC ocC
gbaTA = Dy 3 L AsS, (1 — &) (kaCa (1 — 84) — kab4)
0 < 12)
€
o = KCa(l=01) — i) — kenh + ke Coal
dC)A 02C}A
' 6; =Dpa 6r£ 13)
With initial conditions:
N,
=0, Ci=6p—,  6,=0, Cu=0. (14)
€bA
And boundary conditions:
0CA
z = 0, TZ = 0,
z = L, Cy=0;
15
;o= o0, 0C —o; (15)
or
aC, 1
ro= R7 DpT:A = kemASeA - EkextngpALf}r

In certain systems, mixing several modes of diffusion into a single
parameter may result in misleading estimated values of diffusivity. For
example, the estimated activation energy of Knudsen diffusion is within
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not exhibit Arrhenius type dependency per se [35]. In cases where
different transport regimes coexist, the diffusivity coefficient can deviate
from standard Arrhenius dependency, thus disentangling different dif-
fusivities from a single term can provide more accurate and consistent
data. Following the idea, the microporous diffusivity, that was repre-
sented by single term in previous models, in Model 4 is represented by 3
terms that reflect both random-motion character of diffusion (Dp) and
surface hopping character (kqgins and kqgng) (Eq. 17).

ac oc
E‘bTZA = DbATZA — Assv( Sb)(kaCA(l — 0A) — kdgA)
‘ 16)
% _ (kyCa(1 = 04) — kyBs) — kemBs + —kys Cpa |
0! - a‘“A A dVA entVA AS‘ ext “pA | =R
ac, Jc,
&p a;A = Dy aréA — As(ins) (ka(im) C,)A(l - HA(im)) - kd(im)HA(im))
a an
0, (in
T2 = (Katn Gy (1 = Oain)) = Katin) O
With initial conditions:
=0, Cy = 52— 0, =0, Cou =0, Oa(iny = 0. (18)

;,A

The boundary conditions repeat boundary conditions of surface
barrier model in Eq. (15).

2.2.4. Model 5. Dynamic surface adsorption and microporous adsorption
(DSAMA)

This model was developed as a simplified version of Model 4, that
still captures the complex nature of microporous diffusion but ignores
the presence of transport hindrances at pore mouth. The model was
designed to describe transport in systems with strong internal adsorp-
tion and large Rpore/Rmolecute ratio. No resistance at pore mouth implies
that terms kep and ke, can be omitted. Microporous transport in this
model follows two steps: 1) pre-adosprtion on the surface of zeolites and
2) transport within the pore by activated surface and random motion
diffusion:

aC °C
e,,a—t" = D,,A?;‘ —AsS,(1 — &) (koCa(1 — 0,) — kyB4)
00, D, dC a9
A = g Ca(1 — 64) — keBy — 22
o Call = 04) ~ka As Or —r
ac, 9C,
& aiA = D ar;" = Asting) (katin Con (1 = Oan)) — Ka(iny (i)
(20)
60 jn
g(t = (Kainty Cpa (1 = Ouint)) — Kagine) Oaine) )
With initial conditions:
Ny
=0, Cy = 51)677 04 =0, Cpa =0, Oainy = 0. 21
b

The boundary conditions repeats boundary conditions of Model 2 in
Eq. (11).

2.3. Dimensionless models

Even though that current computational capacity allows numerical
solution of presented models on a generally available office PC, to
conduct a sensitivity study of 3-, 5-, 7-parametric models requires
hundred of thousands simulations which consume great amount of time.
Analytical solutions are far more attractive options in these terms,
however, due to heterogeneous non-linear character of models, it is a
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voluminous task to provide analytical solution, unless some simplifica-
tions are made. To remove heterogeneity, the reactor is assumed to
contain only 1 Zone - catalytic. In order to linearize models, assumption
of 94 < < 1 was introduced, thus, the term (1 — 64) could be removed
from mathematical expression. Following the approach presented by
Colaris [28], we developed dimensionless models for 1 Zone reactor and
found solutions using inverse Laplace transformation. The resulting
analytical expressions can be used more efficiently for the sensitivity
studies, while reflecting the same trends as those observed in more
realistic three-zone models. In this section, we present the final solutions
to the Laplace-transformed dimensionless models.
Keipert model (Model 1) defines dimensionless flow as:

Flow = cosh(\/f(s)+s)
16 = apa sy ann(r(s))

b (22)
r(s) = a

Model 2. Dynamic adsorption microporous diffusion model (DAMP):

Flow = cosh(;\/f(s)+s)
N TR0
/) s+kq+ o(s) (23)
@(s) = ady(s)tanh(y(s))
r(s) = a

Model 3. Surface barriers and micropore diffusion model (DASB):

Flow = cosh(\/f(s)+s)
_ k(s to())
T = SRt ew)
o) = @9

U By anh(r())

N

r(s) = a

Model 4. Surface barriers and decoupled micropore diffusion with
internal adsorption model (DASBMA):

Flow = cosh(\/f(s)+s)
ka(s + ¢(s))
) =3 +ka+ o(s)
ols) = L Fa 25)
apy(s)tanh(y(s))

Model 5. Dynamic surface and internal adsorption model (DSAMA):

Flow = cosh(\/f(s)+s)
_ ,,(Y + ¢(s))
T = S Rre)
@(s) = ady(s)tanh(y(s)) (26)
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Studying dimensionless models is beneficial in many ways. First of
all, dimensionless models have a reduced number of parameters. For
example, we do not have to consider the influence of bulk diffusivity,
bed porosity and length scale of the reactor itself since in dimensionless
models those parameters are accounted for in dimensionless time vari-
able and incorporated in corresponding dimensionless parameters.
Secondly, the variables that dimensionless models can provide insights
on the importance of ratios between parameters that otherwise remain
hidden. For example, the dimensionless variable that reflects ratio be-
tween characteristic time of bulk diffusion and time of microporous
diffusion a or variable f, that reflects the geometric factor of crystal
shape. On the other hand, using a 1 Zone model provides a higher
sensitivity to the change of parameters, which in the case of 3 Zone
model would be smoothed out by the introduction of 2 inert zones.
Overall, extrapolating the data on the 3 Zone model should be done with
caution and more narrow sensitivity ranges are to be expected in com-
parison with a 1 Zone model.

Last, but not least, dimensionless models are scale-invariant, making
the results of their analysis applicable across a wide range of spatio-
temporal dimensions. For example, conclusions on model sensitivity
derived from our results can be straightforwardly adopted to TAP
microreactors of different lengths/diameters from different laboratories.
Likewise, the dimensionless analysis can, in principle, be applied to
better understand adsorption and diffusion in materials with extra scales
of porosity, e.g. hierarchical zeolites [3], although herein we consider
only two length scales of diffusion: a pseudo-homogeneous reactor-scale
domain of macroporous and interstitial diffusion and another
pseudo-homogeneous pore-scale domain of microporous diffusion inside
zeolitic crystallites.

2.4. Thermodynamic influence analysis

The influence of adsorption thermodynamics on the behavior of the
proposed models was elucidated by analyzing the dependency of the
mean residence time (MRT) on the change in temperature. Mean resi-
dence time is defined as ratio between first and zeroth moment (Eq. 27).
Tracking MRT as a function of temperature, alongside with the zeroth
moment, is commonly employed in TAP experiments to investigate
adsorption and reaction thermodynamics [19,24,27]. MRT offers a
convenient descriptor because it has a clear physical meaning, easy to
extract from pulse-response data, and reflects well the kinetic and
thermodynamic dependencies.

MRT = w @7
Jo_ Fadt

Since the temperature dependency of surface permeation coefficients
is still unclear, due to diverse origin of surface barriers, the study was
performed on models that do not contain permeation rates (kene and kexy)
- Model 2 (DAMP) and Model 5 (DSAMA). The desorption rate co-
efficients for both, external and internal active sites were estimated from
the assumed equilibrium constant using thermodynamic consistency
(28, 29), with the adsorption rate coefficients prescribed according to
the Hertz-Knudsen equation (30, 31). The sticking coefficient set to
x = 0.3 [36]. Bulk diffusivity followed Knudsen square root temperature
dependency (32), meanwhile microporous diffusivity exponentially
depended on temperature (33) which is typical for activated surface
diffusion.

AFlaa{s — TASads
Keq = exp ( - T) (28)
kadx
Ky =— 29
T ks 29
LV _ N 30)
A dt  \2xMRT

Catalysis Today xxx (xxxx) xXxx

XEb RT
/ 1
ka As(1 — &) V 2zM Gh

A [8RT
Dy =—-1\|— 32
b =3\ r (32)
E iy
D, = D,,Oexp( — ﬁ) (33)

Typical ranges of the activation energy for microporous diffusion as
well as the enthalpy and entropy of adsorption were obtained from the
literature. Based on ab initio modeling of iso-butane adsorption on ZSM-
5 zeolite [37,38], appropriate starting set of thermodynamic parameters
was selected as: AHgqs = — 40kJ/mol, AS,3s = — 100J/mol/K. For
clearer representation of trends, a higher value of AS,4; = — 150J/mol/K
was used to simulate the temperature dependency of MRT at different
Egir. Thermodynamic parameters of adsorption on internal active sites
were defined as AHgdsiing = AHads + AAHggs and ASgds(ing = ASads
+ AAS,4s. For cases where these parameters were not varied, they were
assigned constant values with AAHg4; = OkJ/mol and AASy s = —
20J/mol/K. The initial values for the activation energy of microporous
diffusion were also adopted from measurements of isobutane adsorption
on ZSM-5, as reflected in Keipert work [27]: Egy = 25kJ/mol, Dy
=10"1m?/s.

2.5. Sensitivity metrics

The choice of sensitivity metric is essential when exploring mathe-
matical models in the parameter space. Here, two approaches were used
for this purpose: curve shape descriptors commonly used in the TAP
literature and global first derivative search [39-42]. Previous sensitivity
studies of microporous diffusion models in the context of TAP experi-
ments represented the pulse-response shapes by 3 properties: MRT,
pulse peak time, and pulse dispersion. Visual inspection of gradients in
these descriptors in multi-dimensional parametric space was then used
as nominal sensitivity metrics. To this end, a modified global derivatives
search was used for the parametric sensitivity study [40,41]. In the latter
case, we defined sensitivity to a certain parameter as the first derivative
of the flow along Logl0 of the parameter. The log space was used to
accommodate the vast range of parameter magnitudes explored, even
for dimensionless kinetic and diffusion variables.

Sens — aF 1 30 [Fparns1 = Fpartn| (34)
dlog(par) N —1 log(h)

For 2D plots presented in the results section, the derivative was
calculated as an average between two derivatives along different axes:

1 dF dF
Sens,p = ( + ) (35)

2 \dlog(par,) " dlog(par,)

Global first derivative search is a commonly utilized method in
studying model sensitivity in chemical and bio-engineering [37]. Espe-
cially, it was proven as a useful tool in the field of convoluted and het-
erogeneous models where parameters cannot be delineated from each
other.

2.6. Regression procedure

Non-linear regression of the pulse-response transients was performed
using the scipy Python package. Since regression is conducted in the
environment of physically bonded parameters in a narrow range of
Log10 parameter variation, the Dogbox method was chosen. The soft L1
(absolute difference) norm was chosen as a loss function to emphasize
the data in the tail of the flow curve. Since the tail of pulse-response
signal approaches zero, the residual function, which is defined as a
difference between simulated and regressed response, in the tail
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approaches zero at even faster rates. Thus, L2 norm would square
already a small difference ( < < 1). This will result in the regression
engine searching for set of parameters that primarily minimize residual
in the region of large difference such as peak area, ignoring minor dif-
ference in the tails. Meanwhile, it is the tail of the pulse-response curve
that reflects the microporous diffusion delay.

3. Results and discussion
3.1. Sensitivity study

In this section, enhanced models that reflect complex hydrocarbon
transport in greater detail are examined for their parametric sensitivity.
This study aimed to provide insights on how additional parameters in-
fluence the sensitivity ranges to other parameters and demarcate the
regions of parametric space where developed models are feasible for
capturing pulse-response curves.

Keipert model provides a convenient starting point and a benchmark

before sensitivity ranges of more complex models can be explored. There
are only two parameters in the Keipert model - Ky and Dy, thus sensi-
tivity can be visualized on a 2D surface plot. In dimensionless co-
ordinates, D, is represented as the a coefficient.

In the 2D sensitivity plot (Fig. 7) of the Keipert model, three char-
acteristic regions can be observed: i) the narrow central region (high-
intensity band) where model is sensitive to the parameter values; ii) the
region above the sensitivity band where irreversible adsorption pre-
cludes the probe molecules from exiting the reactor; iii) the region below
the sensitivity band where adsorption is too weak to induce a measur-
able delay in the pulse-response data in comparison to the inert Standard
Diffusion Curve (SDC). Sensitivity band itself can be subdivided into two
arms with a clear change of slope in between that occurs at ca. log(a)
= 0. The left arm with log(a) < 0 signifies the model sensitivity to both &
and Ky parameters, while the right arm with log(a) > 0 is sensitive only
to Ky. The value of log(a) > 0 implies that the characteristic timescale of
bulk diffusion is greater than that of microporous diffusion and that the
concentration gradient along the pore is established faster than the
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concentration gradient along the reactor bed. This analysis is fully
consistent with Keipert et al. [27] and clearly illustrates that bulk
diffusion in TAP experiments cannot be used as a sensitive measure of
microporous transport, unless the combination of geometric and trans-
port parameters place it inside the prescribed sensitivity band. We note
that attempts to visually correlate our sensitivity metric to the first de-
rivatives of log(MRT) and log(PT) used in the original analysis by Keipert
et al [27]. did not reveal a straightforward correlation between the two
frameworks of sensitivity descriptors, aside from the general bounds on
the sensitivity regions Fig. 8.

In order to illustrate how the data on Fig. 7 can assist experimental
design, we conducted a simulation study (see Supplementary Informa-
tion section 3) in which isobutane was pulsed through H-ZSMS5 zeolite in
1 Zone TAP reactor. Typical settings of experimental setup demonstrated

that operating window is out of microporous diffusivity sensitivity
range. To shit the operating window, adjustment strategies can be
applied: shorten the length of the catalytic zone and increase the size
fraction of the catalyst particles to effectively adjust bulk diffusion
length. Or, alternatively, select material with larger size of crystallites to
increase intracrystalline diffusion length. Common goal of these strate-
gies is to increase time-scale of microporous diffusion and reduce time-
scale of bulk diffusion.

The model extended with dynamic (i.e. not necessarily non-
equilibrated) adsorption at the pore mouth exhibits a different
behavior of the sensitivity metric (Fig. 9). Here, results are presented in a
familiar two-dimensional view for a fixed value of the adsorption rate
coefficient, while the two other parameters k; and « are varied.
Although generally similar to the Keipert model, the sensitivity band
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structure for this model is distinctly different in shape, especially in the
left arm with a < 1075, The origin of this difference in the sensitivity
band structure with respect to the Keipert model can be traced to the
presence of an additional (monolayer) adsorption capacity at the outer
pore mouth required in the dynamic model. For very slow microporous
diffusion, the interplay of the finite adsorption/desorption rates into and
out of this additional capacity accounts for the variation of pulse-
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response and precludes the model sensitivity towards microporous
diffusion.

The influence of the k, values on the extent and shape of the sensi-
tivity band was evaluated within 1072...10° range (see supplementary

information). With growing kg, the sensitivity band shifts slightly up-
wards along the Ky direction. However further increase of k, above 102
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Fig. 11. Regression residual of curves simulated with dynamic adsorption model (Model 2) withing certain parametric input and regressed by Keipert model.
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influences neither the sensitivity values nor the position of the band,
indicating the convergence to a simpler Keipert model.

Next, we extend our analysis to a more detailed model that also
explicitly captures the transport resistance at the pore entry, i.e. the
surface barrier. The sensitivity of this model to the surface permeation

parameter k., is evaluated at a single set of the external adsorption

parameters, out of the equilibrium adsorption region (k, = 10, kg
102). Fig. 10 depicts the sensitivity of the model response to K, = kenc/

Kex and « at different values of k. Similarly to Fig. 7, two regions of low
sensitivity are separated by an intense sensitivity band. In the region
above the band, the rate of pore entry strongly dominates over the rate
of pore exit, resulting in negligible amounts of gas exiting the micro-
porous domain - a zone of “no escape”. Conversely, the shape of the
pulse-response curve in the opposite region of “no entry” is dictated only
by the k, and k4 values because the rate of the pore entry is very low.
Also analogously to Figs. 7 and 9, the two arms of the sensitivity band
stem from the same region with log(a) = 0, above which the pulse-
response curves are insensitive to a.

3.2. Regression analysis

In a typical experiment, prior knowledge about the operating con-
dition window in terms of gas/zeolite interactions is rarely available:
whether it is in the region of equilibrium or dynamic adsorption at the
pore mouth, slow microporous diffusion or slow surface permeation etc.
Some insight into the relative influence of reaction and diffusion can
potentially be gained from the available complementary data or the
literature in simple cases, for example, Thiele modulus can suggest
whether the process operates in the diffusion-controlled or reaction-
controlled space. However, comparison of relevant time-scales in
other domains, besides diffusion/reactivity is not straightforward. The a
parameter that reflects the time-scale ratio between the bulk and
microporous diffusivities in complex models cannot be analyzed in a
similar to Thiele modulus fashion, since the sensitivity portrait of these
models contains several sub-domains: fast microporous diffusion at
a > 1; the sensitivity band between a = 107> and « > 1; and another
zone of insensitivity due to slow diffusion at a < 10~°. Based on the
analysis provided in the previous section, judging the transport region
only by means of @ < 1 or > 1 would not be sufficient. It is, therefore,
important to consider at what values of parameters the dynamic
adsorption model (Model 2) converges to the equilibrated Keipert
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model. To this end, we performed multiparametric regression study in
which pulse-response curves simulated with the dynamic adsorption
(Model 2) model were regressed with the simpler Keipert model for
various a values and different k, and Ky values. The accumulated re-
sidual between the simulated and regressed responses was calculated
and plotted along the parameters axes to elucidate convergence between
the two models.

In Fig. 11, the regions of poor agreement between the simple equi-
librium adsorption and the dynamic adsorption models can be observed.
Each plot resembles two perpendicular lines meeting at a certain point:
when a < 1 it is the center of the plot (log(K) = 0 and log(k.s) = 0),
and when a > 1 the point shift to smaller Ky = 10~2. Equilibrium
adsorption conditions start at k. values above 10 — 100, which is
consistent with results from previous section. In the range of Ky values
between 10~ to 10 (depending on a values), the shapes produced by the
dynamic adsorption model could not be adequately described by the
equilibrium model. This information is valuable for designing statistical
analysis protocols for model assessment - when using the adsorption
constants from the literature or post-processed data, we can accept or

discard the Keipert model based on the values of estimated k4 and Kp.

Another valuable model delineation emerges when contrasting the
model containing microporous diffusion as a Fickian term, corre-
sponding to random walk diffusion mechanism, and the model addi-
tionally accounting for a microkinetic term describing stronger,
presumably activated hopping mechanisms between adjacent surface
sites within the pores. Simulated data were generated within a wide
range of kqds(iny) and Keg(iny by the more generally valid Model 5 and then
regressed using a simpler, Fickian-only Model 2. As evident from Fig. 12,
Model 5 model can produce unique shapes not fully captured by the
(DAMP) model. More specifically, this occurs in the region of medium-
high kqgs (Keginp = 0.1 —10) and in the region of medium-high
Keq(int)(kqas = 0.01...10). The graph resembles Fig. 11, where the two
bands of large regression residuals meet at the center of the plot. This
simple virtual experiment clearly demonstrates that the shapes of the
pulse-response curves encountered in a real experiment can be distinct
from the ones prescribed by simple models and suggests the signs that a
more detailed model must be employed for data analysis.

3.3. Influence of adsorption thermodynamics

In this section, we predict how realistic values of thermodynamic
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adsorption parameters for practical zeolites influence the shapes of the
pulse-response curves. Mean residence time (MRT) was chosen as a
shape descriptor, since it can be readily extracted from raw data and is
commonly reported in the literature.

The kqqs values were prescribed using the Hertz-Knudsen equation,
and thermodynamic consistency was used to estimate kges. This implies
that variations of adsorption thermodynamics AHg4 and AS.4s only
affected the value of kges, somewhat limiting the scope of our analysis.
However, similar trends are expected for other possible dependencies of
kqds on temperature.

The observed temperature dependencies of MRT on temperature
were non-monotonous and exhibited a maximum, depending on a
particular combination of parameters used. Variation of AHgs and ASggs
for both models, with and without internal adsorption, showed that the
decrease of the free energy of adsorption AGggs = AHggs — TASggs (more
negative) lowers the value of MRT peak and shifts the peak position to
higher temperatures Fig. 13.

Variation of Egir and Dy showed that slower microporous diffusion
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shifts the peak of MRT temperature dependency to lower temperatures.
More importantly, slow microporous diffusion curves acquire a pro-
nounced characteristic bend in the MRT temperature dependency,
which provides a novel fingerprint for distinguishing slow from fast
microporous transport in experimental data Fig. 14.

It is particularly interesting to investigate the difference between the
energies of adsorption on the outer surface and internal active sites in
zeolites. Fig. 15 presents how the difference in adsorption enthalpies
between the two types of sites affects MRT. When enthalpy of internal
adsorption is less negative (weaker adsorption) or equal to enthalpy of
surface adsorption, DSAMA model converges to the DAMP model.
However, when the internal adsorption enthalpy is more negative
(stronger adsorption), a significant difference between the MRT de-
pendencies is observed. At moderate enthalpy difference, MRT gains an
extra plateau at lower temperatures, while at higher differences even
extra peaks of MRT can occur. These newly found model features will aid
in experimental investigations of microporous materials with energeti-
cally different adsorption sites, which are frequently encountered in
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catalysis by zeolites.
4. Conclusions

Mathematical models of pulse-response TAP experiments were con-
structed that account for a multitude of processes encountered within
microporous materials. Models reflecting surface barriers and decoupled
intraporous adsorption and diffusivity terms were developed and stud-
ied for the first time. Rigorous sensitivity analysis delineated the para-
metric windows where such models converge to the same behavior.
Furthermore, novel fingerprints were described that can aid in the
identification of appropriate parametric domains for regression of
experimental data with clear extrema in the temperature dependency of
the mean residence time. Future work will focus on validating these
findings with experimental TAP data conducted for well-defined zeolite
materials that can exhibit target features (e.g. slow microporous diffu-
sion, energetic difference between surface and internal active sites, etc.)
Potential extensions to our analysis will also explore the use of more
mathematically advanced mathematical techniques of model interro-
gation, such as the use of Sobolev’s co-dispersion to quantify parameter
correlations. Overall, we conclude that robust mathematical models are
a cornerstone of any transient kinetics method and must be advanced
concurrently with the development of new measurement techniques and
tailored catalytic materials. Appropriate high-fidelity models can

Appendix A. Supporting information

provide access to materials descriptors that were previously unavailable
from macroscopic measurements.
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Appendix A. Ratio between dimensional and dimensionless parameters
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