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The adsorption kinetics of CO, on amine-functionalized mesoporous silica at low concentrations was
investigated. Experimental data of CO, uptake as a function of time at temperatures between 25 and
70°C were fit to a series of kinetic models, namely Lagergen’s pseudo-first and pseudo-second order
and Avrami’s kinetic models. The best fit was obtained using Avrami’s model, as it provided a fractional
reaction order (ca. 1.4), which has been associated with the occurrence of multiple adsorption pathways.
In addition, simulations of CO, adsorption in a column packed with amine-grafted mesoporous silica
using computational fluid dynamics were carried out to predict breakthrough curves. The simulation
results were compared to experimental data produced at various flow rates of a stream containing 5%
CO; balance nitrogen. In all cases, the predicted breakthrough time and the corresponding CO, uptake
were in close agreement with the experimental data.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The deleterious effects of greenhouse gases on the environment
and the threat they pose on the sustainability of ecosystems have
fuelled the search for novel technologies capable of minimizing
their emissions into the atmosphere. In particular, being the main
anthropogenic contributor to climate change, carbon dioxide (CO;)
emissions have prompted a wide range of corrective initiatives to
mitigate their impact. In addition to CO, capture to address envi-
ronmental concerns, the removal of CO; in gas streams is required
in other applications including air purification in confined spaces
[1,2] and natural gas treatment, among others [3,4]. Consequently,
researchers are actively exploring more efficient CO, capture tech-
nologies [5,6].

Among the alternatives currently investigated for CO, capture,
adsorption separation technologies have drawn particular atten-
tion since they can produce high purity streams with low energy
consumption. As a result, a wide variety of adsorbents have been
studied in recent years for such purpose [7]. As reported elsewhere
[8,9], our research group developed a promising CO, adsorbent,
referred to as TRI-PE-MCM-41, which consists of triamine-bearing
organic species grafted on a mesoporous MCM-41 silica, whose
pores were enlarged by post-synthesis hydrothermal treatment.
This material was engineered to accommodate high loadings of
amine functional groups while minimizing diffusion limitations.
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Indeed, TRI-PE-MCM-41 exhibited high adsorption capacity with an
unprecedentedly fast rate of adsorption compared to other amine-
functionalized adsorbents reported in literature [8]. Furthermore,
unlike typical commercial adsorbents such as zeolites, TRI-PE-
MCM-41 is tolerant to moisture in the feed and is highly selective
towards acid gases in mixtures with nitrogen, oxygen, hydrogen
and methane even at very low concentrations [9-11]. In addition,
it was demonstrated in a recent contribution that TRI-PE-MCM-
41 is stable over a series of adsorption-desorption cycles when
appropriate regeneration conditions (e.g., 70 °C under vacuum) are
used [11]. Because of the excellent attributes offered by amine-
functionalized CO, adsorbents in general, and TRI-PE-MCM-41 in
particular, it is interesting to model their adsorption characteris-
tics to gain a better understanding of their behavior and for the
simulation of CO, capture processes using such materials.

In a separate contribution, an adsorption equilibrium model for
CO, on amine-functionalized silicas was developed based on the
occurrence of two independent adsorption mechanisms [12]. The
development of this model stems from earlier observations regard-
ing the interactions of CO, with amine-grafted mesoporous silica
under dry and humid conditions [13]. The data indicated that in the
presence of dry gaseous feed, CO, interacts chemically with amine
groups with a maximum CO,/N ratio of 0.5, consistent with the
formation of carbamate species, an observation that has been cor-
roborated by other groups using infrared spectroscopy [14,15]. In
addition, CO, can also adsorb physically on the surface of the mate-
rial, particularly at pressures beyond 0.05 bar at room temperature.
The equilibrium model was capable of describing the adsorption of
CO, and H,S over a wide range of concentrations and tempera-
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Table 1
Kinetic adsorption models.

Kinetic model Equation Differential form
Pseudo-first order qr = qe[1 — exp(—kst)] ddit‘ =kf(qe — qr)
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ture on our material and others, while providing parameters for
the prediction of adsorption capacity at equilibrium, based on the
structural properties of the adsorbent and its amine loading.

To gain further insights into the CO, adsorption on amine-
functionalized adsorbents and with the aim of building a strong
basis for simulation, the current contribution was devoted to
the development of a suitable kinetic model. To the best of
our knowledge, no kinetic models for CO, adsorption on amine-
functionalized mesoporous silica have been proposed so far. In
addition, based on the proposed kinetic model and the equilib-
rium model developed in a separate contribution [12], we were
able to simulate the adsorption of CO, in a fixed bed column using
computational fluid dynamics.

1.1. Kinetic models

Among the properties expected in a good adsorbent, fast adsorp-
tion kinetics is one of the most important, since the efficiency
of an adsorbent in dynamic processes, e.g., adsorption in a fixed
bed column, and its capacity to withstand large adsorbate flows
are associated with its rate of adsorption. Currently, the literature
provides a wide number of kinetic models. Because of the com-
plexity involved in the prediction of kinetic parameters, a typical
approach consists of fitting experimental data to a series of estab-
lished models, and selecting the one that provides the best fit. In
recent years, however, several researchers attempted to rational-
ize some of the most popular kinetic models [16-18], making it
possible to deduce information regarding the adsorbent-adsorbate
interactions. Three such models will be considered in this work,
including two of the most widely applied kinetic models, namely,
Lagergen’s pseudo-first order and pseudo-second order kinetic
models [19]. A fractional order kinetic model was recently devel-
oped based on Avrami’s kinetic model of particle nucleation [20]
and was applied to describe the adsorption of anionic dyes on an
aminopropyl-functionalized silica [21], making it attractive for our
work. Table 1 shows the list of equations associated with the kinetic
models explored in this work, where t is the time elapsed from the
beginning of the adsorption process, g; is the amount adsorbed at
a given point in time, and g. represents the amount adsorbed at
equilibrium.

To determine the adequacy of each model, an error function
based on the normalized standard deviation (Eq. (1)) was applied:

El‘l‘(%) _ \/Z [(qt(exp) - qt(mod))/(h(exp)]2 % 100 (1)
N-1

where Err(%) is the error function, gyexp) is the amount adsorbed
at a given time determined experimentally, Gy mod) iS the amount
adsorbed as predicted by the model and N is the total number of
experimental points.

Accordingly, it is necessary to determine g, to completely define
akinetic model. As mentioned earlier, we developed an equilibrium
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Fig. 1. CO, adsorption isotherm on TRI-PE-MCM-41 at 25°C (circles), 35°C
(squares), 45°C (triangles) and 55°C (diamonds). The solid lines represent the
isotherm model fit.

model to describe the adsorption over a wide range of CO, pressure
at temperatures from 25 to 55°C [12]. Although CO, adsorption
isotherms on TRI-PE-MCM-41 have already been reported, a typ-
ical adsorption isotherm for CO, on TRI-PE-MCM-41 is shown in
Fig. 1 for illustration. In addition, the model used to fit this data is
expressed in Eq. (2):

nsbhP nsbP
il vl B ey @
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where ng, b and t are the characteristic parameters of the model
and the subscripts “chem” and “phys” denote the contribution of
chemical and physical adsorption, respectively.

The temperature-dependent forms of the model coefficients
are:

o=t [ (1)
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where AH is the heat of adsorption at loadings close to zero, R is
the universal ideal gas constant, & and y are the parameters of the
temperature-dependent form of the Toth model and the subscript
0 refers to the parameters obtained at a reference temperature Tj.
The values of the equilibrium model parameters for CO, adsorption
using 25 °C as reference temperature are presented in Table 2.

1.2. Fixed bed column modeling

The establishment of equilibrium and kinetic models con-
tributes to the understanding of the adsorption phenomena, but
one of their main objectives from an engineering standpoint is the
description of a process for simulation and modeling. Using appro-
priate equilibrium and kinetic equations, the behavior of a fixed bed
column can be predicted. By comparison with experimental data,
it is possible to validate the adequacy of the model proposed.

Table 2

Isotherm parameters for CO, adsorption on TRI-PE-MCM-41 using 25 °C as reference temperature.
CO, uptake nso (mmolg1) bo (bar!) to X o4 AH (kjmol-1)
Qphys 6.98 2.74x 1071 9.62 x 107! 535 0 19.2
Qchem 3.64 1.25x 10° 2.24x 107! 0 6.05 x 102 67.3
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For adsorption in a fixed bed column, the mass transfer in the
gas phase can be modeled as a dispersed plug flow accounting for
mixing in the axial direction. As a general rule, the difference of
concentration in the radial direction is considered negligible when
the ratio of the column-to-particle radius is sufficiently large, typi-
cally above 10. The general mass balance equation for an adsorption
packed bed column is:

DLBZCA] R SO R [0 (50)] S (3)

o oz ot

where D; is the axial dispersion of the adsorbate in the gas stream,
z is the length in the axial direction, us is the superficial velocity of
the gas mixture, ¢ is the bed void fraction, t is time, C, is the con-
centration of the adsorbate in the gas phase and (dq/dt) is the rate
of adsorption. In the present study, the term (dq/dt) was calculated
from the kinetic models described in Section 1.1. The coefficients
of the various kinetic models are lumped values representing the
various levels of gas phase diffusion onto the solid adsorbent until
equilibration between the gas and adsorbed phases.

To solve the mass balance equation, the following assumptions
and limits were used:

At t<0:C=0; g=0

At t>0: Cpoz—0 = Co; (dCaldz)@s—; = (dCaldZ)@;—1—d;

At t=00:C =(C

where () is the concentration of the feed.

In this work, the inlet concentration of CO, was set at 5% balance
nitrogen since this concentration is of interest for some potential
applications, e.g., flue gas treatment and air purification in closed-
circuit breathing systems. It is thus possible to consider the gas
stream as a dilute solution, a condition under which the fluid veloc-
ity across the bed length is deemed constant. In addition, because
of the low concentration of CO,, an isothermal column operation
was assumed. This assumption simplifies the model since the mass
balance can be described without the use of an energy balance.
While admittedly the operation of a real adsorption column is typ-
ically adiabatic, it should be mentioned that the experiments were
performed in a column located inside a temperature-controlled
enclosure, which might lend support to the approximation of
isothermal conditions for this first attempt at modeling CO, adsorp-
tion on amine-grafted mesoporous silica.

The mass balance equation was solved by computational fluid
dynamics using the finite volume method [22]. This method
permits the solution of partial differential equations by the dis-
cretization of the system into segments referred to as control
volumes. It is assumed that concentration varies linearly within
the limits of the control volume and the mass transfer at the lim-
its of each control volume is continuous. The result is a series of
simultaneous equations from which it is possible to calculate the
concentration throughout discrete points of space and time. The
accuracy of this method relies heavily on the size of control vol-
umes, with smaller sizes providing a more accurate description
of the system but with increased computational requirements. In
this work, the convective-dispersive mass transfer was modeled
using the hybrid scheme in which the influence of axial dispersion
is considered significant only at Peclet numbers lower than 2. The
transient state was approximated with the totally implicit scheme,
in which the change of adsorbate concentration in each control
volume as a function of time is considered to be dependent only
on the conditions of the previous step in time. An iterative solution
routine was programmed using Microsoft Excel® Visual Basic for
Applications.

2. Experimental
2.1. Materials

Cab-0O-Sil M-5 fumed silica from Cabot was used as the sil-
ica source. Cetyltrimethylammonium bromide (CTAB, Aldrich) and
tetramethylammonium hydroxide (TMAOH 25%, balance water,
Aldrich) were used as structure directing agent and for pH
adjustment, respectively. The post-synthesis pore expander agent
was dimethyldecylamine (DMDA 97% purity, Aldrich). The graft-
ing agent 2-[2-(3-trimethoxysilylpropylamino)ethylamino]ethyla-
mine (herein referred to as TRI-silane) and polyethyleneimine (PEI,
M, =423) were obtained from Sigma-Aldrich. Ultra high purity
grade nitrogen and certified gas mixture of 5% CO, balance N, were
supplied by Linde Ltd., Canada. All reagents and gases were used
without further purification.

2.2. Synthesis of adsorbent

Detailed description of the synthesis of the amine-
functionalized mesoporous material used in the present work
was reported by Harlick and Sayari [8]. Briefly, MCM-41 type silica
was produced at 100°C in the presence of CTAB in basic condi-
tions using TMAOH. Subsequently, the pore size of MCM-41 was
increased by hydrothermal restructuring at 120 °C in the presence
of DMDA [23]. The surfactant template and pore expander agent
were removed by calcination in nitrogen, then in air at 550°C,
and the resulting material was labeled PE-MCM-41. The amine
functional groups were incorporated onto PE-MCM-41 by grafting
in toluene at 85°C in a 250 mL glass reactor. First, 0.3 mL of water
per g of silica was added to a PE-MCM-41 silica suspension in
toluene, followed by addition of TRI-silane (3 mL per g of silica).
Grafting proceeded for 16h, and then the product was filtered
and washed with toluene and pentane. The solid obtained was
dried in a natural convection oven at 100°C for 1h and labeled
TRI-PE-MCM-41. Finally, as fine powder produces large pressure
drops in packed bed columns, pellets were produced as follows.
The powdered form of TRI-PE-MCM-41 was loaded in a dye and
compressed under a load of 450 kg cm~2 using a hydraulic press.
As reported earlier, such a pressure did not affect significantly
the structural properties of the adsorbent [24]. The particles thus
produced were crushed and sieved between openings of 0.82
and 0.41 mm (i.e., 20 and 40 mesh, respectively). Another sample
used in this investigation was prepared by dispersing PEI on
PE-MCM-41, following the recipe by Xu et al. [25]. An amount of
1 g of PEl was dispersed in methanol at room temperature followed
by addition of 1g PE-MCM-41 to the mixture under continuous
stirring. The mixture was stirred overnight under ambient air
until complete evaporation of the solvent. The resulting solid was
labeled as PEI-PE-MCM-41.

2.3. Characterization

The structural properties of the adsorbent were determined by
nitrogen adsorption measurements at 77 K using a Micromeritics
ASAP 2020 volumetric instrument. The sample was treated under
vacuum (i.e., 0.5 mmHg) at 100°C for 5h before adsorption mea-
surements. Surface area was determined using the BET method,
while the pore volume was considered as the volume of liquid
nitrogen adsorbed at a relative pressure close to 1. The pore size
distribution was obtained using the KJS method [26]. Additionally,
the organic content was determined by thermogravimetric anal-
ysis (TGA) using a TA Q-500 instrument. The sample was heated
at 10°Cmin~! under flowing nitrogen up to 800°C followed by
decomposition in the presence of air at the same heating rate and
up to 1000°C.
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Fig. 2. Experimental setup for CO, adsorption in a packed bed column.

2.4. CO, adsorption measurements

The uptake of CO, as a function of time was monitored using the

TA instrument mentioned above. A sample of ca. 0.03 g of TRI-PE-
MCM-41 was loaded in a platinum crucible with a depth of 5 mm.
Once loaded, the sample was activated by heating at 10°Cmin~!

up to 150 °C for TRI-PE-MCM-41 and up to 100 °C for PEI-PE-MCM-
41 under flowing nitrogen for 2 h. It was then cooled to the desired
temperature (i.e., 25, 40, 55 or 70 °C) and exposed to a flowing mix-
ture of 5% CO, balance nitrogen at 100 mLmin~. Previous studies
showed that under such conditions, adsorption of nitrogen on TRI-
PE-MCM-41 is negligible [9]. According to the analysis presented by
Barrie et al. [27], for gravimetric measurements in a microbalance,
when a shallow layer of adsorbent is combined with a sufficiently
high adsorbate flow rate, the influence of axial dispersion through
the adsorbent layer does not affect significantly the experimen-
tal measurement. Furthermore, similarly to zero-length columns,
it was proven that at low adsorbate concentration the operation
could be considered isothermal despite the inherent release of heat
associated with CO, adsorption. Since our experimental procedure
meets these conditions, the assumptions of negligible axial disper-
sion and isothermal operation were considered adequate for the
TGA measurements. The experimental CO, uptake as a function
of time was fitted to each kinetic model listed in Table 1 using a
regression on their linearized forms.

The experimental setup used for CO, adsorption studies in a
packed bed column is represented schematically in Fig. 2. A sam-
ple of ca. 0.45 g of TRI-PE-MCM-41 with 20-40 mesh particle size
was loaded in a stainless steel column with inner diameter of
0.43 and 12 cm of packed height. Before each run, the adsorbent
was activated for 2 h using a flow of 50 mLmin~! of helium, while
maintaining the column at 150 °C using an electric oven with tem-
perature control. The temperature was then lowered to 25°C, and
the flow was switched to a mixture of 5% CO, balance nitrogen at
50, 30 or 15mLmin~!, equivalent to a contact time of 0.024, 0.04
and 0.08 min, respectively. The column downstream was contin-
uously monitored using a Pfeiffer Thermostar mass spectrometer
(MS). The experimental breakthrough curves of CO, were obtained
from the MS signal corresponding to 44 amu.

The dynamic adsorption capacity (q) of the column was calcu-
lated using Eq. (4):

FCotg
=94 4
q=— (

where Fis the total molar flow, Cy is the concentration of the adsor-
bate in the feed stream, W is the mass of adsorbent loaded in the
column, and tg is the stoichiometric time, which is estimated from
the breakthrough profile according to Eq. (5) [28]:

tq=/0m<1g'3)dt (5)

where Cy and C, are the concentrations of the adsorbate upstream
and downstream the column, respectively.

3. Results and discussion

Nitrogen adsorption-desorption isotherms for TRI-PE-MCM-41
and PE-MCM-41 are presented in Fig. 3, while TGA profiles are
shown in Fig. S1 (Supplementary Information). The structural prop-
erties deduced from nitrogen adsorption data are presented in
Table 3. The shape of the nitrogen adsorption isotherms for PE-
MCM-41 and TRI-PE-MCM-41 correspond to Type IV according
to the IUPAC classification, which is associated with mesoporous
materials. Fig. 3 also shows that after impregnation of PEI on PE-
MCM-41, most of its pore volume and surface area were lost,
in agreement with observations by other workers studying PEI-
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Fig. 3. Nitrogen adsorption (closed symbols) and desorption (open symbols)
isotherms for PE-MCM-41 (circles), TRI-PE-MCM-41 (squares) and PEI-PE-MCM-41

(triangles).
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Table 3
Structural properties of mesoporous materials.
Surface area Pore volume Mean pore
(m?g) (em?g) size (nm)
PE-MCM-41 1134 2.62 10.9
TRI-PE-MCM-41 429 1.05 9.6
PEI-PE-MCM-41 21 0.04 8.2

loaded mesoporous silica with high organic content [25,29-32].
Moreover, TRI-PE-MCM-41 maintained a mesoporous nature after
the incorporation of functional groups, which is a key feature
for an effective adsorbent [13]. Although incorporation of organic
molecules resulted in a decreased surface area, in the case of TRI-
PE-MCM-41 it remained relatively high (429 m2 g~1). The loading
of amine groups for TRI-PE-MCM-41 was 7.27 mmol g~1.

3.1. Adsorption kinetics

Fig. 4 shows the CO, uptake vs. time at 25, 40, 55 and 70°C,
and the corresponding profiles as predicted by the different kinetic
models. In general, fast adsorption kinetics were observed with
more than 80% of the total CO, uptake on TRI-PE-MCM-41 occurring
within the first 40 s of contact time. Table 4 shows the values of the
kinetic constants and the characteristic parameters of the kinetic
models, along with the associated errors as calculated using Eq. (1).

It was observed that the pseudo-first and pseudo-second order
kinetic models presented some limitations with respect to the pre-
diction of CO, adsorption on TRI-PE-MCM-41. At 25 °C for example,

after a few seconds the pseudo-first order model underestimated
the CO, uptake, up to ca. 100s. After this time, the CO, adsorbed
was consistently overestimated until the process approached equi-
librium. On the other hand, the pseudo-second order appeared to fit
the process accurately, but only beyond ca. 300s. These results are
in agreement with earlier reports, suggesting that the pseudo-first
order kinetic model is applicable only under low surface cover-
age, and hence describes the early stages of adsorption [18,33].
It was also proposed that the pseudo-second order kinetic model
represents adsorption at high adsorbate loadings. The adequacy
of the pseudo-first order kinetic model at low surface coverage
can be used to describe the behavior of CO, adsorption on purely
siliceous MCM-41 and PE-MCM-41, for example. Indeed, because
of the low adsorption capacity of non-functionalized mesoporous
silica at CO, concentration of 5%, the surface coverage can be con-
sidered low, even at equilibrium. Hence, as previously reported by
our group [9], the pseudo-first order kinetics successfully described
CO, adsorption on purely siliceous adsorbents. However, when
applied to CO, adsorption on the functionalized adsorbent, this
model presented some limitations, deviating significantly from the
experimental data after the first few seconds of the adsorption pro-
cess, presumably after the adsorbate surface coverage became high
enough. This is clearly consistent with the plot of the linearized
form of the kinetic model, available in Supplementary Data (Figure
S2), where a deviation from linearity occurred after a few seconds
of contact time. Nonetheless, for practical purposes, the values of
ks presented in Table 4 can be used within an acceptable degree of
accuracy, since the calculated error within the range of tempera-
ture considered did not exceed 8%. The attractiveness in using the

Table 4
Values of the kinetic model parameters for CO, adsorption on TRI-PE-MCM-41.
25°C 40°C 55°C 70°C
Pseudo-first ke (s71) 3.61x 1072 3.96 x 1072 4.01 x 1072 4,12 %1072
Err(%) 5.7 45 3.1 8.3
Pseudo-second ks (gmmol-'s1) 2.10 x 102 3.11x 1072 5.06 x 102 5.63 x 102
de (mmolg) 2.06 1.95 1.71 1.40
Err(%) 12.8 13.0 36.2 27.1
Avrami ka(s71) 3.92 x 1072 4,02 x 1072 412 %1072 421 %1072
ny 1.46 1.36 1.41 1.41
Err(%) 3.5 2.8 1.7 2.8
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Table 5
Dg/rg (s~1) values for CO, adsorption on TRI-PE-MCM-41 and NaY.

TRI-PE-MCM-41 NaY [36]
Pseudo-first Fickian
25°C 2.41x1073 2.66 x 1073 3.01x10°*
40°C 2.64x 1073 2.96 x 1073 6.77 x 10~4
55°C 2.67x1073 2.98 x 1073 1.41x10°3
70°C 2.74 x 1073 3.06 x 1073 2.76 x 1073

pseudo-first order kinetic model is twofold: (i) due to its simple
mathematic expression, it has been widely applied for the study and
modeling of adsorption systems and (ii) it can be used to determine
kinetic properties like micropore diffusion when the geometry of
the particles is known [34]. For example, if interparticle diffusion
is considered the rate-limiting step and the particles are assumed
to be comprised of spheres with the same size, a diffusivity factor
can be calculated using Eq. (6):

Ds
kf =15—= 6
(f rpz ( )

where Ds is the diffusivity in the solid and rp, is the radius of a
particle.

It is also possible to obtain values of diffusivity from the exper-
imental uptake profile using a Fickian diffusion model of the form
[35]:

oo

¢ 6 1 D

% =1- FZ;TZ exp <—n2n2rp§ ) (7)
n=1

Accordingly, the Fickian diffusion model was used to corrob-
orate the values of Ds /rg calculated from the pseudo-first order
model (Eq. (6)). A value of Ds/rg can be obtained from the slope
of a linearized form of Eq. (7). A plot of CO, uptake on TRI-PE-
MCM-41 and its fit to the linearized form of Eq. (7) can be found in
Supporting Information, along with its corresponding linear regres-
sion parameters (Figure S5 and Table S1). Table 5 shows that the
values ost/rf, obtained using both approaches are within ca. 10%
from each other. The closeness of Ds/rg values suggests that the
first order kinetic model parameters can be used with an acceptable
level of confidence to describe the CO, uptake on TRI-PE-MCM-41.
The difference between these values can be mainly attributed to the
assumptions of particle shape and equal size used in Eq. (6), as devi-
ations likely occurred. For comparison, Table 5 also shows values of
Ds/rg reported in literature for CO, adsorption on NaY zeolite [36].
The relatively higher values of Dg/rg in the case of TRI-PE-MCM-41
represent lower diffusion limitations, which can be attributed to a
larger pore size than NaY zeolite and could be translated into faster
adsorption kinetics.

As seen in Fig. 5, the pseudo-second order kinetic model fits
the experimental data once the CO, uptake slows down. Although
a good fit was obtained on the linearized form of the pseudo-
second order model (Supporting Information, Figure S3), the value
of Err(%) was higher compared with the pseudo-first order model,
the main source of error being its inability to fit the uptake at
the beginning of the process. However, other characteristics of the
pseudo-second order kinetic model may be useful. For example,
this model does not require a priori determination of the amount
adsorbed at equilibrium, as it can be deduced from the linear regres-
sion of the experimental data [19]. The values of g, reported in
Table 4 reflected closely the experimental adsorption capacity at
equilibrium. Nevertheless, as observed by Royer et al. [37], the value
of ks depends strongly on the initial concentration of the adsorbate.

The best fit to a kinetic model was obtained using Avrami’s
equation. The calculated order of this model was of ca. 1.4, and
varied in less than 5% with respect to the adsorption temperature

Avrami
A=682x102s"

/ Ea=1.38 kJ mol"!
o

< Pseudo-first order
c 331 A=9.49x102s" 5
Ea=2.35kJmol’
-3.4r

1 1 1 1

-3.5
0.0029 0.003 0.0031 0.0032 0.0033
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Fig. 5. Arrhenius plots for the kinetic constants obtained by pseudo-first order and
Avrami kinetic models.

within the range studied. According to Cestari et al. [20,21], the
fractional order of this model stems from the complexity of the
reaction mechanisms or the occurrence of more than one reaction
pathway. It is thus possible that the excellent fit of Avrami’s kinetic
model resulted from its capacity to account for the CO, uptake by
chemical and physical adsorption demonstrated earlier [13]. A fur-
ther advantage of Avrami’s equation is that the kinetic constant,
expressed in s~1, is independent of the initial concentration of the
adsorbate [37].

Since the pseudo-first order kinetic model and Avrami’s model
were considered adequate, we used the corresponding kinetic
coefficients at various temperatures (i.e., 25, 40, 55 and 70°C) to
calculate the parameters of an Arrhenius type equation (Eq. (8)) by
a linear regression on its linearized form:

k=A exp (_Ea) (8)

RT

where A is the Arrhenius preexponential factor, Eg is a term associ-
ated with the activation energy, Ris the universal ideal gas constant,
and T is temperature. Eq. (8) can be used to predict values of the
kinetic constant (k) at a certain temperature, which can be useful
to describe non-isothermal behavior.

Fig. 5 shows the plots of the linearized Arrhenius equation, along
with the corresponding values of A and E,. As seen, there is a dis-
crepancy between the values of E, for the different kinetic models.
However, caution should be exercised when attempting to asso-
ciate E; with the actual activation energy in the case of models with
a kinetic order other than one. For example, as demonstrated by
Azizian et al. [17], the value of k obtained from the pseudo-second
order kinetic model is not the kinetic constant for adsorption in
a strict sense, but rather a complex function involving different
parameters such as the kinetic constant for desorption, the surface
coverage at equilibrium and the change of adsorbate concentra-
tion during the process. In a similar manner, the fractional order
in the Avrami model suggests that the value of k, is an overall
constant representing various reaction steps. The Arrhenius equa-
tion in these cases is useful to predict k at different temperatures,
although the adequacy of these semi-empirical models to deter-
mine thermodynamic parameters is still debatable.

Recent effort was devoted to the development of PEI-
impregnated on mesoporous silica [25,29-32] and carbon [38,39]
as they reportedly exhibit high CO, adsorption capacity. Conse-
quently, it was of interest to determine the kinetic properties of
PEI-impregnated PE-MCM-41 silica for comparison with TRI-PE-
MCM-41. Fig. 6 shows profiles of CO, uptake on PEI-PE-MCM-41 at
25 and 70°C. According to most of the reports presented in the lit-
erature, the optimum CO, uptake on PEI-impregnated materials, in
terms of both adsorption capacity and kinetics, was observed at ca.
75 °C. However, this was not the case of the present study. While it
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Fig. 6. Experimental CO, uptake on PEI-PE-MCM-41 and corresponding fit to kinetic models.

was evident that PEI-PE-MCM-41 presented a slow uptake at room
temperature, after a long contact time it exhibited a high g.. The
adsorption capacity was lower at 75 °C, but its kinetic behavior was
much more favorable, reaching an uptake of 80% of its total capacity
after ca. 10 min of contact time. Thus, it is possible that either (i) the
results at room temperature presented in previous studies were not
at, or sufficiently close to, equilibrium due to the particularly slow
kinetics, producing an apparently higher g, at ca. 75 °C because of
significantly improved kinetics, or (ii) the large pores of the support
used in this work offered a comparative advantage permitting a bet-
ter, albeit slow, access to amine groups even at room temperature.
The unfavorable kinetics of PEI-impregnated materials at room
temperature has been widely reported [25,29-32], and a series of
explanations have been put forth. In general, it is believed that PEI
agglomerates in a bulk, liquid-like phase inside the pores, generat-
ing strong diffusion limitations to CO, leading to an inefficient use
of amine groups. As temperature increases, diffusion through the
PEI phase improves accompanied with a facilitated uptake of CO,.

Table 6 shows the kinetic parameters obtained for PEI-PE-MCM-
41 using the pseudo-first and Avrami’s kinetic models. It was
observed that the first order kinetics provided an adequate descrip-
tion of the adsorption of CO, at 25°C since the Err(%) value was
small and even Avrami’s model produced a kinetic order close to
unity. This was not the case at 70 °C, as Avrami’s kinetic order was
a fractional value, suggesting a change in adsorption mechanisms,
consistent with the hypothesis that a different physical state of PEI
occurs at higher temperature. It was also evident that even at 70 °C,
the kinetics of CO, adsorption on PEI-PE-MCM-41 is comparatively
slower than that of TRI-PE-MCM-41. Since Avrami’s model pro-
duced orders with different values, a fair comparison can be made
based on kf for the first order kinetics model. As seen, PEI presented
a kr of 6.81 x 1073 at 70°C, while it was 4.12 x 1072 for TRI-PE-
MCM-41 under the same conditions. The comparison was more
dramatic for adsorption at room temperature, where TRI-PE-MCM-
41 had a kinetic constant two orders of magnitude higher than
its PEI-impregnated counterpart. The combination of high amine
loading and open pore structure represents a distinct advantage
of TRI-PE-MCM-41 in terms of rate of adsorption. It is thus rea-
sonable to conclude that, although a high concentration of amine
groups can be obtained by PEI impregnation on mesoporous silica,
the favorable kinetics of TRI-PE-MCM-41 leads to more efficient
CO, separation processes.

Table 6
Values of the kinetic model parameters for CO, adsorption on PEI-PE-MCM-41.
25°C 70°C
Pseudo-first ke (s71) 253x10°4 6.81x1073
Err(%) 6.3 12.4
Avrami ka (s™1) 2.35x 1074 2.96 x 103
na 0.97 0.52
Err(%) 6.3 17.9

Table 7
Adsorption bed characteristics and operating conditions for fixed bed adsorption
experiments.

Packed bed length (z) 12cm
Inner column diameter 0.42cm
Bed porosity (¢) 0.38

Particle density (op) 880 mgcm—3
Feed gas composition 5% CO3; 95% Ny
Total pressure 1atm

Axial dispersion coefficient (D) 0.167 cm?s-12

a Source: Geankoplis [28].

3.2. Fixed bed column adsorption

To predict breakthrough curves, we studied the adsorption of
CO, in a fixed bed column packed with TRI-PE-MCM-41 pellets.
The characteristics of the adsorption bed and the operating condi-
tions are summarized in Table 7. A series of typical experimental
breakthrough curves of CO, are presented in Fig. 7. The steep nature
of these curves is indicative of an efficient use of the adsorbent in
dynamic processes, in line with high rate of adsorption. In actual
applications, the adsorption columns are regenerated before break-
through occurs, so one of the main uses of a simulation model is its
capacity to predict the breakthrough time (t;,) and the correspond-
ing uptake (qp). In this work, t;, was defined somewhat arbitrarily
as the time corresponding to C4/Co = 10%, although this value may
vary according to the specific requirements of each application. In
accordance with the generally accepted behavior of a packed bed
column, q;, under the smallest flow rate (15 mL min—!) was the clos-
est to ge, as a result of increased contact time and a shorter mass
transfer zone. As seen in Table 8, g, for TRI-PE-MCM-41 decreased
from 1.89 mmol g~ at a flow rate of 15mLmin~! to 1.56 mmol g~!
at 50mLmin~!. Considering the particularly short retention time
at 50mLmin~!, it can be said that the adsorbent is remarkably
efficient as its g, represents more than 75% of its qe.
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Fig. 7. Experimental (dashed lines) and predicted (solid lines) breakthrough curves
of 5% CO, balance N, on TRI-PE-MCM-41.
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Table 8
Experimental and predicted values of t, and g,.
F(mLmin~1) Experimental® Model
ty (s) gy (mmolg™1) th (s) gy (mmolg™1)
15 1524 + 28 1.89 + 0.03 1450 1.80
30 714 £ 23 1.77 £ 0.06 675 1.67
50 380 + 24 1.56 + 0.09 375 1.54

2 Average values of three experimental runs.

Because of the excellent behavior of Avrami’s kinetic model, it
was chosen for the modeling of CO, adsorption in a fixed bed col-
umn. The concentration of CO, downstream the column predicted
by the model is also presented in Fig. 7, where it can be compared
with the experimental data. Although not shown, a preliminary
study to determine the appropriate size of control volumes and
time steps was performed by systematically decreasing their val-
ues. It was found that under the conditions used in this study, no
significant change was observed when the time steps were of 0.01 s
or smaller combined with control volumes of less than 1/20 of the
total length of the column. All the simulations presented herein
were obtained using these values.

As seen in Table 8, the predicted t, was in all cases close to the
experimental data. It is particularly interesting to notice that the
breakthrough curve generated by the model reproduced the asym-
metry observed in the experimental curve, with a slower increase of
downstream concentration beyond C4/Cy of ca. 0.60. These results
corroborate the utility of the fixed bed column model used to pre-
dict CO, adsorption on TRI-PE-MCM-41, reflecting the adequacy
and usefulness of the proposed kinetic and equilibrium models.
Some differences between the predicted breakthrough curves and
the experimental data presented in Fig. 7 were observed when
Ca/Co approached 1, particularly in the breakthrough curves cor-
responding to 15 and 50 mLmin~'. Indeed, some experimental
signals showed a slower than expected approach to saturation.
However, this behavior did not occur in all cases, indicating that it
is most likely attributable to experimental errors, related to either
the accuracy of the instrument and/or to a slightly drifting baseline.

Although a small discrepancy (i.e., less than 10%) was observed
between the experimental and predicted values of g;, as shown in
Table 8, the latter were consistently lower, suggesting the occur-
rence of a systematical error. This error might be a result of the
assumptions made to solve the fixed bed model, in addition to those
of the kinetic and equilibrium models. Nonetheless, considering all
the potential sources of error, the level of accuracy observed is a
strong indication that the proposed models provide an acceptable
representation of the behavior of CO, adsorption in a fixed bed
column containing amine-functionalized mesoporous silica.

4. Conclusions

This study presented for the first time a kinetic analysis of CO,
adsorption on amine-functionalized materials at low adsorbate
concentrations and an attempt at modeling the behavior of a fixed
bed column. The adsorption kinetics of CO, on TRI-PE-MCM-41, an
amine-grafted mesoporous adsorbent, was successfully described
using Avrami’s kinetic model with a reaction kinetic order of 1.4.
This was attributed to the ability of Avrami’s model to describe
complex adsorption mechanisms as a result of its fractional order.
This model was capable of describing the uptake of CO; in the tem-
perature range of 25-75 °C, with a standard deviation of less than
3.5%. It was also demonstrated that TRI-PE-MCM-41 offers more
favorable kinetics than PEI-impregnated pore expanded MCM-41
silica. The kinetic model developed herein, in conjunction with the
equilibrium model proposed in a previous work, was applied to
describe the adsorption of CO, in a fixed bed column. By solving

the mass balance equation of a fixed bed adsorption column using
computational fluid dynamics, t, was accurately predicted for dif-
ferent flow rates. Moreover, the shape of the breakthrough curve
as predicted by the model was in close agreement with the exper-
imental data. This suggests that computational fluid dynamics can
be used to describe CO, adsorption on amine-containing materi-
als and that the equilibrium and kinetic models developed for the
adsorption of CO, on TRI-PE-MCM-41 are adequate.
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