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Abstract— We relax several assumptions in the model from
our previous work that was published in 2016 to model isother-
mal CO2 adsorption columns based on breakthrough curves
and calorimetry measurements. The unknown parameters in
the models are determined by minimizing the integral in time
of the squared difference between the model prediction and
experimental measurement. In a previous effort, only the CO2
adsorption behavior was used to develop the model. In this
work, we include calorimetry data to improve the model. Based
on the simulation result and theoretical prediction, we conclude
that physical adsorption and/or elementary reactions may need
to be considered in the model.

I. INTRODUCTION

In recent years, extensive research effort has been dedi-
cated to CO2 capture technology due to CO2’s contribution
to global climate change [13], [15], [29]. Technologies to
mitigate CO2 include pre-combustion carbon capture, post-
combustion carbon capture and oxy-combustion [19], [20],
[11]. Compared with other technologies, post-combustion
carbon capture has the advantages of easier implementa-
tion in existing plants and maintenance operations don’t
require main plant operation cycle to shut down [3]. Post-
combustion capture materials include membranes [28], CO2
capture sorbents [5], [14], metal organic frameworks[30],
enzyme-based system [1], aqueous ammonia [10], [16] and
Higee technology [31]. While aqueous ammonia is a mature
technology, CO2 capture sorbents have less causticity and
consume less energy during CO2 desorption [31].

To understand and predict the dynamics of CO2 sorption
in a fixed bed column, many models have been proposed in
the literature [17], [7], [12], [27], [3], [21], [9], [26], [6].
In Heydari-Gorji’s work [12], an adsorption model based on
Avrami’s equation was proposed. In Monazam’s work [23],
different adsorption models were compared to determine the
equilibrium relationships between sorbent and sorbate; the
adsorption rate was considered to be a function of CO2
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concentration, fraction of sites which are occupied by ad-
sorbed gas and temperature. However, axial dispersion in the
bed wasn’t considered. Knox’s work [18] considered axial
dispersion in the bed, but an unphysical assumption of linear
driving force was made. Bollini and coworkers considered
both heat and mass transfer in their model [4], but they were
unable to capture the temperature profile in their model.
In previous work by our group [2], we proposed a model
to circumvent the unphysical assumptions of linear driving
force and uniform adsorption rates; unknown parameters
were determined using the breakthrough curves; however
the heat released as measured by microcalorimetry due to
adsorption couldn’t be accurately captured by the model.

The current work attempts to improve the accuracy of our
previous model. It relaxes some assumptions that were made
in that model, and then considers different reaction mech-
anisms to describe the experimental observations. Physical
quantities are estimated (including CO2 adsorption capacity,
relevant rate constants and heat of reaction) by minimizing
the deviation of the model prediction from the experiment
measurements in time. In our previous model, we only
looked at the concentration of CO2 when it’s being adsorbed
by the reactor. To provide a richer behavior for estimation,
we also utilized the concentration of CO2 when it’s being
desorbed and the associated calorimetry profiles at various
temperatures.

II. EXPERIMENTAL APPARATUS

The adsorption behavior of CO2 was studied in a home-
built breakthrough reactor (BTR) with PEI-impregnated
SiO2 in it. A pulse of CO2 was introduced to the packed bed
through a 10-way valve which switches between the purge
gas and adsorptive gas (10% CO2/1% Ar/He). Ar served as
a tracer gas in order to accurately determine the total CO2
capacity of the packed bed and correct for valve dynamics.
The effluent gas was monitored with a mass spectrometer.
A differential scanning calorimeter was used to measure the
transient heat flow necessary to maintain the packed bed at
isoperibol conditions. BTR curves were measured at 25°C,
40°C, 50°C, 60°C, 70°C and 80°C.

III. DERIVATION OF BTR SPATIOTEMPORAL MODEL

In order to derive a physically relevant model we avoided
implementing unphysical assumptions made in other reports
[4], [12], [18]. However, to reduce model complexity we did
make the following assumptions

1) The process is isothermal.
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2) CO2 concentration gradient in the axial direction is
considered; radial gradients can be neglected.

3) Helium and Argon do not sorb.
4) The transport behavior (dispersion, convection) of He-

lium and Argon are identical.
5) The thermodynamic behavior of all gaseous species can

be described by the ideal gas equation of state.
To extend our previous results [2] and improve the ac-

curacy of the proposed model, we relaxed the following
assumptions

(i) The total concentration of accessible sites on the sor-
bent column remains constant.

(ii) The superficial velocity is uniform in space.
To justify relaxing Assumption (i) we considered that

although the total concentration of the active sites should be
the same at different temperatures, the higher kinetic barrier
for the diffusion of CO2 at lower temperatures reduces the
number of accessible sites. [22]

Based on Assumption 3 and 5, the concentration of Ar
will increase when CO2 is sorbed, therefore the superficial
velocity will decrease (Assumption ii).

A. Transport equation

Based on the mole balance, we can obtain: [2]

∂CCO2

∂t
= −

∂FCO2z

∂z
− 1− ε

ε
ρbrads (1)

where z is the distance in axial direction of the bed, t denotes
time, CCO2

refers to the concentration of CO2 in the gas
phase. FCO2z

is the molar flow rate @ z. ρb[kgcat/m3]
denotes the density of the bed and rads is the adsorption rate
of CO2. ε refers to the void fraction. By applying Fick’s first
law,

FCO2z
= −DL

∂CCO2

∂z
+ uiCCO2

(2)

where ui = us

ε denotes the interstitial velocity and us is the
superficial velocity. The axial dispersion coefficient DL is
determined by

DL = γ1Dm + 2γ2Rpui (3)

where γ1 = 0.45 + 0.55ε and g2 = 0.5 [24]. To consider
the dependence of diffusion coefficient Dm on temperature,
Chapman-Enskog theory is applied. By substituting Eq.2 in
Eq. 1, we obtain

(4)

∂CCO2

∂t
= DL

∂2CCO2

∂z2
− us

ε

∂CCO2

∂z

−
CCO2

ε

∂us
∂z
− 1− ε

ε
ρbrads

The superficial velocity varies in space because of the
adsorption and desorption of CO2. We assume the pressure
drop is negligible; therefore:

CCO2
+ CHe + CAr = const. (5)

We assume the concentration change over time of He and
Ar is negligible; therefore the molar flow rates of He and Ar
are uniform. The superficial velocity over space becomes

us|0(CHe|0+CAr|0) = us(CHe|0+CAr|0+CCO2
|0−CCO2

)
(6)

B. reaction mechanism

In this work, we modified the one reaction mechanism
used in our previous work, called dual-site chemisorption
scheme. It is the common carbamate mechanism with no
distinction as to the nature of amine sites. Since the elemen-
tary reactions are lumped into one reaction, the number of
parameters in the model is reduced.

CO2(g) + 2 S
k1−−⇀↽−−−
k−1

S(CO2)S ∆H (7)

where S refers to site and S(CO2)S refers to one molecular
of CO2 is adsorbed to two sites.

The overall adsorption rate is

rads = k1PCO2
C2

S − k−1CS(CO2)S
(8)

Previously [2], the equilibrium adsorption constant was
used to reduce the number of unknown parameters in the
model. Presently, we no longer use such constants because
the reactions are not at equilibrium after breakthrough.
Another reason is the calculated total amount of adsorbed
CO2 may not be accurate because of the baseline change
and the long tail in the breakthrough curves.

C. parameter estimation

Prior to each adsorption experiment, we purged pure
helium through the reactor. When the adsorption experiment
begins at t = 0, adsorptive gas that contains CO2, Ar and
He enters the reactor; at t = t1, the sample is saturated and
the concentration of CO2 in the outlet reaches maximum; at
t = t2 the gas will be switched back to pure He. We call
[0 t1] “upswing” ; [t1 t2] “plateau period” ; [t2 t3] is called
“downswing” . Since the length of plateau period (around
9000s) is much longer than upswing (around 300s) and
downswing (around 1000s), we only consider the deviation
of the estimated breakthrough curve and heat profile from the
experiment result during the upswing and the downswing.
The integral of the deviation over time is balanced by the
length of each period so that the data in the upswing and the
downswing is equally weighted when solving the problem.
The unknown parameters are determined by minimizing the
deviation (Eq. 9).

The unknown parameters include rate constants (k1, k−1),
heat of sorption (∆H), total number of sites (Ct) and
dt, which is used to align the heat flow data stream and
the breakthrough curve data stream. We denote the set of
unknown parameters by Ui, where i indicates a different
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experimental temperature

U∗
i =argmin

Ui

(
α
( 1

t1(CexpCO2,max,up
)2

∫ t1

0

(CCO2
(L, t)

− CexpCO2
(L, t))

2
dt+

1

(t3 − t2)(CexpCO2,max,down
)2

∫ t3

t2

(CCO2
(L, t)

− CexpCO2
(L, t))

2
dt
)

+( 1

t1(QexpTi,max,up
)2

∫ t1

0

(QTi
(t)−QexpTi

(L, t))
2
dt+

1

(t3 − t2)(QexpTi,max,down
)2

∫ t3

t2

(QTi(t)−Q
exp
Ti

(t))
2
dt
))

(9)

where CCO2max
and QTimax denote the maximum of break-

through curves and heat profile at T = Ti. The superscript
exp refers to the experiment result and superscript ∗ denotes
optimal values. When α = 1, the deviation of the break-
through curve and heat flow profile are penalized equally in
the optimization problem. When the concentration of CO2
in the outlet increases to the maximum, the error of all the
models becomes negligible; yet the model prediction of heat
flow does not match the experiment result. Because of this,
the values of the last 2 terms in Eq. 9 are larger than those
of the first 2 terms if α is 1, which will result in the better fit
of heat flow profile than the breakthrough curves because the
deviation of heat flow profile are penalized more compared
with the deviation of breakthrough curves. To balance the
two different data streams we choose α = 10.

IV. RESULT AND DISCUSSION

The simulation prediction and experiment result of the
breakthrough curves and heat profile is given in Fig. 1. It
can be seen the model capture the experiment behavior very
well. However, the determined rate constant of the forward
reaction decreases as temperature increases, which doesn’t
obey the Arrhenius equation. One of the explanations is the
activation energy of reverse reaction is larger than that of
the forward reaction [25] since the reaction in our model
is a lump of many reactions. Another possible reason is
CO2 has to be physically adsorbed first before it reacts
with amine [8]. Physically adsorption rate decreases as
temperature increases, which results in the apparent negative
activation energy. To address this issue, physical adsorption
and/or elementary reactions may need to be considered in
the model.

V. CONCLUSIONS

In this work, we relaxed an assumption in the previous
work improve the accuracy of the model for CO2 sorption,
and determined the unknown parameters by minimizing the
deviation of the model prediction from the experiment result.
The prediction fits the experiment result, but suffers from
the negative activation problem. Physical adsorption and/or
elementary reactions may need to be considered to address
this issue.
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Fig. 1: Temporal profiles of experimentally observed nor-
malized concentration of CO2 and respective heat flow
during upswing and downswing for different temperatures
presented with dashed red lines, and the respective simulation
predictions presented with solid lines.
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