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ABSTRACT: Extracting CO, from the atmosphere via direct air 1 2
capture (DAC) provides a pathway to counteract the rising CO, U - —[—_l;i
concentration in the atmosphere. Processes using amine function- .; kot
alized solid sorbents have attracted considerable attention, as they [~ g " ° ﬁ ﬁ_plp T
d . . . A 0, o
exhibit high affinity toward CO, at atmospheric concentrations. sl -
The process is significantly influenced by the mass transfer kinetics L—TUW
of adsorption, and accurate quantification is crucial for improving
process models and DAC systems. In this study, we addressed this
critical issue by quantifying the mass transfer kinetics of three
amine functionalized structured sorbents: two alumina pellets with
unimodal (TRI@unimodal) and bimodal (TRI@bimodal) pore
size distributions, and a honeycomb mullite/alumina monolith
(TRI@monolith). A modeling framework was developed to enable
the use of a commercial volumetric sorption device to measure sorbent mass transfer kinetics, and to distinguish them from
resistances within the device. The measurements revealed distinct mass transfer regimes, with pore diffusion playing a significant role
in the bimodal pellets, whereas a surface resistance introduced by the functionalization procedure dominated in the unimodal pellets.
The device was unable to capture the pore diffusion in the monolith due to instrument resistances limiting this regime. A self-
limiting diffusion behavior previously reported in literature was identified in the amine layer, which decreased diffusion with
increasing CO, uptake. We estimate kinetic parameters for all three sorbent materials for use in a widely used linear driving force
(LDF) model adapted for amine functionalized sorbents. The parameter describing the mass transfer in the gas phase is nearly five
times larger for TRI@bimodal than for TRI@unimodal. For the mass transfer in the amine layer, the parameter increases
progressively from TRI@monolith to TRI@unimodal to TRI@bimodal. The results highlight the importance of pore structure and
functionalization procedure to improve DAC sorbents.

1. Surface resistance into
sorbent

2. Resistancein pore

3. Resistance in amine layer,
dependent on uptake

B INTRODUCTION longer than the regeneration step.”'” Accurate modeling of the
Direct air capture (DAC) is establishing itself as a viable adsorption kinetics is therefore crucial to enable both the
method of extracting CO, from the atmosphere and, when accurate modeling of the process and the further development
combined with suitable storage techniques, can be considered of sorbent materials. The task is made more complex by the
a carbon dioxide removal (CDR) technology.'™ A proven variability of feed conditions experienced in the DAC process
method to achieve the extraction is to flow ambient air through as well as by the novel materials used. This is reflected in the
a structure containing solid sorbents that have a high affinity to limited availability of kinetic data in open literature, especially
CO, at atmospheric conditions.”” The sorbents can then be when compared to the large amount of works describing novel
regenerated, and the CO, collected, using a temperature- materials for DAC.

vacuum swing adsorption (TVSA) cycle.”” Significant effort is One of the most common sorbent materials used for DAC is
currently being put into making this and other DAC processes amine-functionalized metal oxides."> The advantages of these
more economical and energy efficient to increase their materials are well-known, and include the strong affinity to

attractiveness as a CDR solution. These efforts include sorbent
development and characterization,® together with modeling
and optimization of the process.””’ A critical aspect in the
modeling of a DAC process is the ability to describe the
transport of CO, within solid sorbents.””'” The rate of this
transport has been found to have a large impact on the
productivity of the DAC process, and therefore on its
estimated cost and energy demand.”"" This is especially true
for the adsorption step, which can be as much as five times

CO, under ultradilute conditions and the resistance to
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humidity."* The limiting mass transfer mechanisms of these
materials are less explored, especially for structured sorbents.
While some works qualitatively address the kinetics using
metrics such as adsorption half-time,">'® few quantify them
well enough that they can be used in process models. In
structured amine-functionalized sorbents, at least three mass
transfer resistances can be identified:

e External resistances as a result of the structure, such as
film and bed resistances;

Resistances within the pores, such as the mesopores of a
porous sorbent;

e Resistances in the amine layer of the sorbent.

For structured sorbents such as pellets or honeycomb
monoliths, well-known correlations for external mass transfer
resistances can be used.”!” Further established correlations
exist to describe the diffusion within the pores of the pellets
and of the monolith walls, such as Knudsen or molecular
diffusion."®™?° For amine-functionalized sorbents, further
resistances can arise due to the functionalization.”’ Studies
on the kinetics of such materials have often found two distinct
regimes of mass transfer. The fast regime is generally assumed
to be pore diffusion controlled, while several mechanisms have
been postulated to be responsible for the slow mass transfer
regime. They can be loosely grouped as follows:

1. Diffusional resistance in the amine layer to Iess
accessible adsorption sites in the bulk of the layer™' ~**

2. Reaction kinetics between the CO, molecules and the
amines”* "

3. A combination of both the mechanisms above®' ~>*

The first approach claims that the functionalization
procedure introduces a layer of polymerized amines, creatin
heterogeneous adsorption sites with differing accessibility.”
The easily accessible sites are assumed to be on the surface of
the amine layer, while the sites in the bulk are assumed to be
less accessible and therefore subject to additional mass transfer
resistance. The second approach claims that the reaction
kinetics between the CO, and the amines is the limiting
mechanism in the slow mass transfer regime.”*"*° The third
approach combines the first two mechanisms, with some
models including diffusion to the vicinity of the amine sites,
followed by chemical reaction.”® By modeling experiments to
include both effects, it was found that the characteristic time of
diffusion in the support layer is si%niﬁcantly larger than that of
reaction at low relative humidity.”” However, the nature of the
slow diffusion mechanism can depend on sorbent character-
istics such as the loading of functional groups. High loadings
lead to increased diffusional resistances,’”** while at low
loadings the reaction rate can become controlling.”* Recently,
Vallace et al.** described a self-inhibiting diffusion mechanism
as a direct consequence of the chemical reaction between the
CO, and the amine functionalities, which can create cross-
linking between the amines and thereby inhibit diffusion, while
the reaction rate only influences the initial part of the
adsorption. In this work, we use the diffusion approach to
model the slow mass transfer regime, as those studies that
included both reaction rate and diffusion mechanisms found
that the diffusion mechanism is likely rate-limiting for most of
the uptake.’>*’

Performing measurements to extract accurate kinetic
parameters requires care to avoid misinterpretation of the
results, regardless of the measurement technique. All
experimental phenomena should be included in the model
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that is used to fit the data in order to extract accurate kinetic
data.” Many of the above-mentioned kinetic measurements
were performed using dynamic column breakthrough
techniques. While this measurement technique arguably best
represents the conditions in which sorbents are used, it often
includes many different phenomena, such as axial dispersion
and bed effects.’® Separating all these effects can be challenging
and possibly lead to less accurate estimation of model
parameters. Batch measurements such as gravimetric and
volumetric measurements are alternative techniques that, if
designed correctly, can reduce the number of phenomena
affecting the measurement.'”*>*”** The devices required for
such measurements are often available in laboratories that
study adsorption as they are used to determine equilibrium
isotherms. A significant difference in volumetric measurements
compared to the other measurement techniques is that the
partial pressure of CO, is typically regulated by adjusting the
absolute pressure using pure CO,, rather than mixing CO,
with an inert carrier gas to reach the intended concentration.
Furthermore, the pressure changes significantly within the
adsorption chamber during a measurement step due to the
CO, being adsorbed, which must be taken into account for the
modeling,”**

This work aims to contribute to the lack of kinetic
information on CO, on amine-functionalized metal oxides in
open literature by using a commercial volumetric device to
quantify adsorption under dry conditions on three triamine
grafted alumina adsorbents with differing pore structures. This
is achieved by providing (1) new models and kinetic
parameters for the studied materials, while also (2) a
framework for using widely used commercial volumetric
instruments to measure the kinetics in such materials. The
results are put into context by showing their applicability in
simplified kinetic correlations typically used in column models.

B MATERIALS

Anhydrous toluene (99.8%) and 3-[2-(2-aminoethylamino)-
ethylamino]-propyltrimethoxysilane (TRI or triamine) were
purchased from Sigma-Aldrich and stored under Argon
atmosphere once opened. Extruded cylindrical alumina pellets
SA6578 and SA6176 were kindly contributed by Saint Gobain
(France). The diameter of both pellets was ca. 3 mm and the
length was typically between 3 and 3.5 mm. The alumina
washcoat precursor (Pural TH 200) was provided by Sasol
(Germany) and applied to the mullite monoliths by HUG
Engineering (Switzerland), which consisted of ca. 10 wt %
washcoat; the size of the monoliths was 30 X 30 X 130 mm,
with a CPSI of 100, channel size of 2 X 2 mm and a wall
thickness of ca. 0.4 mm. After functionalization, 2 X 2 mm
pieces were cut from the monolith for adsorption rate
measurements. All gases were supplied by Linde with a purity
of at least 4.5.

Functionalization. The functionalization procedure for
both pellets and monoliths has been described in detail
elsewhere.”” In short, a wet grafting procedure was used to
introduce the triamine onto the alumina surface of all the
support materials. Prior to functionalization, the supports were
dried at 120 °C for 16 h.

Pellets. The pellets were then added directly to anhydrous
toluene, after which 75 uL of water was added per gram of
support and stirred for 1 h. The temperature was then raised to
85 °C, a specific amount of triamine was added dropwise to the

solution (930 UL giemina for SA6578 and 1000 yL gyilmin. for
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SA6176 pellets) and the mixture was left to equilibrate for 12
h. The functionalized SA6578 pellets are referred to as TRI@
unimodal, and the functionalized SA6176 pellets are referred
to as TRI@bimodal from hereon based on the nature of the
respective pore size distributions.

Monolith. The monolith was then hydrated by placing it in
a water bath for 2 h at ca. 60 °C, after which it was dried to a
mass that corresponds to 1.8 monolayers of water on the
alumina surface. A solution of 500 mL anhydrous toluene and
16.5 mL triamine was prepared in a 500 mL thermostated
reactor. This was stirred and heated to 85 °C, after which the
hydrated monolith was added and allowed to equilibrate for 12
h.

Subsequently, all contactors were allowed to cool to room
temperature, washed with toluene, ethanol, and diethyl ether,
then allowed to dry for at least 24 h.

Material Characterization. N, sorption isotherms were
measured on a Microtrac Belsorp Max at 77 K. Prior to each
measurement, the samples were dried under vacuum at 100 °C
for 3 h. The Brunauer—Emmet—Teller (BET) surface area was
estimated using isotherm data in the relative pressure range of
0.05—0.25. The pore sizes were estimated using the Barrett—
Joyner—Halenda (BJH) method on the desorption branch of
the N, isotherms.*'

The amount of nitrogen on the functionalized pellets was
measured using elemental analysis for the pellets. The
measurements were performed on a LECO TruSpec Micro
instrument by the Molecular and Biomolecular Analysis
Service (MoBiAS) at ETH Zurich. Due to the low amount
of nitrogen on the monolith, elemental analysis did not provide
reliable data. Therefore, the amount was estimated using the
mass increase caused by functionalization.

XRD measurements were performed on powdered samples
using a Bruker D2 Phaser second generation. For the monolith,
a separate sample of wash-coat was measured to avoid
overlapping signals with the mullite support.

Mercury intrusion measurements were performed by 3P-
Instruments on a Quantachrome Poremaster 60-GT. Prior to
the measurements, the samples were dried for 2 h at 100 °C in
a furnace.

A detailed description of the piezometric mass transfer
measurements is provided in the next section. Care was taken
to use sorbent pieces of similar size for all measurements to
avoid different length scales in the same measurement. Prior to
each measurement, the sorbent was regenerated at 100 °C for
3 h under high vacuum. A leak check was performed to ensure
the vials were properly sealed.

Adsorption Kinetics Measurements. The measurements
to elucidate the mass transfer behavior of the adsorbents were
performed using the piezometric method on a Microtrac
Belsorp Max device. Piezometric measurements, commonly
also referred to as volumetric measurements, involve tracking
the pressure response to the addition or removal of sorbate in a
closed vessel of constant, known volume containing the
adsorbent.'” The procedure is explained in more detail later. In
principle, the pressure response is solely a function of the mass
transfer kinetics in the sorbent and can be modeled using
standard mass transfer models to determine kinetic coef-
ficients.

In practice, several other effects influence the pressure
response, including sorbent effects, such as heat transfer,>® and
instrument effects, such as mass transfer resistances within the
instrument.””*”**** To avoid erroneous results, their impact
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should be minimized by using an appropriately designed
experimental procedure, and it should be accounted for in the
mass transfer model.> This section gives a detailed overview of
the device, of the design of the experimental procedure, and of
the sorption models used to accurately describe the mass
transfer behavior.

Device. The device used in this work is shown in Figure 1
and, similarly to all conventional piezometric devices, consists
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Figure 1. Schematic of the volumetric measurement device Belsorp
Max including the definitions of the various volumes and flows that
are modeled in eqs 19-22.

of a dosage cell and of an uptake cell separated by the dosage
valve (see dashed lines). Here, the pressure can be monitored
both in the dosage cell and the uptake cell. The latter is useful
for equilibrium measurements where multiple samples are all
connected to the same dosage cell, while the former is always
used for kinetic measurements.

In the device used here, the uptake cell is divided into two
parts: the device part (blue) and the vial (green and red)
containing the sorbent, which are separated by particle filters
to prevent contamination of the device. The vial holds the
sorbent in a bulb (red) at the end of a long neck (green),
which enables the immersion of the sorbent into an external
thermal bath.

Typical Measurement Sequence. The measurements
were performed using a typical approach for piezometric
adsorption measurements,”® which consists of the following
steps:

1. The starting point is the equilibrium state of the
previous step, so pressure P, for both dosage cell and
uptake cell, and uptake g, for the sorbent. For the first
measurement step, P,, = 0 and g, = 0.

2. The dosage valve is closed and the dosage cell is
pressurized to Py, through the adsorbate inlet, which is
closed again once the desired pressure is reached.

3. The dosage valve is opened and the pressure in both
cells equilibrates at P,. The equilibration requires some
time, while the gas from the dosage cell flows through
the device components shown in Figure 1 before
reaching the adsorbent.

https://doi.org/10.1021/acs.iecr.4c04099
Ind. Eng. Chem. Res. 2025, 64, 2339—2353
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Figure 2. Depiction of a typical measurement step in a measurement series. Multiple measurement steps are performed until the desired P, is
reached. Point 1 is the equilibrium state at the end of the previous measurement. Point 2 shows the dosage cell pressurization. Point 3 corresponds
to the equilibration between dosage and uptake cell. The pressure profile between points 3 and 4 contains the information on sorption kinetics,

assuming no other limitations.

4. The pressure continues to decrease due to adsorption
until a predefined equilibrium condition is reached at
P, with the corresponding g, in the adsorbent.

The steps are shown in Figure 2 in several different
representations. In Figure 2a we use the equilibrium isotherm
to show both the initial state (1) and the equilibrium state (4)
of the measurement step, and how they are reached. The part
of interest in each step to determine mass transfer kinetics is
the phase after equilibration of the uptake and dosage cell,
hence between point 3 and point 4. Note that the time taken
for pressurization (1 — 2) and equilibration (2 — 3) is
typically in the order of seconds, while the time of the
adsorption step is typically in the order of minutes to hours
depending on the kinetics of adsorption. The corresponding
pressure profile is shown in Figure 2b, where the equilibration
step of the dosage and uptake cell can be easily observed,
followed by the adsorption step. In this representation, it is
difficult to draw any qualitative conclusions about the
mechanism that controls the adsorption behavior of the
adsorbent. To enable a better analysis of this, a normalized
pressure can be used and shown in a semilogarithmic plot (see
Figure 2¢)."”*>*® The normalized pressure used in this work is
defined as
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(1)

where Py is the pressure in the dosage cell and the subscript 0
denotes the pressure before opening the dosage valve (point
2); P, is the equilibrium pressure reached at the end of the
measurement step (point 4). In this representation, it can be
distinguished which kinetic model best describes the mass
transfer within the adsorbent. Figure 2d shows two typical
profiles, calculated using either the linear driving force (LDF)
model or the Fickian diffusion model, which can be easily
distinguished from one another.

Multiple steps of the described measurement protocol are
performed until the desired equilibrium concentration is
reached; each measurement step can be used to investigate
the mass transfer on the adsorbent by analyzing the pressure
profile. However, the pressure profile can be influenced by
several other factors in addition to the mass transfer kinetics in
the sorbent, such as heat transfer effects, instrument
resistances, and bed effects.’”> While these effects can be
included in the model used to analyze the experimental results,
the first approach should be refining the measurement
procedure to make them negligible, as modeling additional

https://doi.org/10.1021/acs.iecr.4c04099
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effects makes the model more complex, dependent on more
parameters, and potentially less accurate.’

Refinement of the Measurement Procedure. The
measurement procedure can be designed to reduce the effect
of any factor other than the mass transfer kinetics on the
pressure profile, and to quantify those that cannot be neglected
so that they can be included in the sorption model. To this
end, preliminary measurements were performed as suggested
by Wang et al,”” with some adaptations where necessary.

First, heat transfer effects were investigated by using at least
two different masses for each sorbent, and stainless steel beads
were added to the measurement vial to increase the thermal
mass. At the same time, this allows seeing any bed effect.
Second, the amplitude of the pressure steps was varied to
check whether a locally linear isotherm model could accurately
describe equilibrium conditions. Wang et al.*® suggest
comparing adsorption with desorption measurements to
check for this, though we found that this method cannot be
directly applied to amine-functionalized materials due to the
hysteresis of the CO, isotherm caused by the high heat of
adsorption.” Third, the effect of instrument resistances was
analyzed by performing blank measurements, i.e., without any
adsorbent in the vial. When the dosage valve is opened, the gas
must flow through the system to reach the adsorbent. In the
case of fast-diffusing materials, resistances in the device may
become limiting, hence need to be accounted for in the
model.*>**

The preliminary measurements performed confirmed that
adsorption occurred under isothermal conditions and was free
of any bed effects, thus allowing for the assumption of steady
temperature and negligible bed effects during the measure-
ments. However, the use of a locally linear isotherm could not
be justified even when reducing the amplitude of the pressure
steps. Furthermore, blank measurements showed a significant
contribution of instrument resistances. The latter two effects
were therefore included in the mathematical model that is
described in a later section.

Sorption Modeling. The sorption models were chosen
based on the preliminary measurements, on experimental
observations of the mass transfer in this work, and on
observations made in literature for similar amine-functionalized
sorbents. For all sorbents, two distinct phases of mass transfer
were observed: the fast mass transfer phase is assumed to be
due to pore diffusion, while the slow mass transfer phase is
assumed to be due to diffusion within the amine layer. In all
cases, the slow phase could be qualitatively described by the
diffusion model. For the pore diffusion phase, two situations
were observed and are qualitatively shown in Figure 2d. The
profile of a surface resistance limited sorbent is a straight line
after the equilibration between dosage and uptake cell, as
observed for the TRI@unimodal pellets. The profile of a
diffusion limited sorbent is a concave curve that converges to
an asymptote,”” as observed for both the TRI@bimodal pellets
and the TRI@monolith. Based on these observations, two
established mass transfer models were chosen to describe the
two cases: a surface resistance model with internal diffusion for
the TRI@unimodal pellets, and two diffusional resistances
model for the TRI@bimodal and the TRI@monolith
adsorbents."”

Adsorption Equilibrium. An equilibrium relation is
required in both models for the boundary condition, and is
described by a Toth model'®
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quP

Cco
q (PCO,_) - s -2 @0
CO, [1 + (bpcoz)t]l/t

)

where Pcq, is the partial pressure of CO,, g is the saturation

capacity, b is the affinity coefficient, and ¢ is a parameter
describing the heterogeneity of adsorption sites. The temper-
ature dependency of the parameters is neglected, as a separate
isotherm was fitted to each measurement to ensure good
alignment between the model and the measurements, and the
estimated parameters are provided in Table S3.

Surface Resistance with Internal Diffusion. The
internal d1ﬁ"us10nal resistance is described using Fickian

diffusion’
0
s
or (3)

J9q 14

ot > or
where ¢ is the uptake in the solid, r is the radial coordinate in
the microparticle, and D, is the diffusion coeflicient of CO, in
the microparticle. The surface resistance is introduced through
the relevant boundary condition, giving

dq _ %
ol = R e~ )
3 €t k,
S U O
Al _
or r=0 (5)

where r_ is the radius of the microparticle, ¢, is the porosity of
the sorbent, R, is the radius of the pellet, kp is the mass transfer
coefficient associated with the surface resistance, ¢, is the
concentration in the bulb, and c;‘ is the concentration at
equilibrium with the uptake at the surface of the microparticle.
The geometric factor &,r./ (1 - €P)RP) accounts for the
difference in the surface area of the pellet and that of the
microparticles, through which the CO, molar flow must be the
same.

Two Diffusional Resistances. In the original two
diffusional resistances model, the internal resistance is
described using eq 3 and the boundary condition (given
above by eq 4) can be written as

q(r., t) = q"(c,) 6)

The macropore diffusion is described by the following
material balance in the macropores'”

an+ 1—¢, aq: 1

dg _ 19 2 de,,
2 P
£, ot R” dR 0R (7)

where ¢, is the concentration in the pores of the sorbent, R is
the radial coordinate of the pellet, and D, is the diffusion
coeflicient within the pores. The average uptake 7 is calculated
using

3 / )
— (r, c,, t)r-dr
2o T (®)

We modify this model assuming the existence of two
different adsorption sites,” with corresponding uptakes g, and
q,- Type 1 sites are the amine adsorption sites at the surface of

q(CP, t) =

https://doi.org/10.1021/acs.iecr.4c04099
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the amine layer and are therefore not affected by internal
diffusion, while type 2 sites are within the amine layer, and are
reached by adsorbate molecules through internal diffusion. A
constant parameter # is introduced to describe the fraction of
surface sites, which is estimated using the adsorption rate
measurements

g =n9" ¢ =1 —n)q"andqg=gq +q, )
Equation 7 then becomes

c g g 10 oc
g+ (1-g)l =+ —2| =g —R'D,—

ot ot ot R ()R JdR (10)

where q = q = ql*, as type 1 sites are assumed to be in

instantaneous equilibrium with the gas and therefore only a
function of ¢,; this term can be dealt with in the same manner
as with pure macropore diffusion control'’
%
ot

3 dq de,, dg* dc,,

=1
d ot dc, ot (11)
The internal diffusional resistance in eq 3 then only applies
to q,. Taking the time derivative of eq 8, and using eq 3, one
obtains

% _3,%
ot r. = or . (12)
Substituting both eqs 11 and 12 into 10 yields
oc € dc
- E— 19 DP—P
ot 8+(1_8)nq R 0R OR
B VI %
& f. Or|_ (13)
0 0
% _10(:%
ot r 07‘ or (14)
With the corresponding boundary conditions
P dc
CP(RP’ t) =, = R—l?T; a—; =0
g R=0 (1)
_ kY ®(Y. £ _
qz(rc/ t) - qz (Cp) - (l - rl)q (CP)) a_ =0
r=0
(16)

The initial conditions of a measurement step i are defined by
the equilibrium condition of the previous measurement step

(17)

the initial

qi,O = qi—l,oo and Cp,i,O = Cp,i—l,oo

For the two diffusional resistance model,
conditions for eq 14 are given by

Dio = (1- ”)qi—Loo

(18)

The geometry of the TRI@monolith pieces is slab-like, with
alumina particles deposited within the macropores. The pore
diffusion in TRI@monolith was therefore modeled in
Cartesian coordinates.
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Instrument Modeling. The boundary conditions in the
sorption models described in the previous section are defined
using the pressure Py, in the bulb of the vial. Due to the
instrument resistances identified previously, this quantity is not
necessarily equal to the pressure measured in the dosage cell
Py so a mathematical model of the device shown in Figure 1
was developed to determine P, as a function of time. The
device is divided into four volumes according to the three
potential resistances: the dosage valve, the particle filters, and
the neck of the vial. The dosage valve and particle filters are
assumed to have negligible volumes compared to the rest of
the system hence they are modeled using a mass transfer
coefficient, while the resistance in the vial neck is modeled
using Fick’s law. The area of the dosage valve and of the filter
are unknown and difficult to measure accurately, so we lump
the mass transfer coeflicients and the areas into one coefficient

kvalve = kvalveAvalve and kﬁlter = kﬁlterAﬁlter‘ Both
lumped coefficients require estimation by fitting to experi-
ments. The area of the vial A, is known, so no lumping of
parameters is required there.A mole balance of the four
volumes is performed, with the inlet and exhaust valve defining
the system boundaries, and each volume is modeled as a well-
stirred volume except the vial neck, where transport occurs via
diffusion. The device is assumed to be isothermal; though this
is not strictly the case during the measurements, a sensitivity
analysis using a nonisothermal model showed little to no effect
of the temperature on the results, therefore the simpler
isothermal model was used. The resulting equations are

as follows:

Vo 4R _ =% (& -R)
R,T dt valve WNRT (19)
Vo dB,
ﬁz = Juave ™ Joteer
= Evalve (Pd Pu) _ﬁlterw
RgT RgT (20)
1 0P, d . D, 9°P,
RT ot 02" RT o2 (21)
Y, dB, D, dP,
R,T dt =]viaI|Z=1 = ooy = R T oz » sorb (22)

where Vis the volume, T is the temperature, ] the molar flow, j
the molar flux, and D the diffusion coefficient of the
corresponding compartments. For the surface resistance with
internal diffusion model, the flow into the sorbent is defined as

sorb
=k gpAsorb(Cb - ¢ ) = i b - P:)

sorb

(23)

For the modified two diffusional resistance model, the flow
is

c 3V oP

_Asorpr_P — DP_P

JR R=R, RPRgT JR

]sorb =

R=R, (24)

For blank measurements with no sorbent, the molar flow
into the sorbent is J, 4, = 0. The initial conditions of eqs 19—22
are given by

Py=PR,att=0 (25)
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P=P=PF =P, att=0 (26)
The boundary conditions for eq 21 are

D, dp k
v dv — filter (El _ R,lzzo)

RgT z 2=0 AvmleT (27)
Pl =B (28)

At the low pressures used in this work, the diffusion along
the neck of the vial is expected to be in the transition regime
between Knudsen diffusion and Poiseuille flow, as shown in
Figure S2. The diffusion coefficient along the vial neck D, is
estimated by using a combination of Knudsen diffusion Dy and
Poiseuille flow D, as provided by the following relation'”

d, [T
D, =Dy + Dy, =97, — +
2\ M

where P, . is the pressure reached at the end of the
measurement step and d, is the diameter of the vial. This
represents a rather conservative estimate for the diffusion
coeflicient, as the pressure used in D, is in fact higher during
the measurement and the contribution of viscous flow is
generally underestimated when using the Poiseuille flow
correlation in the transition regime.18

The system of equations above are solved numerically by
discretizing the spatial derivatives using the finite volume
method.” The resulting system of ordinary differential
equations (ODEs) was then solved in Matlab using a built-in
ODE solver odelSs.

Parameter Estimation. Pore Diffusion Coefficient. Many
well-established correlations exist to calculate the diffusion
coeflicients in the pores of an adsorbent. The choice of
correlation is based on the diffusion mechanisms contributing
to the mass transfer within the adsorbent and can include
Poiseuille diffusion, molecular diffusion, Knudsen diffusion,
and surface diffusion.”” Due to the high heat of adsorption on
amine-functionalized adsorbents, we assume that the con-
tribution of surface diffusion is negligible. Furthermore, due to
the use of pure CO, in the measurements, no molecular
diffusion occurs. We therefore assume a combination of
Poiseuille and Knudsen diffusion, using eq 29 as a function of
dyore and the pressure Py, instead of the vial diameter and the
vial pressure, to describe the diffusion in the pores. The size of
dyore in a real porous solid is generally a distribution rather than
a single value. To account for this, an average diffusion
coeflicient is calculated for each pore size range by using the
parallel pore model.'” The average pore diffusion coefficient
for each pore size range d;, — d, is defined as

P, oy

32u (29)

— 1 dy
Dp,cll—d2 = f D(dpore)f<dpore)ddpore

4-d, Y4 (30)
The diffusion coefficient of the mesopores D, ., Was

calculated using the range 2—50 nm according to the IUPAC
classification.””** For the calculation of the diffusion
coefficient of the macropores D, 1oy Small volume fractions
at large pore sizes lead to unrealistically high diffusion
coeflicients. Therefore, the range was adjusted according to
the material and defined as 50 nm to 2 ym for TRI@bimodal,
and 50 nm to SO um for TRI@monolith. The porosity &, _;

represents either the mesoporosity or the macroporosity,
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respectively. The function f(d,q,
pore size is in the interval d

) is the probability that the
ore t0 dpore + ddpm.19

Characteristic Dimensions. The model uses spherical
coordinates, while the pellets used in this work are cylindrical.
For the modeling, an equivalent radius was calculated as the
radius of a spherical particle having the same external surface
to volume ratio as the pellets."” The monoliths are modeled as
slabs, and the characteristic diffusion length is defined as half
the wall thickness.

The characteristic dimension for micropore diffusion is more
challenging to define. In this work, we calculate two possible
diffusion lengths: the size of the alumina nanoparticles and the
thickness of the amine layer. The size of the alumina
nanoparticles is estimated using XRD measurements and the
Scherrer equation.*” Further information on this calculation is
provided in the Supporting Information.

The thickness of the amine layer is estimated by assuming
the layer is uniform across the whole internal surface area of
the sorbent with a constant thickness, z,n, a$

Vamine

Zamine =

a

(31)

The specific volume of the amine layer, v, can be
estimated using the difference in pore volume of functionalized
and nonfunctionalized sorbent measured by mercury intrusion.
The specific area of the layer, a,,,, is assumed to be the
average of the BET surface area of the functionalized and
nonfunctionalized sorbent.

Fitting Procedure. The measurement device used here
samples the pressure with varying frequency, so to avoid a bias
of the fits toward areas with more sampling points, a spline was
fitted to the measurements and sampled every second. A cutoff
was defined using a normalized uptake®

-4 _ R-R

.- 49 P—5H

amine

(32)

where P, is the theoretical pressure after an instantaneous
equilibration between dosage and uptake cell. Measurement
points between 0 and 0.95 of the normalized uptake were used
for fitting, as later points were found to be susceptible to
measurement errors of the final pressure P,. For measure-
ments partially influenced by instrument resistances, the
specific start and end times were defined to only include the
sorbent mass transfer limited regime.

The normalized pressure y; was used to fit the kinetic
parameters using the sum of normalized square residuals as the
following objective function

l//d(ti) - UA/d(cD; ti) ’
l//d(ti)

N

s5,(@F = 3

i=1 (33)

where @ denotes the kinetic coefficient(s) of the correspond-
ing model. The function was minimized using the Matlab
function Isqnonlin.

Experimental Campaign. An experimental campaign was
performed to investigate the different mass transfer mecha-
nisms. Measurements were performed at different temper-
atures between —15 and 45 °C on the structured adsorbents to
investigate the effect on pore diffusion. Pore diffusion was
found to be significant in the pellets, therefore their size was
reduced in two steps to 0.9 and 0.08 mm to enable an
investigation of the amine diffusion. For the monoliths, pore
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diffusion was found to be negligible and no size reduction was
necessary.

B RESULTS AND DISCUSSION

First, we present the results related to the material character-
ization in terms of pore size, pore volumes, and diffusion
lengths as these provide the adsorbent parameters required for
the modeling and the analysis of the kinetic results. The model
is then validated against experimental results and used to
analyze both pore diffusion and amine diffusion for all
adsorbents. We conclude by providing a simplified model
using the parameters obtained here for use in larger
breakthrough or process models.

B MATERIAL CHARACTERIZATION

Pore Size. Mercury intrusion measurements provide
important information on both the pore volume and the
pore size distribution of the adsorbents. The results are
presented in Figure 3, showing a bimodal pore size distribution

T Macropores Mesopores
o0 2
=
s 7.6 nm
ERE] :
wn
2 TRI@bimodal 10.7 nm
B — TRIQunimodal \
= lf — TRI@monolith 1
é 580 nm
8
:u.j: 05k 32.3 n
& 25 pm
= S~

0 L L :

102 10! 10° 10! 102

Diameter [pm]

Figure 3. Pore size distributions of amine-functionalized materials
using Hg porosimetry.

for both TRI@monolith and TRI@bimodal, and an unimodal
pore size distribution for TRI@unimodal. The mesopores in
both TRI@bimodal and TRI@unimodal are relatively similar
in size, while those in TRI@monolith are significantly larger.
Similarly, the macropores in TRI@monolith are significantly
larger than those in TRI@bimodal. From eq 29 one sees that
larger pores lead to faster diffusion; a bimodal pore size
distribution can therefore significantly reduce diffusional
resistance in the pores while maintaining a large surface area
in the mesopores. The results of the mercury intrusion
measurements are summarized together with those of the other
characterization measurements in Table S2. N, physisorption
measurements give similar estimates of the mesopore size as
the mercury intrusion measurements using the BJH
correlation, though the macropores cannot be captured using
this technique.

Pore Volume. Comparing the pore volumes shows a
significant difference between the adsorbents, which is
reflected in the density and the porosity. For TRI@monolith,
most of the porosity comes from the macropores that are
present in the mullite skeleton, while the mesopore volume is
given by the y-alumina wash-coat. Given that y-alumina makes
up only ca. 10 wt % of TRI@monolith, the mesopore volume is
significantly lower than that of both pellets. Consequently, the
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BET surface area of TRI@monolith is ca. 10% that of the
pellets.

Diffusion Lengths. The diffusion length R, is the
characteristic length of the pore diffusion, and is very similar
for both pellets, while significantly smaller for TRI@monolith.
The characteristic length r_ for the micropore diffusion is more
challenging to define. XRD measurements, shown in Figure S3,
were used to determine the crystal size and revealed typical
profiles observed for y-alumina.*®*” The small crystal sizes
measured confirm that the y-alumina is made up of clusters of
nanoparticles.”® The size of the nanoparticles is unlikely to be
the diffusion length experienced by the CO,, which would
more likely diffuse through the clusters of nanoparticles that
form the structure of the y-alumina. Another characteristic
length that could be used for the micropore diffusion is the
thickness of the amine layer, z,.,,.. This is estimated assuming
the amines are deposited in an even layer over the surface of
the alumina nanoparticles. Both characteristic lengths are
similar in magnitude, so the thickness of the amine layer was
chosen for use in the model, as this aligns with the assumption
that the slow diffusion mechanism is diffusion through the
amine layer. Assuming it is coated on the nanoparticles and the
length scales are very similar, the use of radial coordinates for
the micropore diffusion is justified. It should be noted that the
assumption of an even amine layer is strong—in reality it is
likely quite heterogeneous. Note that the choice of character-
istic length will affect the absolute value of the diffusion
coefficient D, while the ratio D/r* will remain constant
regardless of the characteristic length chosen. Based on the
properties given in this section, the pore diffusion in TRI@
monolith is expected to be very fast due both to the large
macropores and to the short characteristic length. The pore
diffusion in TRI@bimodal is likely significantly slower than
TRI@monolith, though faster than in TRI@unimodal. Based
on the estimated amine layer thickness, the diffusion in the
amine layer is expected to be slowest in TRI@monolith, and
similar for the pellets.

Model Validation. The model developed in this work is
validated using measurements carried out in three limiting
cases. First, blank measurements are used to measure the
instrument resistances. Second, a fast diffusing adsorbent
(TRI@monolith) is used to validate the estimated resistances
in the presence of an adsorbent. Third, the model is fitted to
measurements with the three sorbents to verify that the
sorption models can indeed describe mass transfer. The
instrument values used in the model are given in the
Supporting Information in Table SI.

Blank Measurements. Measurements were performed
using three vial configurations to elucidate the instrument
resistances, and to inform the choice of vial configuration for
adsorption measurements:

1. Standard vial (length of neck 230 mm) with glass rod
and removable particle filter—this is the standard
configuration recommended by the manufacturer.

. Standard vial without glass rod and removable particle
filter—this reduces both the filter resistance and
diffusional resistance in the vial neck.

. Shortened vial (length of neck 70 mm) without glass rod
and removable particle filter—this further reduces the
diffusional resistance in the vial neck. A significant
difference to the second configuration would indicate

https://doi.org/10.1021/acs.iecr.4c04099
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that the rate-limiting resistance is the diffusion in the vial
neck.

An example of a measurement and of the corresponding fit is
shown in Figure 4, where two regimes of pressure decay can be
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Figure 4. Normalized pressure profiles from a blank measurement
using a vial without removable filter and without glass rod. Model
fitted using eqs 19—22 without any sorbent (Jy,z, = 0).

identified: the first regime lasts for ca. 2 s where the limiting
resistance was identified as the dosage valve by observing P,.
The second regime lasts for another ca. 6 s, though here the
limiting resistance cannot be identified directly as there are no
further pressure sensors downstream; it could therefore be
either in the vial neck or in the filters. Modeling the
measurements with the diffusion coefficient in the wvial
determined using eq 29, a sensitivity analysis on kg, revealed
that the filter resistance is the limiting resistance.

Multiple measurements were performed for each vial

and kg,,; the values obtained
are reported in Table 1 for each configuration together with

configuration to determine k.

Table 1. Average Mass Transfer Coefficients Fitted to Blank
Measurements Using Equations 19—22 for Different Vial
Configurations

vial configuration Koive X 10° [m® s71] Rejrer X 106 [m? s71]
filter & rod 3.0 +0.7 2.0 + 0.7
no filter and rod 29 +02 5.0+ 1.0
shortened vial 33+ 1.1 7.8 £ 8.7

The valve
remains similar for all vial configurations, as

the standard deviation of the measurements.

coeflicient k.,

expected, while kg, increases significantly when one of the
particle filters is removed. Using a shortened vial further
increases the average kg, though the uncertainty becomes
very high due to large variations observed in the pressure
profiles; it is unclear what the reason for this is. Based on these
observations the standard vial with neither filter nor rod was
chosen for the adsorption measurements, as it offers a good
compromise between decreased instrument resistance and
predictability. To check whether the removal of the rod has an
adverse effect on the accuracy of the measurements, an
isotherm was measured on TRI@bimodal both with and
without a glass rod. The isotherms are identical within the
error of the device, as shown in Figure SI.
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Instrument Resistance Controlled Adsorption Meas-
urements. It has been mentioned in literature that blank
measurements should not be used to quantify instrument
resistances as the flow during sorption measurements can far
exceed that experienced during blank measurements.”® The
mass transfer coeflicients obtained with blank measurements
were therefore used to model adsorption measurements with
partial instrument resistance limitation. Using the two
diffusional resistance model, D, was artificially increased to
highlight the transition from adsorbent limited kinetics
(convex profile) to instrument limited kinetics (straight
profile). The results are shown in Figure S, where the model
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Figure S. Effect of instrument resistances on an adsorption
measurement demonstrated with the help of the diffusion model.
Artificially increasing the diffusion coefficient in the model shows that
the kinetics are instrument limited up to ca. 20 s (straight line), and
sorbent limited thereafter (deviation from straight line).

clearly shows the region that is instrument resistance limited,
i.e., between 0 and ca. 20 s, and the region that is adsorbent
kinetics limited, i.e., after 20 s. The model fits the instrument
resistance limited region well, confirming the values of the
coefficients estimated through blank measurements. All
measurements were checked using this method, and it was
found that some fast diffusing systems were at least partially
limited by the instrument resistances in the first measurement
steps, thus recommending the inclusion of instrument
resistances in the model.

Adsorbent Mass Transfer Controlled Measurements.
The model was then fitted to the measurements of the
structured sorbents at 25 °C, which are shown in Figure 6 for
all three materials. The model gives a good fit for all the
measurements, especially at the short to medium time scales,
whereas small deviations can be observed at longer time scales.
This is caused by two factors: the models are fitted to the
measurement points only up to 0.95 relative uptake, and the
variability of the measurement points increase at longer time
scales due to errors of the pressure measurements.

Both the TRI@bimodal pellets and the TRI@monolith
pieces can be well described by the two diffusional resistance
model, as is shown in Figure 6b,c, respectively. The TRI@
unimodal pellets are better described by the surface resistance
with internal diffusion model as shown in Figure 6a, which is
visible from the initial linear decrease of the pressure that is
typical of a surface resistance. The necessity for models that
describe two mass transfer resistances is especially visible in the
case of the TRI@unimodal pellets, where the normalized
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Ind. Eng. Chem. Res. 2025, 64, 2339—2353


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c04099/suppl_file/ie4c04099_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04099?fig=fig5&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c04099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

10° 10° 100 ¢
» Measurements » Measurements = Measurements
— Sur. Res. fit — Two Diff. Res. fit — Two Diff. Res. fit

o107t
el
=

1072

0 2000 4000 6000 800 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time |s] Time [s] Time s

(a) TRIQunimodal.

(b) TRI@bimodal.
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Figure 6. Model fits and experiments of multiple steps in a measurement series for all adsorbents at 25 °C. The surface resistance with internal
diffusion model (sur. res.) was used for TRI@unimodal, and the two diffusional resistance model (two diff. res.) was used for both TRI@bimodal

and TRI@monolith.

pressure profile deviates from the straight profile describing a
pure surface resistance at longer time scales. This is due to the
slow diffusion mechanism, assumed to be within the amine
layer, and is consistent with literature describing mass transfer
in similar amine-functionalized adsorbents.””' While this
observation is less obvious in the two diffusional resistance
model, using a model with only one diffusional resistance we
were unable to describe the whole pressure profile.

Pore Resistances. Three different pore diffusion situations
were observed for the three adsorbents used in this work: for
TRI@monolith, the pore diffusion is faster than the instrument
resistances hence could not be measured, while for TRI@
unimodal surface resistance was found to be limiting rather
than pore diffusion. TRI@bimodal was found to be the only
adsorbent of the three with measurable pore diffusion. In this
section we discuss the pore diffusion in TRI@bimodal and the
surface resistance observed in TRI@unimodal.

TRI@bimodal. The pore diffusion coeflicients are calcu-
lated for TRI@bimodal using eq 30 and the results are
reported in Table 2 together with the estimated pore diffusion

Table 2. Pore Diffusion Coeflicients of TRI@bimodal from
Correlations and from Model Fits

temperature Dp,meso DP,macm Dp,est
K] [m?s7!] x 10° [m?s7!] x 10° [m?s7!] x 10°
258 1.87 82 12 +£ 04
268 1.90 84 21 +£09
278 1.94 85 3.0+ 0.8
288 1.97 87 43+ 10
298 2.01 88 2.0 £ 0.6
308 2.04 90 S5+ 18
318 2.07 91 11 £ 49

coefficients D, .,; the value is the average of all the
measurement steps excluding outliers while the uncertainty is
the standard deviation. Typically, pore diffusion coefficients
calculated using correlations require modification with the
tortuosity to account for the complexity of the pore structure
in real sorbents.'® This factor is calculated to be close to unity
for TRI@bimodal using correlations'® owing to the high
porosity, and is therefore not accounted for.

The calculated values D, .o, and D, e €xhibit a moderate
dependence on temperature, as is the case for Knudsen
diffusion, while the estimated values D, exhibit a stronger
dependence. The discrepancy can indicate that the assumed
pore diffusion mechanisms fail to describe the whole situation.
The magnitude of the estimated coeflicients indicates that the
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pore resistance occurs mainly in the mesopores rather than in
the macropores.

TRI@unimodal. The mass transfer resistance in TRI@
unimodal was observed to be on the surface rather than within
the pores at short to medium time scales. The mass transfer
coefficients describing this surface resistance are given in Table
3. In literature, specific geometric surface areas are often

Table 3. Fitted Pore Mass Transfer Coefficient for TRI@
unimodal

temperature [K] Ky est X 10° [m s7!] Ky esttp [s™4
258 22+ 13 25+ 1.8
278 32+ 1.0 3.7+ 1.1
298 24 + 0.7 27 £08

incorporated into the mass transfer coeflicients, therefore we
also provide the values of k.4, These values are similar to
those obtained by Stampi-Bombelli et al.” using breakthrough
measurements on the same adsorbent and will be discussed in
a later section.

To further investigate the surface resistance, the pellets were
successively crushed to 900 and 80 ym before measuring the
adsorption kinetics. For both particle sizes, the surface
resistance was no longer visible in the pressure profiles, thus
confirming that the resistance is on the surface of the pellet.
Measurements performed on nonfunctionalized pellets, shown
in Figure S6, revealed the absence of a surface barrier,
indicating that this is introduced through the grafting
procedure.

Amine Diffusion. A qualitative assessment of the pressure
profiles and of the asymptotes shown in Figure 6 give an
indication of the development of the diffusion coeflicient over
the different measurement steps, with steeper asymptotes
describing faster diffusion. The long time scales are generally
controlled by amine diffusion, and the gradient of the
asymptotes is shown to decrease with increasing step number
for all adsorbents, thus indicating slowing diffusion with
increasing uptake. To investigate this effect in further detail,
TRI@bimodal and TRI@unimodal were crushed and sieved to
80 um to eliminate pore diffusion effects. This was not
necessary for TRI@monolith as pore diffusion was negligible.
The estimated amine diffusion coefficients D, of all adsorbents
are plotted in Figure 7, and are shown to decrease as a function
of the normalized uptake. This observation is consistent with a
recent study by Vallace et al.*> on mass transfer kinetics in
various amine functionalized adsorbents. They postulated that
the reaction between CO, and the amines causes cross-linking
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Figure 7. Effect of uptake on the amine diffusion coefficient of three
adsorbents. The pellets were powdered to 80 ym to eliminate pore
diffusion. The different symbols denote measurements done at
different temperatures: [1 = 258 K, O = 278 K, X = 298 K.

in the polymer which increases diffusional resistance. Measure-
ments performed on powders in the same study matched the
proposed model well and seemed to confirm the hypothesis,
though no direct experimental evidence was provided, as the
desired concentration (400 ppm) was reached in one
measurement step. The estimated coeflicients shown in Figure
7 seem to confirm the hypothesis. The mechanism is described
by modifying a correlation given by Stendardo and Foscolo®>**
B

am

D, = Dyexp| —a| 1 —

am,0 ( 3 4)
where C,,, describes the concentration of unreacted amines, o
and f are empirical positive parameters, and Dj is the diffusion
coeflicient of CO, in the amine layer with no adsorbed CO,.
We propose a modification of eq 34 to avoid the necessity of
knowing the amine concentration in the solid, and of modeling
it over time, by making the assumptions (1) that two amines
are required to adsorb one CO, molecule, and (2) that all
amine sites are available for adsorption. Therefore, the
saturation capacity of the isotherm, g, is proportional to the
initial amine concentration, i.e.

am, 0
LT (35)
Using the first assumption, one can write
Cin = Camo — 29 = 2(q, — q) (36)
Substituting these correlations into eq 34 gives
Vi

D. = Dyexp| —a

95 Toth (37)

The results of the fitting are shown in Figure 7, obtained
with the coefficients given in Table 4. Comparing the values of
s Totn With the amine contents provided in Table S2 indicates
that assumption (2) is not fulfilled with the isotherms obtained
here. As the isotherms are fitted to the low pressure range used
in the kinetic measurements, this decreases the accuracy of the
qs value. In addition, not all amines will be available for
adsorption on real adsorbents and the amine content will be
underestimated using g as a proxy. However, only the amines
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Table 4. Fitted Parameters Describing the Self-Limiting
Amine Diffusion for the Adsorbents in This Work”

TRI@bimodal TRI@unimodaIb TRI@monolith
D, [m?*s7!] 6.5 % 107% 62 X% 1072 1.9 x 107%
a[-] 115 11.0 10.9
B[] 1 1 1
Gyrom [mol kg™'] 0.85 0.72 0.038
n [-] 0.41 0.42 0.26

“Fitted using the two diffusional resistance model, as this model
rovided a better fit for the powdered TRI@unimodal pellets.
Parameter f is not fitted to the measurements as it is observed to be

close to unity.

available for adsorption are able to undergo cross-linking and
the use of g, would therefore arguably better describe the
physical situation.

The decrease in diffusion coefficients shown in Figure 7 is
approximately linear on the semilogarithmic plot, so the
exponent f is assumed to be equal to one for the fitting of D,
and a. Qualitatively, D, describes the diffusion at zero uptake
while o describes the rate of decrease in diffusivity due to the
cross-linking of amines. It follows that Dj, is likely influenced by
both the type of amines and the functionalization procedure,
which in the case of wet grafting can influence the extent of
amine polymerization.*”*” The coefficient «a is likely influenced
by the type of amines only, as the cross-linking mechanism that
causes the decrease in diffusivity should remain the same for
the same amines, regardless of the extent of polymerization.
Accordingly, the value of a is very similar for all three
adsorbents measured in this work. The value of D, is very
similar for both TRI@unimodal and TRI@bimodal, though
there appears to be a higher mass transfer resistance in the
amine layer on TRI@monolith, as indicated by a lower value of
D,. Larger pores have been reported to enable higher degrees
of amine polymerization,”® which is plausibly the case for
TRI@monolith given its larger mesopores. This is further
underlined by the lower fraction of surface sites 77 in TRI@
monolith. Interestingly, the fraction of surface sites # is less
than half of the total amine sites for all materials. As mass
transfer kinetics are key to improving the productivity of DAC
operations,”'" these values provide valuable insight for
improving DAC sorbents.

The estimates of the diffusion coefficient D, in Figure 7 do
not seem to be affected by the temperature when plotted
against the normalized uptake. This indicates that the effect of
temperature on the amine diffusion coefficient is accounted for
in the saturation capacity g, o

Application to Breakthrough and Process Modeling.
The models introduced previously offer an accurate
description of the measurements and are therefore useful for
obtaining good estimates of the diffusion coeflicients.
However, they are too computationally expensive for use in
larger process models and are often replaced by simpler
models, such as the pseudo first order linear driving force
(LDF) model’'

Jq *

A kgt -

m (" —aq) (38)
where the mass transfer coefficient k has the units s™! and

includes the specific geometric surface area. Diffusion
coefficients such as those obtained in this work can be used
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Table 5. Summary of Kinetic Coefficients at 25 °C Estimated in This Work for Use in Process Models”

parameter TRI@monolith TRI@unimodal TRI@bimodal
this work ref S this work ref S this work

kg [s7'] “ 67 2.7° 2.79 126

Kmine [s71] 1.1x 1073 1.1 X 1073 2.0 x 1073 ¢ 44 x 107

Komineo [s7'] 0.016 0.19 035

n [-] 0.26 0.75 0.42 ‘ 0.41

“Pore diffusion in TRI@monolith could not be measured here. ®The value k

4, from Table 3 is used here. “No # or kg, could be fitted.

pes

9Coeflicients estimated using breakthrough measurements are provided for comparison, reproduced from Stampi-Bombelli et al.’

in this model through the relations given by Glueckauf and
Coates™

lsngp,est

g 2

R, (39)

where k, is used to describe mass transfer in the gas phase. To

describe mass transfer in the amine phase, one can define the

mass transfer coefficient k
15D,

amine 2

amine

re qs,Toth

= kamine,()exp —a

qs,Toth (40)

assuming f = 1. However, eq 38 cannot describe both
mechanisms at once, and a modification has been shown to
give good results in the modeling of breakthrough measure-

5,21,22
ments
0q1
—L = k,(ng* -
5 (nq” - q,) (41)
q
2 *
2 — (1 = —
o (1 =n)q" - gq,) 42)
q=q +4q, (43)

These correlations are based on the same principles used to
derive the mass transfer equations in this work, and the relation
of the different adsorption sites is identical to eq 9. The mass
transfer coefficients are defined as™*”

ES
1 1 9in 1
= —— 4+ —

kl kg Cin ks (44)
1 1 1

_ = — 4+ ——

k2 kl kamine (45)

where k, describes the mass transfer in the gas phase, k
describes the mass transfer in the solid phase except for in the
amine phase, and k,.;,. describes the diffusion in the amine
phase. Note that in this work we assume the mass transfer in
the solid phase to be negligible, therefore k; = 0. Due to the
absence of film resistances when using pure CO,, k, only
describes the pore diffusion or surface resistance.

The coeflicients calculated using eqs 39 and 40 are given in
Table 5, and compared to those obtained for the same
materials TRI@unimodal and TRI@monolith using break-
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through measurements, whose detailed analysis is reported by
Stampi-Bombelli et al.’” To enable a comparison of k.. with
the breakthrough results, an average of the amine coefficients
k

amine

is provided. The mass transfer coefficients k, for TRI@

unimodal and k.
with those of the breakthrough measurements. A deviation of
the obtained values of 7 is observed for TRI@monolith, which
may be attributed to the difference in measurement method.
Breakthrough measurements include many effects such as axial
dispersion, convection, heat transfer, and mass transfer in the
sorbent, and it may be challenging to deconvolute each effect.
Volumetric measurements offer the possibility to directly
quantify just the mass transfer in the adsorbent itself when
modeled correctly. This is underlined by the ability to measure
k,mine and 1 for TRI@unimodal, which was not possible using
breakthrough measurements. The values of # obtained here
correspond well to values obtained in literature for similar
adsorbents.”’ The mass transfer coefficients obtained for
TRI@bimodal indicate a significant improvement of pore
diffusion over TRI@unimodal, as is expected for such a
bimodal pore size distribution, though they are still
significantly below that of TRI@monolith.The limitations of
the piezometric method with the device used here are evident
from its inability to obtain a gas diffusion coefficient k, for
TRI@monolith. In addition, mass transfer resistances relating
to mixtures of gases such as film diffusion are not evaluated as
only pure gases are used. These factors should be taken into
consideration when using mass transfer coeflicients obtained
using the piezometric method.

for TRI@monolith are shown to align well

Bl CONCLUSIONS

In this work, we used of a commercial volumetric device to
measure the mass transfer kinetics of three amine function-
alized alumina adsorbents with varying pore structures. A
model was developed to quantify the mass transfer resistances
within the adsorbents, with the goal (1) of providing a
framework for the use of commercial volumetric devices to
measure mass transfer kinetics, and (2) of quantifying the
limiting mass transfer mechanisms in three structured amine
functionalized adsorbents. In doing so, we gained the following
valuable insights.

® Mass transfer resistances in the device can be accounted
for in the boundary condition of the adsorption models
by modeling the device. Depending on the vial
configuration and the pressure range of the measure-
ment, the dosage valve, the particle filters and the vial
neck can represent a significant mass transfer resistance.
Both pore diffusion and diffusion within the amine layer
play a significant role in the bimodal pellets, while a
surface resistance introduced by the functionalization
procedure dominates in the unimodal pellets. Only the
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diffusion within the amine layer could be measured in
the monolith, due to significant instrument resistances
masking the pore diffusion effects.

In amine functionalized adsorbents where amine
diffusion is at least partially limiting, the mass transfer
model requires the use of two different adsorption sites
to accurately describe the measurement data.
Experimental proof is provided that diffusion in the
amine layer is dependent on the uptake; a correlation
proposed in the literature can adequately describe this
phenomenon.

The mass transfer parameters estimated in this work are
shown to align well with those obtained using break-
through experiments. Using the Glueckauf approxima-
tion, the values can be redefined as mass transfer
coeflicients for the computationally leaner two-site LDF
model, and therefore be used in process models.
Commercial piezometric devices are limited in measur-
ing very fast mass transfer due to instrument resistances,
which can be identified if the instrument resistances are
quantified and modeled.
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B NOTATION

Roman Symbol

a specific area [m?* g™']
A area [m?]
b affinity coefficient of Toth isotherm [kPa™]
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concentration [mol m™?]

amine concentration [mol m™2]

diameter [m]

diffusion coefficient [m?* s™]

molar flux [mol m™ s™']

molar flow [mol s™']

lumped mass transfer coefficient incl. area [m? s™']

&
3

mass transfer coefficient [m s™']

length of vial neck [m]

molar mass [kg mol™']

pressure [Pa]

uptake [mol m™]

radial coordinate in the crystal/amine layer [m]
universal gas constant [m?® Pa K™! mol™]
radial coordinate in the pellets [m]

time [s]

heterogeneity parameter of Toth isotherm [-]
temperature [K]

specific volume [m® g™']

volume [m®]

axial coordinate for diffusion along vial neck or within
monolith wall [m]

Zumine thickness of amine layer [m]

N <= wawmw\m "UEP‘W‘W"\‘\'U&O“

Greek Symbols

coefficient in eq >’ [-]

coefficient in eq *” [-]

porosity [-]

fraction of type 1 adsorption sites [-]
viscosity [Pa s]

density [kg m®]

normalized pressure [-]

€T O/

Subscripts and Superscripts

*  equilibrium value

N estimated

- average

0 initial condition beginning of measurement step
1 type 1 adsorption sites

2 type 2 adsorption sites
o0 end of measurement step
b uptake cell bulb

c crystal

d  dosage cell

K  Knudsen

n  normalized

p  pellet

s saturation or solid

sorb sorbent

u  uptake cell device

v uptake cell neck

vis  viscous

Acronyms

LDF linear driving force
SS  sum of squared residuals
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