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Abstract—This study introduces a dynamic mass transfer model for the fixed-bed adsorption of a flue gas. The deri-
vation of the variable mass transfer coefficient is based on pore diffusion theory and it is a function of effective poros-
ity, temperature, and pressure as well as the adsorbate composition. Adsorption experiments were done at four different
pressures (1.8, 5, 10 and 20 bars) and three different temperatures (30, 50 and 70 °C) with zeolite 13X as the adsorbent.
To explain the equilibrium adsorption capacity, the Langmuir-Freundlich isotherm model was adopted, and the param-
eters of the isotherm equation were fitted to the experimental data for a wide range of pressures and temperatures.
Then, dynamic simulations were performed using the system equations for material and energy balance with the equi-
librium adsorption isotherm data. The optimal mass transfer and heat transfer coefficients were determined after itera-
tive calculations. As a result, the dynamic variable mass transfer model can estimate the adsorption rate for a wide
range of concentrations and precisely simulate the fixed-bed adsorption process of a flue gas mixture of carbon dioxide

and nitrogen.
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INTRODUCTION

An international consensus for reducing carbon dioxide (CO,)
emissions is spreading worldwide, and as a result, interest in car-
bon capture and storage (CCS) technologies has gained wide atten-
tion. CCS is a comprehensive term that includes CO, capture, con-
version, transport and storage technologies. Among these, CO, cap-
ture is an older technology compared to other CCS technologies.
With the currently available technology, the concentration of CO,
in the atmosphere is controlled by separating CO, from its emis-
sion sources like power plants and transported to storage facilities
for further use in the future. Still, CO, capture is a research field
that is the most progressive among CCS technologies and further
studies are constantly being done [1].

Several methods for CO, capture have been proposed, and the
representative methods are as follows: 1) liquid absorption [2,3], 2)
solid adsorption [2-4] and 3) hydrate-based crystallization [5,6]
The absorption technology normally uses liquid solvents as well as
a significant amount of energy for the heating, cooling, and recy-
cling of the carrier solvent. For example, a plant designed to cap-
ture 1,000 tons/day of CO, using the absorption technology for coal-
fired flue gases costs $29.50 (USD) per tonnage production of CO,
[7]. To have economic potential, the cost should be half that of the
reference plant for 1,000 tons/day by considering the cost of CO,
transportation and storage. As an alternative, sorption technologies
using adsorbents have been widely studied to reduce the energy
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consumption. Various types of processes using adsorption tech-
nologies have been considered, and most of them [8-13] deal with
vacuum swing adsorption (VSA) because the adsorbate can be en-
tirely removed from the bed at the desorption step. The pressure
swing adsorption (PSA) process, which operates above atmospheric
pressure, has also been investigated. Gomes and Yee [14] carried
out PSA adsorption and desorption operations at 3 and 1 bar, respec-
tively. Ko et al. [15] investigated the optimization of the PSA pro-
cess with a feed pressure of 2.56 bars and a purge pressure of 1.1
bars. Taking into consideration the CO, compression process after
the capture process in CCS, the PSA process with a higher desorp-
tion pressure is operationally better than the VSA process.

Many studies on adsorbents for CCS have focused on the CO,
equilibrium adsorption capacity and the selectivity of the equilib-
rium adsorbed amount of CO, compared to other gases contained
in flue gases. Chue et al. [9] provided parameters for the Langmuir
isotherm that were fitted to the equilibrium adsorbed amount of
pure CO, and N, measured at different temperatures and at a low
pressure range below 1.1 bars. Zhang et al. [16] studied the equi-
librium adsorption capacity of CO, and N,, respectively. Using the
Langmuir-isotherm model, parameters were fitted to experimental
results measured at high pressures up to 30 bars. Siriwardane et al.
[17] researched the equilibrium adsorption capacity of CO,, N, and
H, on zeolites and AC at 25 °C. When the results of the aforemen-
tioned studies are summarized, zeolites including 13X have higher
adsorption capacities for CO, than that of AC and better equilibrium
selectivity in adsorbing CO, over N,. Cavenati et al. [18] focused
on adsorption equilibrium studies of CH,, CO, and N, on 13X at
high pressure conditions (up to 50 bars). Using Toth and multisite
Langmuir isotherm models, they obtained the model parameters
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by utilizing the experimental data for a wide range of pressures.

However, the adsorption process like the PSA method is not an
equilibrium process but a rate-based process. To evaluate the ad-
sorption process, not only the maximum equilibrium adsorption
capacity on an adsorbent but also the rate of adsorption must be
considered. In modeling of the adsorption rate, using a linear driv-
ing force (LDF) approximation is common, and the rate is depen-
dent on the mass transfer coefficient and equilibrium adsorption
amount. Combining material and energy balances, an equilibrium
isotherm model can be used to build a dynamic model. The mass
transfer coefficient is an important parameter in the dynamic model
of adsorption. Some studies were able to obtain the optimal mass
transfer coefficient after iterative simulations [8,9,19]. Ko et al. [15]
and Kim et al. [20] calculated an effective mass transfer coefficient
with Glueckauf’s expression. Farooq and Ruthven [21] proposed
an equation to obtain a mass transfer coefficient, and the equation
considers macropores, micropores, and film resistances to mass
transfer. Dantas [22,23] used this equation in the modeling of gas
adsorption on adsorbents in several studies. Although the mass
transfer coefficient should not be considered as a constant in view
of the pore diffusion theory, these studies have used a fixed value
for the mass transfer coefficient.

In this study, we investigated the adsorption of a N, and CO,
mixture on 13X in a fixed-bed column at temperatures ranging
from 303 to 343K and at elevated pressures between 1.8 and 20
bars. We propose a variable mass transfer model based on the pore
diffusion theory, and evaluated the variable mass transfer coeffi-
cient based on changes in the operation parameters of tempera-
ture, pressure and adsorbate composition. To find the optimal mass
and heat transfer coefficients, numerous dynamic simulations were
performed iteratively. This study demonstrates the first attempt to
introduce the dynamic mass transfer coefficient of an adsorbate
to precisely simulate the mass transfer rate between gas and solid
phases.

Table 1. Basic information of experiments and simulations
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Fig. 1. Experimental system.
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EXPERIMENTAL SECTION

1. Experimental Setup

Zeolite 13X (Sigma Aldrich) was used as an adsorbent and packed
into a column. A schematic of experimental set-up is shown in Fig. 1.
The column was installed in a water bath to maintain a constant tem-
perature. Model parameters such as the dimension of the column,
the physical properties of the adsorption material, the thermody-
namic fluid properties and the adsorption properties are specified
in Table 1. A mass flow controller (MFC Korea, Korea) was installed
to control the gas flow from each gas cylinder. To control the pres-
sure of the gas feed before the feed valve was released, a back pres-
sure regulator (BPR) (Hiflux, Korea) was installed between the gas
cylinder and the packed bed. The pressure of the fixed bed was
maintained by another BPR (Swagelok, USA) mounted downstream
of the column. The temperature indicator of the bed was positioned
at the end of the bed, and a mass spectrometer (Pfeiffer Vacuum
Schweiz AG, Switzerland) was mounted downstream of the col-
umn. In other words, the dynamic changes of the bed end tem-
perature and the outlet gas composition were monitored while the
system was in operation.

Symbol  Unit Value Origin
Column length L m 0.263 Equipment
Column outer diameter D, m 1.27x10>  Equipment
Column wall thickness W, m 89x10*  Equipment
Density of bulk bed o) kg/m’ 588 Measured
Radius of particle R, m 26x107°  Measured
Interparticle porosity & - 0.486 Calculated
Intraparticle porosity & - 0.37 [22]
Density of particle yor kg/m’ 1280 [22]
Heat capacity of particle Cps kJ/kg-K 0.92 [8], [22]
Thermal conductivity of tube wall k, kW/m-K 1.62x107  Manufacturer
Heat capacity of tube wall C,, kJ/kg-K 0.44 [22]
Density of tube wall Pu kg/m’ 7800 Manufacturer
Heat of adsorption of CO, —AHgo,  kJ/mol 372 [18]
Heat of adsorption of N, —AHy, kJ/mol 12.8 [18]
Thermal conductivity of fluid gas k, kW/m-K 2.5x10”°  Calculated from Aspen plus
Thermal conductivity of 13X k, kW/m-K 3.6x10°*  [34]
Changes in gas composition according to partial pressure changes  0c;/Op; mol/m’-bar 38 Calculated from Aspen plus
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2. Experimental Procedure

The column was first heated to 110 °C, and desorption was per-
formed under a vacuum (below 0.01 bars). Most of the gases ad-
sorbed on the 13X were desorbed at this point. Furthermore, the
column was filled with helium (He) to provide an inert condition.
Before opening the feed valve, each gas flow was turned on and
held until the flow reached its set value of 160 and 40 sccm for N,
and CO,, respectively. Additionally; the pressure of the gas feed sec-
tion was regulated to be the same as the column pressure with the
BPR. Thus, the pressure at both sides was confirmed to be the same
and stably maintained throughout the experiment. Experiments
were performed at four different pressures: 1.8, 5, 10, and 20 bars.
When the temperature of the water bath reached a preset value,
the adsorption was started by opening the feed valve. At the same
time, the He feed valve and BPR positioned in the gas feed sec-
tion were closed. Each experiment was conducted at 303, 323 and
343 K. Dynamic changes in the temperature and outlet gas com-
positions were monitored.

MODELING

A commercial simulator, Aspen Adsorption™, was used for the
numerical modeling of the experiment data. The material and en-
ergy balances used in this study are presented below; and these are
applicable to both general adsorbents and adsorbates, and the gen-
eral adsorption process. This section also elucidates the derivation
of the dynamic mass transfer coefficient model with the estima-
tion of the inner and outer heat transfer coefficients.

1. Material Balance

The overall material balance of the gas phase and the material
balances of each component are described in Egs. (1) and (2), respec-
tively The first term in Eq. (2) describes the convective mass trans-
fer of each gas used as an adsorbate. The second term accounts for
the accumulation of the adsorbate in the pores, and the third term
represents the mass transfer of the adsorbate between the gas and
solid phases.

o) 09
az +pdig =0 €]
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where v, and p, are the velocity and density of the gas, respectively;
o is the bulk density of a sorbent, and g; is the adsorbed amount
of component i; ¢; is the molar concentration of component i in
the gas phase; & is the porosity, and J; is the mass transfer rate of
component i. To calculate the mass transfer between the gas and
solid phases, the following LDF (linear driving force) approxima-
tion in Eq. (3) is used which again shows the mass transfer between
the gas and solid phases at the adsorbate.

0q;
I pA at pskl(qi qi) (3)

Here, k¢, is considered as a function of the pressure, temperature
and concentration of the adsorbate whereas in other studies, k; had

been assumed as a constant value [8,9,15,19-23].
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2. Energy Balance

For the energy balance, axial and radial thermal conductions
were disregarded because heat transfer by conduction through the
gas phase is much smaller than the heat transfer by convection. By
assuming that the heat transfer between solid and gas phases is fast
(T,=T)), the energy balance at the inner tube can be derived as in
Eq. (4):

ov,

P
Bq) 4H,
ot
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where C,, is the specific heat capacity of the gas phase at a constant
volume; C,; is the specific heat capacity of the adsorbent; P is the
total pressure of this system; T, is the temperature of the gas phase,
respectively; AH, is the heat of adsorption of component i; H; is
the heat transfer coefficient between the gas phase and the wall,
and D is the inner diameter of bed.

Next, the energy balance at the wall is expressed in Eq. (5), and
the equation considers axial conduction, heat accumulation, heat
transfer from the gas to the wall and from the wall to the cooling
agent as follows:

o', aT, 4D]
+p.C ~H———(T,~T,)
Z DO I (5)

4D},
+Ho—5——=(T,,—T,)=0
o 1
where k,, is the thermal conductivity of the wall; H; and H, are the
inner and outer heat transfer coefficients; T, is the wall tempera-
ture; T, is the ambient temperature; W, is the width of the col-
umn wall, and Dy, is the outer diameter of bed.

The pressure drop through the bed originates from the Ergun
equation [24]. The Ergun equation combines the Carman-Kozeny
equation for the laminar flow and the Burke-Plummer equation
for the turbulent flow. Consequently, the modified Ergun equa-
tion is appropriate for both the laminar and turbulent flows. Addi-
tionally, it is the most accepted equation for calculating the pressure
drop [25].

oP (1.5x 107°(1-¢)°
0z Cr,p’s
Here, r, and yare the radius and shape factor of the sorbent parti-
cle, and M is the molecular weight of the gas, respectively.
3. Adsorption Isotherm

According to Dantas et al. [22], the active sites for N, and CO,
on 13X are independent of each other. In addition, the pure gas
Toth isotherm has good performance in predicting the amount of
CO, adsorption, which is comparable to the multicomponent Toth
isotherm. Thus, we used several isotherms for the pure gas type to
calculate the adsorption amount of CO, and N,. The Langmuir
model [26] is the most well-known and commonly used as an iso-
therm model. Thus, the following modified Langmuir isotherm
was considered.

1-¢
v +1.75%10° Mpg( ’)3 g] ()
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Each parameter for the isotherm model is a function of the tem-
perature and can be obtained as follows.

-6,
9= w;eXp(ﬁ) ®)

-6
K= .Qiexp(ﬁ) C)

These parameters have the same forms for the Freundlich isotherm
model and the Langmuir-Freundlich isotherm model. The Freun-
dlich isotherm [27] is frequently used to show the adsorption char-
acteristics of a heterogeneous surface, and the general form of the
Freundlich isotherm is written in Eq. (10).

q =Kq; (10)

The Langmuir-Freundlich isotherm (Eq. (11), [28,29]) is a versa-
tile isotherm equation.

- qsiKiPin a1
1+KP;

When the outlet gas concentrations reach the original feed com-
positions, the system is assumed to reach the equilibrium state. The
equilibrium adsorption amount is calculated from the amount of
adsorbed gas until reaching the equilibrium state. Table 2 shows
the amount of each gas adsorbed at equilibrium under the differ-
ent temperature and pressure conditions. According to Cavenati et
al. [18], when the partial pressure of CO, is low, the equilibrium
amount of CO, adsorbed on 13X changes rapidly according to the
partial pressure of CO,. Instead, when the partial pressure of CO,
is high, it increases slowly and does not converge toward a specific
value. The results (Table 2) show a trend similar to previous results
[18]. The parameters for each isotherm model obtained from the
equilibrium adsorption amounts are listed in Table 3. By compar-
ing several isotherm models, the best isotherm model is chosen to
describe the equilibrium adsorbed amount (Figs. 2-4). First, the
Langmuir model is inadaptable to an adsorbent like 13X which
has heterogeneous sites. The derivative of the Freundlich isotherm
is (0q"/0p)=Kin(1/P{" "), and this term is inversely proportional to

Table 2. Adsorbed amount of CO, and N, on 13X at equilibrium

Pressure  Temperature  pco, qeo, PN, qx,
(bars) (K) (bars) (mol/kg) (bars) (mol/kg)

303 0.37 3.12 143 0.41

1.8 323 0.37 2.52 143 0.37
343 0.37 1.79 143 0.21

303 1.04 3.85 3.96 0.80

5 323 1.04 3.23 3.96 0.66
343 1.04 2.59 3.96 0.53

303 2.08 442 7.92 1.36

10 323 2.08 3.83 7.92 1.12
343 2.08 3.29 7.92 0.92

303 4.17 498 15.83 2.11

20 323 4.17 4.52 15.83 1.87
343 4.17 3.89 15.83 1.62

Table 3. Isotherm parameters of CO, and N, adsorption on 13X

CO, N,

) o, [mol/kg] 1414 0.358
i/[a‘l’ldﬁe‘,ir — 6 [J/mol] 3205 6727
: g(7)m_( 9) Q [1/bar] 214x10°  45x107

4 -6 [J/mol] 18933 0
Modified £ [mol/kg-bar] 0.239 1.34x1072
Freundlich — 6@, [J/mol] 6915 8364
(Eq. (9), (10)) n[-] 0.237 0.625

o; [mol/kg] 6.54 8.73
Langmuir- — 6 [J/mol] 0 0
Freundlich 2 [1/bar] 1.72x107°  1.2x107°
(Eq. (8),(9), (11)) -6 [J/mol] 17029 8283

n[-] 0.534 0.838

increases in P However, the CO, adsorption capacity of 13X does
not increase as fast as the estimation of the Freundlich model. In
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Fig. 2. Amount of CO, adsorption: comparison between the modi-
fied Langmuir model prediction and experimental data.
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Fig. 3. Amount of CO, adsorption: comparison between the modi-
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Fig. 4. Amount of CO, adsorption: comparison between the Lang-
muir-Freundlich model prediction and experimental data.

contrast, the Langmuir-Freundlich isotherm matches well the exper-
imental outcome, which is better than that of other models. Thus,
we mainly used the Langmuir-Freundlich isotherm model and its
parameters for the dynamic modeling of the fixed-bed adsorption.
4. Dynamic Mass Transfer Coefficient

Several previous studies [15,20-23] have reported that the mass
transfer coefficient varies depending on the final steady state con-
ditions of the temperature, pressure and adsorbate concentration.
As the adsorption experiment progresses, the temperature and pres-
sure and especially the concentration of the adsorbates change dynam-
ically. Thus, dynamically variable mass transfer coefficients should
be considered. Because the mass transfer rate is determined by dif-
fusion at the pore, Tien [30] derived the mass transfer coefficient
(k;) as follows:

_155 Dy
R; rf(c)p,

i (12)
where R, is a particle radius; &, is the intraparticle porosity; zis the
tortuosity; D), is the molecular diffusivity that is calculated by the
Chapman-Enskog equation [25], and p, is the particle density. f ()
is a differential term of the isotherm for the gas concentration and
this term is shown in Eq. (13) if the Langmuir-Freundlich isotherm
in Eq. (11) is used:

r( ) 0q,0p; nqsiKiPJ(nil)api
c)= =
0p;0c; (1+Kip?)2 Oc;

(13)

where Oc;/Op; is the gas composition change according to the par-
tial pressure and can be assumed as a constant.

Next, the tortuosity also can be calculated by using Eq. (14) which
is suggested by Barrande et al. [31]

7=1-049In(g,) (14)

Finally, the effective porosity (£,) can be defined with Eq. (15) by
introducing K; which is the ratio between the total intraparticle
porosity and the porosity actually penetrated by gas [32].

EP:deP (15)

February, 2016

Using £, instead of &, in Eqgs. (12) and (14) by considering the actual
penetration of gas into the pores and inserting Eqs. (13)-(15) into
Eq. (12) yield Eq. (16).
15 K Dy (4KPD
" RA1-049I(K,5)} ) ng K PV} 0P

(16)

The functional form of the mass transfer coefficient in Eq. (16) is
used to calculate the mass balance (Egs. (1)-(3)) for the following
dynamic simulation.
5. Inner Heat Transfer Coefficient

Yagi and Kunii [33] studied heat transfer in a fixed bed using
two terms for heat transfer due to the gas flow. The expression is
available in Eq. (17) [34].

0 aWk kzw
H,=Hj+ EEjPrReP "R, +0,(CpeV,) 17)

where k;, is the effective thermal conductivity of a thin layer bed
near the wall surface; ¢, is the constant for the heat transfer by forced
convection; Pr is the Prandtl number, and Re, is the particle Reyn-
olds number.

The value of ¢, differs in many studies; however, a reasonable
value is about 0.05 [34]. The product of Pr and Re, is smaller than
10 for this system. Thus, the second term of Eq. (17) is much smaller
than the first term that can be ignored. The inner heat transfer is
only affected by the conduction of gas and solid near the wall be-
cause the gas velocity is very low; and the particle size is very small.
k;,, can be represented by Eq. (18) as follows:

N S
B

where &, is the mean void fraction of this wall layer; k, is the ther-
mal conductivity of the gas fluid; k; is the thermal conductivity of
the adsorbent, and ¢, is the ratio of the effective thickness of the
gas film around a contact between the particle and the surface.

Kunii and Smith [35] calculated ¢, depending on k/k,, and the
proper value for this study is 0.2. H; can be assumed as a constant
because k, is almost constant during the experiments, and the gas
velocity cannot affect the heat transfer. Although &, has an unknown
value, the initial H; can be estimated by assuming &,=¢&. Then, the
initial guess of H; is 53 W/m”K for the dynamic simulations. After
that, fitting to the experimental data was performed with varying
values of H;.
6. Outer Heat Transfer Coefficient

Because there is no introduction of forced convection for cool-
ing, we used Eq. (19) to obtain the outer heat transfer coefficient
due to natural convection [36] as follows:

k;, =&,k +(1-&,)k, (18)

025 (Range: 10°<Gr-Pr<10”) (19)

Ho=0.5311;—;(Gr-Pr)
where k. is the thermal conductivity of the cooling agent; Gr is the
Grashof number, and Pr is the Prandtl number.

Fig. 5 shows the calculation result of H,, according to the tem-
perature difference between two fluids of adsorbate gas and the
cooling agent. Hy, is approximately 900 W/m’K when water is used
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Fig. 5. Estimation of outer heat transfer coefficient using water as a
cooling agent.

as a cooling agent. Therefore, when water is the cooling agent, the
overall heat transfer coefficient is determined by the inner heat trans-
fer coefficient because H, is much bigger than H,.
7. Summary of the Modeling Procedure

The modeling procedure is shown in Fig. 6. First, the optimal

adsorption isotherm model was selected, and the parameters of
the isotherm model were calculated. Then, the proper balance for
the mass and energy was established. The conditions of the bed
experiments, the parameters of the isotherm model and the mass
and heat transfer coefficients were entered into the model. The initial
mass transfer coefficient and heat transfer coefficient were calcu-
lated using Egs. (16)-(19). After the basic model was set up, itera-
tive dynamic simulations were performed to obtain the optimal
mass and heat transfer coefficient. The values of K, and heat trans-
fer coefficient were changed until simulation results matched the
measured outlet composition and temperature profile. The mass
transfer coefficient has to fit in advance because it changes more
sensitively than the heat transfer coefficient. Therefore, there was
no significant change in the calculation results of the outlet com-
position caused by the change in temperature or change in the heat
transfer coefficient. Finally, a model was obtained with an optimal
K, for the dynamic mass transfer coefficient and heat transfer co-
efficients.

LIMITATION OF A CONSTANT MASS TRANSFER
COEFFICIENT (k)

The normalized outlet gas composition was measured and plot-

Data fitting to get the optimal isotherm model

!

Selection of proper material
and energy balance model

1

Input of basic information of experiment

l

Calculation of initial mass and
heat transfer coefficient using Eq. (16), (17), (19)

I Set-up

l Dynamic Simulation

Change of inner or outer heat
transfer coefficient,
Hi

3

Is matched with
outlet composition data?

Is matched with
temperature profile data?

h ]
Change of the Kd value
for function of ki (Eq. (16))

Determination of Ka for dynamic variable ki model
and heat transfer coefficient Hi, Ho

Fig. 6. Modeling procedure.
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Fig. 7. Comparison of measured data and simulation results with
constant mass transfer coefficient (kg,,=0.0045s" and 0.013
s!) at 1.8 bars and 323 K.

ted against time. The normalized composition was defined as the
outlet composition divided by the initial gas composition. A N,
peak was observed earlier than the CO, peak, and the slope of the
N, outlet composition over time was significantly larger than that
of CO,. That is, the N, adsorption capacity on 13X is extremely
small, and the mass transfer coefficient of N, is much bigger than
that of CO,. Fig. 7 shows that CO, is detected earlier in the experi-
ment than in the simulation when a constant mass transfer coeffi-
cient is used (kcp,=0.013s™"). The detection time of CO, from the
simulation result with kg, =0.0045s™" yielded a result similar to
the experiment result. However, the simulation result for the high
CO, concentration range did not match with the experiment result.
Therefore, when the CO, concentration is low, the mass transfer
coefficient is small and a large amount of CO, passes through the
bed without adsorption. Additionally;, as the CO, concentration
increases, the mass transfer coefficient also increases in the real meas-

®  measured data (1.8 bar)
® measured data (5 bar)

4 measured data (10 bar)
v measured data (20 bar)
0.8 H |——simulation data (1.8 bar)

—— simulation data (5 bar)

1 -simulation data (10 bar)
—— simulation data (20 bar)
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0.0 H
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Adsorption time [sec]
Fig. 8. CO, breakthrough curves depending on the pressure (ko=

0.013 sec " at 1.8 bars, 0.02sec " at 5bars, 0.04sec " at 10 bars,
and 0.4 sec’' at 20 bars, ambient temperature: 323 K).
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urements. Next, the most proper mass transfer coefficient of each
experiment was investigated depending on the pressure change.
The outlet composition from the bed was measured at pressures
of 1.8, 5, 10 and 20 bars, and constant mass transfer coefficients
with values of 0.013, 0.02, 0.04, and 0.4 sec ™", respectively, were used
to fit the measured values in Fig. 8. The data confirmed that the
mass transfer coefficients increase as the total pressure increases.
Because the purpose of the model is to provide a prediction capa-
bility for unmeasurable conditions, the mass transfer coefficient
should be a variable with high reliability without additional experi-
ments. Additionally, as confirmed in Fig. 8, there was a significant
difference in the initial CO, detection times among the four differ-
ent cases. Therefore, when these constant mass transfer coefficients
are used, it may be possible to simulate the overall behavior of a gas;
however, they cause tremendous errors in the calculated adsorp-
tion rate when the CO, concentration (partial pressure) is low.

DYNAMIC SIMULATION RESULTS FOR THE
VARIABLE k,

1. Effect of Pressure

When the partial pressure of the adsorbate increases, f(c,) de-
creases, and hence the mass transfer coefficient (k; in Egs. (12) and
(16)) becomes larger. Therefore, at the beginning of the adsorp-
tion step, k; has a small value because the concentration of the ad-
sorbate is low. However, as the adsorption progresses, the value of
k; increases in proportion to the adsorbate concentration. Then, it
can overcome the deviation caused by using a constant k; because

Table 4. Optimal K, and g, depending on pressure and heat trans-

fer coefficient
Pressure 1.8 bar 5bar 10 bar 20 bar
K, (initial K;) 0.1 (1.0) 0.105 (1.0)  0.28 (1.0) 0.55 (1.0)

g, (initial £) 0.037 (0.37) 0.038 (0.37) 0.105(0.37) 0.204 (0.37)

ey 2 2
H; (initial H)) 80 W/m*-K (53 W/m"-K)
® measured data (1.8 bar) .
1.0 4 ® measured data (5 bar) ,
4 measured data (10 bar)
® measured data (20 bar) } A
—— simulation data (1.8 bar) A -
0.8 4 —— simulation data (5 bar) n ﬁ‘ _ "
simulation data (10 bar) / J -
—— simulation data (20 bar) L] f. .
0.6 - . "
° p .
8 ;oA
8] 0 ¢
4 ! -
o A
! A
..'ll A
o A
024 o /
)r\
A i
0.0 —mim
T T T 1

: . : - : - - -
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Fig. 9. CO, breakthrough curves depending on the pressure. Simu-
lation data is calculated using the variable k; (ambient tem-
perature: 323 K).
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the variable mass transfer coefficient can precisely simulate the break-
through curves for a wide range of concentrations. As mentioned
in the modeling procedure of Fig. 6, several optimal values of K,
were obtained that make the simulation results match well with
the experiment results. The optimal K; values are listed in Table 4
with respect to the pressure and K} increases in proportion to the
pressure. It can be surmised that the increased pressure causes an
increase in the availability of pores for the penetration of the adsor-
bate gas. Fig. 9 shows a comparison between the outlet composi-
tions calculated with the variable k; and the experiment results. The
variable k; describes the overall outlet compositions more precisely
than does the constant k; shown in Fig. 8. The initial values of H;
and H,, are obtained from Egs. (17) and (19). When water is used
as a cooling agent, the overall heat transfer coefficient is determined
by H; alone because H; is much smaller than Hy, H; is fitted to find
an optimal value which can precisely match between the calculated
and measured temperature profiles. As a result, the optimal value

®m measured data (1.8 bar)
® measured data (5 bar)
A measured data (10 bar)
® measured data (20 bar)
——simulation data (1.8 bar)
simulation data (5 bar)
315 4 simulation data (10 bar)
——simulation data (20 bar)

Temperature [K]

Adsorption time [sec]

Fig. 10. Comparison of temperature profiles depending on the pres-
sure. Simulation data is calculated using the variable k; (cool-
ing agent: water, ambient temperature: 323 K).

1.0+ B measured data (303K)
® measured data (323K)
4  measured data (343K)
—— simulation data (303K)
0.8 4 | — simulation data (323K)
simulation data (343K)

0.6

CiCo

0.4

0.2

0.0

. . v . T v . .
0 500 1000 1500 2000 2500
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Fig. 11. CO, breakthrough curves depending on the temperature.
Simulation data is calculated using the variable k; (pressure:
1.8 bar).

W measured data (303K)
104 ® measured data (323K)
A measured data (343K)
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simulation data (323K)
simulation data (343K)

C/Co
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0.0+

. - . . : - :
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Fig. 12. CO, breakthrough curves depending on the temperature.
Simulation data is calculated using the variable k; (pressure:
5 bar).

for H, is 80 W/m’K and Fig. 10 shows a comparison between the
measured results and the calculated temperature profiles.
2. Effect of Temperature

Fig. 11 shows a comparison between the calculated breakthrough
curves at 1.8 bars and the measured profiles at three different tem-
peratures. The slope becomes gradually steep at the initial stage of
increasing the outlet concentration as the temperature increases.
The reason is that the molecular diffusion (D,,) increases propor-
tionally to the temperature and the mass transfer coefficient increases
as well. Fig. 12 shows both the simulation results and experimen-
tal data for the outlet compositions at 5 bars. However, the slope
change is negligible at the initial stage of increasing the outlet con-
centration with respect to temperature changes. This means that
the initial change in the slope is less sensitive to temperature changes
once the pressure moves up to 5 bars. The mass transfer coefficient
becomes larger at 5bars and the temperature change at this pres-
sure does not additionally contribute to improving the mass transfer.

CONCLUSIONS

Zeolite 13X was packed in a fixed bed and the adsorption of a
CO,/N, flue gas mixture was analyzed with equilibrium isotherms
and dynamic modeling for both mass and heat transfer. The break-
through experiments were performed at different temperatures
(303, 323 and 343 K) and pressures (1.8, 5, 10 and 20 bars). To de-
scribe the equilibrium adsorption amount, the Langmuir-Freun-
dlich isotherm model was chosen as the best isotherm model, and
the parameters of the isotherm model for CO, and N, were obtained.
The mass transfer coefficient was introduced as a function of the
effective intraparticle porosity, pressure, temperature and adsor-
bate concentration. The fraction of effective intraparticle porosity
to total intraparticle porosity (K;) was used to indicate pore acces-
sibility by gas molecules when proposing the concept of the vari-
able mass transfer coefficient. The proposed variable mass transfer
model can provide an accurate estimate of the mass transfer rate
for a wide range of adsorbate compositions.
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NOMENCLATURE
C,,  :specific heat capacity of the adsorbent [k]/kg-K]
C,, :specific heat capacity of the column wall [k]/kg-K]
C,  :specific heat capacity of the gas phase at a constant volume
[k]/mol-K]
G : molar concentration of component i [mol/m’]

D, :inner diameter of the tube [m]

D, :binary molecular diffusivity [m’/s]

D, :outer diameter of the tube [m]

- g0’ BAT(D,)’
2

Gr :Grashof number )
H

H;  :heat transfer coefficient between the gas phase and wall [kKW/
m*K]

H;  :heat transfer coefficient near the wall by a stagnant flow [kW/
m*K]

Hy :heat transfer coefficient between the wall and ambient [kKW/
m*K]

AH; :heat of adsorption of component i [k]/mol]

J; : mass transfer rate of component I to adsorbent [mol/m’bed:s]

k. :thermal conductivity of the cooling agent [W/m-K]

K, :fraction of intraparticle volume species that can penetrate
pores

: effective thermal conductivity of a thin layer bed near the
wall surface [W/m-K]

: thermal conductivity of a fluid gas [W/m-K]

: mass transfer coefficient of component i [1/s]

: parameter of the adsorption isotherm model

: thermal conductivity of the column wall [W/m-K]

: thermal conductivity of the adsorbent [W/m-K]

:length of the column [m]

: heterogeneous index of the Freundlich isotherm model

: total pressure [bars]

: Prandtl number (= 'u—lfz)

TB OSSR EI S %?T;

&)
s

: particle Reynolds number (= 2RVepo, )

g, :amount of component i adsorbe(f at the equilibrium state
[mol/kg]

q  :realloading of component i at a specific time [mol/kg]

qy :maximum capacity of Langmuir isotherm or Langmuir-Fre-
undlich isotherm model [mol/kg]

R,  :particle radius [m]

t : time [s]

T,., :ambient temperature [K]

T,  :gas phase temperature [K]

T,  :solid phase temperature [K]

T, :wall temperature [K]

v,  :gasvelocity [m/s]

W, :width of the tube wall [m]
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z : Axial co-ordinate [m]

Greek Letters

a,  :constant for heat transfer by forced convection [-]

&  :interparticle porosity [m’ (interparticle void)/m’ (bed)]

&  :intraparticle porosity [m’ (intraparticle void)/m’ (particle)]
g  :effective intraparticle porosity [m’ (intraparticle void)/m’

(particle)]

&,  :the mean void fraction of this wall layer [-]

¢  :parameter for temperature dependent description of g [J/
mol]

©  :parameter for temperature dependent description of K; [J/
mol]

M :dynamic viscosity [Pa-s]

P,  :molar gas phase density [mol/m’]

p,  :particle density [kg/m’]

o :bulk solid phase density [kg/m’]

o, :wall density [kg/m’]

T :tortuosity of a particle [-]

@, :ratio of the effective thickness of a gas film around a con-
tact between the particle and the surface [-]

v :shape factor [-]

@  :parameter for temperature dependent description of g, [mol/
kg]

£ :parameter for temperature dependent description of K; [1/
bar] or [mol/kg-bar]
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