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ABSTRACT

Reducing the anthropogenic CO; emissions and lowering the concentration of greenhouse
gases in the atmosphere has become one of the most important environmental issues of
recent times. To this end, the development of a cost effective pressure swing adsorption
(PSA) process, utilizing commercially available 13X zeolite as the adsorbent, is underway
to remove and concentrate CO: in the flue gas of a coal-fired power plant. This systematic
development effort has been carried out so far at the bench scale. It has included the
following studies that defined and validated this PSA process both experimentally and via
a PSA process model. First, a unique 3-bed 7-step PSA cycle schedule was developed for
this CO»-N; separation by performing PSA process simulations using the in-house
Dynamic Adsorption Process Simulator (DAPS). To validate the results from DAPS, a
number of different experiments were carried out that included measuring equilibrium and
kinetic (mass transfer) data for both CO, and N> on 13X zeolite. This data was used in
DAPS to validate it against PSA process experiments obtained from a unique 1-bed PSA
apparatus that mimics all the steps of the 3-bed 7-step cycle. DAPS was able to predict the
results from these 1-bed experiments without adjusting any of the model parameters. To
validate the 3-bed 7-step PSA cycle schedule experiments were also carried out in a unique
multi-bed PSA system. This set of experiments proved that the 3-bed 7-step PSA cycle
could indeed meet the DOE requirements of producing 95% CO> purity and 90% CO:

recovery from a 15% COz in N> feed. Again, DAPS was able to predict the results from
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these 3-bed 7-step experiments without adjusting any of the model parameters. Overall,
this work validated a unique PSA process at the bench scale for separating CO> from the
flue gas of a coal-fired power plant. This presentation will provide an overview of these

experimental and modeling studies.
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CHAPTER 1
MASS TRANSFER COEFFICIENT DETERMINATION OF CQO3, N2, O2, CH4, AND
AR IN ZEOLITE 13X DETERMINED BY A RAPID PRESSURE SWING

APPARATUS

1.1 Introduction

The effective design of adsorption-based gas separation processes depends upon
accurate knowledge of the dynamic behavior of adsorbent/gas systems. It is usually
assumed that uptake in porous adsorbents is limited by mass transfer, so studies of
adsorption dynamics are often mass transfer studies in practice. Mass transfer of gases in
porous adsorbents can be complex due to the existence of one or more mechanisms.
Possible mechanisms include micropore diffusion, Knudsen diffusion, macropore
diffusion, advection flow, and transport across a surface barrier, and external mass transfer.
Also, changes in the adsorbent temperature caused by heats of adsorption can further

complicate dynamic behavior.

Nitrogen, methane, carbon dioxide, oxygen and argon are important in many
industrial applications, as well as in our daily life. Major research effort has been directed
toward understanding the effect of increasing concentration of CO> on the global
atmosphere. CO> capture from fixed point sources has been targeted [1-4]. Significant
effort has been taken to develop various separation processes to capture CO; for various

effluent gases. Relatively low energy consumption has made adsorption technologies more



attractive than available technologies and are being widely used for the separation and
purification of various effluent gases in many industries [5-7]. The increasingconcentration
of COz in the atmosphere furnishes a major contribution to the global warming. Separation
of CO2 from mostly Nz-containing stack gases is important from this aspect [8-10].
Separation of CHs4 and CO; is wanted for recovering CH4 from landfill gas emissions [11-

14] and also to upgrade natural gas [15-17].

Pressure (vacuum) swing adsorption has been regarded as a promising technology
to capture CO; and produce clean energy (H> and CH4) due to its low energy consumption
[16-27]. Zeolite 13X has been proved by several studies as one of the best adsorbents
available commercially for post combustion applications. It is widely accepted as the
benchmark material for the comparison with other materials for CO; separation processes
[7,27-31]. Therefore, a lot of research work presented in the literature has been focused on
the uptake measurement to compare CO; adsorption capacities. However, relatively less
work are reposted on the kinetic measurement s of CO> in 13X. Considerably less data are
reported on the kinetic measurements of CO; in 13X. Onyestya’k et al. [32], Onyestya’'k
and Rees [33] and Onyestya'k [34] used a frequency-response technique to measure the
adsorption rate of CO> in commercial 13X beads. They determined frequency-response
(FR) sorption-rate spectra in the range of -78 and 70° C at 133 pa and found that the
diffusion of CO; is controlled by the transport in the macropores. Knudsen diffusion was
used to describe the molecular diffusion inside the macropores and a good agreement was
found between the calculated and the measured values. Few years ago, Giesy et al. measure
the diffusivity of CO> in commercial 13X beads using a novel combined pressure swing

and volume swing frequency response technique [35]. His measurement proved that the



mass transfer of CO; in 13X is of Kundsen-type macropore diffusion controlled which
agreed with the previous literature data. Recently LeVan et al. used a new combined
pressure-swing and volume-swing frequency response technique to measure the diffusivity
of CO2 in commercial 13X beads [36]. They performed pressure swing and volume-swing
experiments in tandem to study transport of pure CO:in 13X zeolite beads over the
frequency range from 10 Hz to 10 Hz at pressures from 0.125 to 1 bar. Frequency response
spectra showed that transport in this system is governed by a nonisothermal macropore
diffusion resistance with diffusion occurring by a Knudsen-type mechanism. Measurements
using different bead sizes showed evidence of a Knudsen-type macropore diffusion
controlled process, confirming previous literature data. They reported the value of the

diffusional time constant to be (Dp/Ry?) to be 2.3 s7!.

Valyon et al studied the sorption of N2 and Oz on synthetic an natural mordenites
and on molecular sieves 4A, 5A and 13X by frequency response techniques [37]. The
frequency response rate spectra was determined at 133 Pa, 195 or 298 K to characterize the
sorption dynamics. They concluded that in powder 13X (particle size <0.063 mm) the
micropore diffusion was the rate-determining step. In larger granules (~1.4-2.0 mm) the
diffusion resistance of the macro- and mesopores controlled the rate of transport. Under

similar conditions the mass transport of O2 was always faster than that of No.

There are several other studies presented about the adsorption behavior of pelletized
zeolite at different pressures for N2, CH4 and CO> on 4A, 5A and CaX [38] and CH4 and

CO: on zeolite 13X [38-40] through various experimental methods.



Improvements in performance and the reduction in cost of adsorption processes are
dependent on parameters which are dictated by adsorbent loading per unit volume, mass-
transfer properties, pressure drop, and thermal management. However, these factors are
strongly influenced by the structure of the adsorbent used in the gas separation device. A
major driver toward the development of future adsorptive gas separation processes lies in
the development of improved sorbent materials [41]. A key area of future research is the
mass-transfer characteristics. The influence of adsorbent structure on mass-transport
kinetics influences the overall system efficiency. The relationship between separation
performance and the macro/meso/micro hierarchy of the adsorbent has not been explored
to date. Pore engineering must be integrated with systems engineering to produce an overall

optimal structure.

There are several techniques available to determine mass transfer coefficient in
adsorbent materials. Several researchers reported frequency response (FR) method as a
useful tool for mass transfer studies [36, 42, 43]. In FR experiments, one of the system
variables is perturbed periodically, about an equilibrium point, and the response of the other
system parameters are used to characterize the dynamics of the system. The main drawback
of the FP technique is the perturbation in the system variables is very small and always
close to the equilibrium condition. Another common technique to determine the mass
transfer coefficient is the zero length column (ZLC) where the measurement is done using
only one single adsorbent bead [40]. Having a very small sample size ZLC does not
represent a real adsorbent bed where the mass transfer characteristic can be significantly

different.



The most common techniques for determining mass transfer resistance is a small
step test. The response of particles is measured gravimetrically, volumetrically, or
chromatographically after increasing the concentration in a step. A rate parameter is
obtained by fitting an assumed model to the system response. This approached often fails
to identify the controlling mass transfer mechanism in any rigorous way. Several
researchers reported frequency response (FR) method as a useful tool for mass transfer
studies [36, 42, 43]. In FR experiments, one of the system variables is perturbed
periodically, about an equilibrium point, and the response of the other system parameters
are used to characterize the dynamics of the system. The main drawback of the FR
technique is the perturbation in the system variables is very small and always close to the
equilibrium condition. Another common technique to determine the mass transfer
coefficient is the zero length column (ZLC) where the measurement is done using only one
single adsorbent bead [40]. Having a very small sample size ZLC does not represent a real
adsorbent bed where the mass transfer characteristic can be significantly different. System

nonlinearities often caused by large steps are not identified.

In this work the mass transfer study of single gas was carried out in a single bed
rapid pressure swing apparatus by performing a two step adsorption-desorption cyclic
experiment. Cyclic experiments provide insight on the mass transfer coefficients under
conditions when the system is operated within a large pressure change and within the bound
of a net working capacity of the adsorbent. Having a large sample size gives a good
estimate of the effective mass transfer coefficient of the adsorbent bed and mimic the actual
PSA adsorbent bed. The rapid pressure swing adsorption apparatus has been characterized

by carrying out dynamic cyclic experiments with single gases such as He, CO2, N2, CHa,



O and Ar both with an empty bed and with the bed filled with beaded 13X zeolite over a
wide range of cycle times and process conditions. Pressurization and depressurization step
times as short as 0.25 sec are possible in this system under both positive and negative gauge
pressure and at different temperatures. By fitting appropriate kinetic model with the
pressure responses of a single gas in 13X for different cycle times, the mass transfer
coefficient can be determined. Four models were developed and energy balances was
incorporated to one of the models to incorporate temperature rise during the adsorption

step.

1.2 Experimental Section

The gases used for isotherm measurements and experiments were provided by
Airgas: Ultra High Pure (UHP) Nitrogen, UHP Methane, UHP Argon, UHP Oxygen,

Coleman grade CO». The adsorbent used was zeolite 13X from Grace.

1.2.1 Isotherm Measurement

Pure component adsorption equilibrium isotherms for CO», Oz, N2, Ar, and CH4 on
zeolite 13X were measured by using a volumetric system from micromeritics ASAP2010.
Since ASAP-2010 is designed for surface area and porosimetry measurements and
measures the nitrogen isotherm at 77 K it had to be modified to be able to measure different
pure gas isotherms at various temperatures. Operation pressure range provided by this
system is from 0 to 127 KPa. The molecular drag pump can create vacuums down to 1.3

#10°° KPa in the system.



Volumetric method involves measuring the pressure change in a known volume of
sample gas exposed to an adsorbent sample. As the gas is adsorbed and allowed to come
to equilibrium with the adsorbent, the measured decrease of pressure in the closed system

indicates the amount of gas adsorbed under the given isothermal conditions.

Data were collected for the equilibrium pressure range of 0.001 to 110 KPa at 25,
50 and 75 degree Celsius. Obtaining each complete isotherm consists of 60 to 120
equilibrium point measurements and takes roughly about 12 hours. For each point when
the rate of change for pressure is less than 0.01% criterion for equilibrium is satisfied and

the system moves to the next point.

Prior to each isotherm measurement, the zeolite 13X was regenerated at 350 C for
16 hours under a vacuum of less than 1 x 10™* torr. In order to prevent structural damage
caused by desorbing water steam a stepwise increase in temperature with simultaneous

vacuum was applied to all samples.

The pure gas adsorption isotherm along with the model fit has been shown in
Figure 1.1 andFigure 1.2. The experimentally determined pure gas isotherms except for
CO: have been fitted with the Dual Process Langmuir (DPL) model. The experimental
isotherm of CO; was fitted with three-process Langmuir (TPL) isotherm. The isotherm
model parameters have been summarized in Table 1.1. The heat of adsorption of each gas
was determined by fitting the experimental isotherm with toth isotherm. The heat of
adsorption of all gases have been summarized in Table 1.2.

1.2.2 Rapid Pressure Swing (RPSA) Apparatus
The experimental Rapid Pressure Swing Apparatus (RPSA) designed to perform

very fast pressure swing adsorption cycle (step time in the order of quarter of a second) is



shown in Figure 1.3. The system has been designed to perform all cycle steps of a typical
pressure swing adsorption (PSA) process in a single bed and mimic a complete multi-bed
PSA cycle process. It contains two sections: (1) Heavy product end (bottom section of the
bed) and (2) Light product end (top section of the bed). There is a designated flowmeter
and line equipped with a solenoid valve for each individual step either feed or product. For
example, during the feed step, the feed is fed through the flowmeter FM-3 and the solenoid
valve SV-1 is opened, the light product goes through the valve SV-9 and using the light
product flow meter FM-2 the flow of the light product is read. A vacuum pump is connected
to the feed thank (FD) to control the pressure of the tank which enables us to feed under
vacuum. Heavy reflux (HR) gas is fed through FM-4 by opening solenoid valve SV-2 and
light product during HR step is withdrawn by opening solenoid valve SV-10. There are
three light-end equalization tanks (LE EQ1, LE EQ2 and LE EQ3) and one heavy end
equalization tank (HE EQ) to mimic the bed-to-bed equalization step. Two vacuum pumps
connected in series are used to keep the pressure of the vacuum tank (VAC) under deep
vacuum ready to perform the depressurization of the bed. In order to perform the counter
current depressurization (CnD) step valve SV-5 was opened and the bed was emptied by
pulling with the vacuum pressure of the vacuum tank. All pressure transducers and solenoid
vales are connected to the computer and operated by a LabVIEW™ software. The feed
tank pressure were recorded using the flow meter pressure transducer PT-3. The bed and
vacuum tank pressure was recorded using the pressure transducer PT-9 and PT-1
respectively. The heavy product flow rate is recorded using the flow meter FM-5. All the
flow meters were calibrated for the analysis gases using a gilibrator. There is an extra

vacuum tank has been connected to the feed tank with a needle valve, by adjusting the



needle valve the pressure of the feed tank was maintained at a fixed pressure under vacuum

and this way we can feed the adsorption column under vacuum.

Before loading the adsorbent to the adsorption column the two-step adsorption-
desorption experiment was performed at 20 psia and 25 °C using CO», N, and He for step
time from 0.25 to 10 sec. By fitting the pressure, curve of all the gases simultaneously with
the Cv equation the valve Cv’s of the feed line (SV-1) and CnD line (SV-5). Measured
amount of adsorbent 13X zeolite was activated in an oven at 350 °C for 14 hours by flowing
helium. After the adsorbent was cooled, it was loaded to the adsorbent column of the RPSA
apparatus. The adsorbent was again activated in situ at 350 °C by flowing helium through
the bed for another 14 hours. Two step adsorption-desorption cyclic study was carried out
with loaded bed using He to determine the excluded volume. The mass balance of the He
adsorption-desorption experiment is shown in Table 1.3. With the known excluded volume
the bed properties were determine which is listed in Table 3. Then same two-step cyclic
studies were carried out with the loaded bed with pure CO, N2, O2, CH4, and Ar at different
cycle times, temperature and bed pressures to determine the mass transfer coefficients
between these gases and the zeolite. The experiments were performed at bed temperatures
of 25, 50 and 75 °C. In order the study the effect of feed pressure on the mass transfer
between these gases and the adsorbent experiments in each temperature were performed
for the feed pressures of 2, 8, 20, 40 psia. For each temperature and pressure combinations
half cycle of 0.25, 0.5, 1.0, 2.0, 3.0 and 10.0 were used. Activation was repeated when

changing gases or deemed necessary.



1.3 Mass Transfer Models

We started with a very simple one-step isothermal macro pore model (1 Param Iso)
which only considers the mass transfer resistance in the macro pore. In order to fit the
pressure profile of CO; we slowly had to incorporate more complexity to our 1 param Iso
model. In order to capture the temperature rise during the adsorption step temperature was
determined by solving the energy balance simultaneously with the mass balance giving rise
to one parameter non-isothermal macro pore model (1 Param Non-iso). Then a third model
was developed by taking into account both macro and micro pore resistances without
energy balance resulting in 2-parameter isothermal macro pore model (2 Param Iso).
Finally, the energy balance was incorporated to the 2 param iso model making this to 2

parameter non-isothermal macro pore model (2 Param Non-Iso).

1.3.1 One Parameter Isothermal Macro Pore Model (1 Param Iso)

One parameter isothermal macro pore model used to describe the fixed-bed
dynamics was derived from the mass balance by neglecting the energy balance. The model
as based on the assumptions: the gas phase behaves as an ideal gas mixture; the temperature

change is neglected.

With these assumptions, the fixed-bed model is described by the following

equations. The mass balance is given by Eq. (1):

Vgx OP 07 _

ﬁa‘l—maa—n (1)

where VEgx is the external volume of the bed, R is the ideal gas constant, T is the

temperature average temperature of the bed, ma, is the mass of the adsorbent, 1 flow.
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The rate of mass transfer to the particle for each gas given by Eq. (2)

0q _
T = ey (@ (AT = D @

where kwm.efr 1s the overall effective macropore mass transfer coefficient, q* is the
adsorbed equilibrium concentration, i.e., ¢* = f (P,T) given by the isotherm and g is the

average adsorbed concentration.

The overall effective macropore mass transfer coefficient is given by Ep. (5)

1
kM,eff = RT,Dp aq* le (3)
1+ g WT,F_’
Where pp is the particle density, ep is the particle porosity, Z—;’)T 5 is the slope of the

isotherm, km macorpore mass transfer parameter. The fitting parameter for this model is

km.

1.3.2 One Parameter Non-Isothermal Macro Pore Model (1 Param Non-Iso)

In the first model, the temperature was held constant. However in the second model
temperature change due to adsorption-desorption was considered. By including the
temperature derivative the mass balance equation becomes:

Vex 0P _PVgrOT 07 _
RT 0t RTZ? ot © e3¢

7 (4)

The rate of mass transfer and effective mass transfer coefficient was calculated

using equation 2 and 3 respectively.

The temperature was determined by solving the energy balance equation:

11
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067
+mgy |(Cps + qC G) +AH + hA(T — T,)
Tg
= ‘r'lJ- CpcdT (5)
Tin

where Cpg is the molar specific heat of the gas, Cps is the specific heat of the
adsorbent, AH is the heat of adsorption of the gas, hA is the wall heat transfer coefficient,
Tw is the wall temperature. The fitting parameters for this model are km, km, hA, Tw, qo,

To andP,.

1.3.3 Two Parameter Isothermal Macro Pore Model (2 Param Iso)

In two parameter isothermal macro pore model two mass transfer coefficient

parameters are used one for macro and the other for micro pore resistance.
The mass balance is given by Eq. (6):

Viyr OP v, Bi
1— k
AT )RTE” M2 gy

(P-P)=n (6)

where, Vexr is the exterior volume of the adsorbent bed, km2 is the macropore mass
transfer coefficient.

Mass balance inside the macropore is described by Eq. (7)

& P _&POT 07 _ 1 Bi

k p—p 7
RT3t RTZ9t (PP ™ RTpM21+B( ) ™)

where P is the pressure inside the macropore.

12



The balance inside the mircropore is described by the LDF equation:

0 - —
= = k(@' (P, 1) = D) ®

where ki 1s the micropore mass transfer coefficient.

1.3.4 Two Parameter Non-Isothermal Macro Pore Model (2 Param Non-Iso)

Two-step macro pore model used to describe the fixed-bed dynamics was derived

from the mass balance by taking into account the energy balance.

The fixed-bed model is described by the following equations. The mass balance is

given by Eq. (9):

+ (1 )V” ppy (P—P)=rn 9
&) R P M2 - ©)

RT ot RT? ot

where, Vexr is the exterior volume of the adsorbent bed, ko is the macropore mass

transfer coefficient.
Mass balance inside the macropore is described by Eq. (7)
The balance inside the mircropore is described by the LDF equation, Eq (8)
The energy balance is given by Eq. (5).

In all of the above four models the flow is calculated by using the valve equation.

For Feed Pressurization (FP) the flow is given by Eq. (10)

. Cvpp . z
n= min [49.08(PFeed — Pgeq)Z,41.63Prpeq (10)

Y, SgTin
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where Cvrp is the valve coefficient of valve SV-1 (Fig. 3), Tia is the temperature of

the feed gas, Preeq is the feed gas pressure, Pgeqd is the bed pressure.
For Counter-current Depressurization (CnD) the flow is given by Eq. (11)

: Cvenp . 1
n = ———min [49.08(P33d — Pyc)2,41.63Prpeq (11)

vV SgTBed

Where Cvenp is the valve coefficient of valve SV-4 (Fig. 3), Tgeq is the average

temperature of the bed, Pvac is the pressure of the vacuum tank.

1.4 Result and Discussion
1.4.1 Adsorption Isotherms

The experimental single component adsorption isotherms measured for CO», O,
CH4, and Ar in 13X are shown in Figure 1.1Figure 1.2, respectively. Data were collected
at three temperatures: 25, 50, 75 °C, and pressure up to 110 kPa. We can observe in Figure
1.2 that isotherms of O, CH4 and Ar are practically linear and marked type I for CO; in

the range of temperature and pressure studied.

1.4.2 Mass Transfer Coefficient Measurements

The zeolite adsorbents consist of small zeolite crystals formed into larger pellets or
beads. The structure of these adsorbents results in two porous domains: micropores in the
individual zeolite crystals and macropores comprising the intercrystalline voids. The

transport of pure gases in these “bidispersed” zeolite particles can be governed by a

14



combination of diffusion in macropores, transport in individual zeolite crystals, and
nonisothermal effects. Because of the relevantly large aperture dimension of the zeolite
framework (0.74 nm) in 13X zeolite, mass transfer is expected to be fast. Onystyak et al
[32] and Ahn et al [38] have reported intracrystalline diffusivities of CO2 in type-X zeolites
that are orders of magnitude greater than intracrystalline diffusivities in type-A zeolite.
Which implies that the effect of intracrystalline diffusion on the dynamic response of a
bidispersed 13X zeolite bead can be negligible, and the response will only be governed by

either macropore diffusion, heat transfer, or a combination of the two.

Figure 1.4 shows the pressure responses of the bed of the two step adsorption-
desorption experiment for CO in 13X zeolite at bed temperature of 25 °C and feed pressure
of 20 psia. The experiment was performed for different step times from 0.25, 0.5, 1.0, 2.0,
3.0, and 10 sec. The experimental pressure response curves have been fitted with all four
models 1 param iso, 1 param non-iso, 2 param iso and 2-param non-iso macro pore model.
One param isothermal model has only one macropore mass transfer coefficient and it does
not take the energy balance intro account. The 2-param non-isothermal model considers
the energy balance and has two parameters for macro and micropore mass transfer
resistances. It is evident from Figure 1.4 that 2-param non-isothermal model predicts the
pressure response of the bed better than other models. The pressure responses of the step
times 2 sec and 0.5 sec of the experiment at 25 °C and 20 psia feed pressure were fitted
against the 2-param non-iso model to determine the model parameters and using these
parameters the pressure responses of the other step times (1, 3, 10 and 0.25 sec) were
predicted. On the other hand pressure responses of the step times 0.5, 1, 2, and 3 sec of the

experiment at 25 °C and 20 psia were fitted against the 1-param iso model to determine the

15



model parameters and using these parameters the pressure responses of step times 10 and
0.25 sec were predicted. The model parameters are listed in Table 1.5. The mass balance
for different step times of the CO» experiment performed at 25 °C and at feed pressure of
20 psia are listed in Table 1.6. Table 1.6 shows the total amount of CO> (in ml, STP)
entering and leaving the bed per cycle averaged over 5 cycles for step times 3, 2, 1, 0.5 and
0.25 sec and averaged over 2 cycles for step time 10 sec. From this table we can see that
the mass balance for CO2 was closed with negligible error. The experimental flow in and
out along with the model prediction was shown in Figure 1.5. The amount of CO» entering
or leaving were calculated by calculating the area under the respective curve. The cyclic
experiment with CO2 was also performed at three different temperatures, 25. 50 and 75 °C
at constant feed pressure of 8 psia. For each experimental condition, the pressure response
curves of step times, 0.25 and 2 sec were fitted against the 2-param non-iso model to
determine the model parameters. Using the determined parameters the pressure response
curves for the other step times were predicted, in Figure 1.6 pressure response curves along
with model prediction are shown for all temperatures. All parameters for CO> are
summarized in Table 1.5. In order to determine the goodness of the fit the value of R* was
calculated and tabulated in Table 1.7. The values of R? for the 2-step MPM indicates the
better fit than the 1-step MPM. In Figure 1.7 the effective macropore mass transfer
coefficient corrected by the slope of the isotherm has been plotted as a function of the cycle
number (cycle number is defined as the dimensionless time, time/cycle time) along with
the micropore mass transfer coefficient. From Figure 1.7, we can see that the transport of

CO2 in 13X zeolite is macropore limited.
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Same set of cyclic experiments were performed for Nz in 13X. The pressure
response of the step times 2 sec and 0.5 sec of the experiment performed at 25 °C and 20
psia feed pressure were fitted against the 2-param non-iso model and 1-param iso model.
The estimated model parameters are listed in Table 1.8. Due to the liner isotherm of
nitrogen, we get a number of solution for a number of different values for the macropore
(km2) and micropore mass transfer coefficient (km2). The values of the parameter for 1-
param iso and 2-param non-iso models along with the R? values are listed in Table 1.9. In
Figure 1.8 the 1-param iso and three different solution for 2-param non-iso models were
plotted against the experimental results. From Figure 1.8, we see that we can barely
distinguish three different solutions of the 2-param non-iso model. From Table 1.9 we can
see that the R? values for 1-param iso model are better than those of the 2-param non-iso
model. Which implies that a very simple 1-param iso model can explain the mass transfer
of N2 in 13X zeolite. In Figure 1.9 both 1-param iso and 2-parm non-iso models predictions
were plotted against the experimental pressure responses of the experiment performed at
25 °C and 20 psia feed pressure. In Table 1.9 the R? values for both models were calculated
in listed for all experimental conditions. It is evident that 1-param iso model is good enough

to predict the experimental pressure responses in all the experimental conditions.

The cyclic experiments for O, CHs4, and Ar were performed for three different
temperatures 25, 50, and 75 °C for step times 10, 3, 2, 1, 0.5, and 0.25 sec. The 1-param
iso model was sufficient to predict the pressure responses of all these gases in 13X zeolite.
The 1-param iso model parameters for all the gases for three different temperatures are

listed in Table 1.10. The macropore mass transfer coefficient corrected by the slope of the
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isotherm has been plotted as a function of cycle number for 20 and 2 psia feed pressure in

Figure 10. The transport in 13X zeolite follows the order O > Ar > N> > CH4 > CO..

1.5 Conclusion

A detailed study of diffusion mechanism of CO2, N2, Oz, CHs, and Ar in zeolite
13X beads was carried out. The main goal of this study was the understanding the gas
transport process in a commercial beads such as zeolite 13X in rapid cycles. We performed
the experiments in order of the step times as small as 0.25 sec and determined the mass
transfer coefficient to describe the transport process at that fast cycle. The experiment

covered a wide range or temperatures and partial pressures of the feed.

The transport process of CO; in zeolite 13X was found to be governed by the
macropore resistance, which is consistent with the previous studies, found in literature. A
simple 1-parameter isothermal macropore model could explain the transport process of Na,

0O,, CH4 and Ar all.

The mass transfer parameters obtained in this study can be used in any simulator to

simulate any adsorption process.
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1.6 Tables

Table 1.1: Three process Langmuir isotherm parameters for all gases.

Parameter CO; N, (01 CH,4 Ar
gs1 (mol/kg) 1.34 3.65 0.37 3.26 0.54
qs2 2.24 1.16 0.39 2.73 0.29
(mole/kg)
qs3 1.85 0 0 0 0
(mole/kg)
b01 (1/kPa) 2.44e-08 5.43e-07 7.31e-06 7.74e-07 7.00e-06
b02 (1/kPa) 4.52¢-08 5.15e-07 5.16e-07 8.01e-07 1.39e-06
b03 (1/kPa) 1.37e-08 0 0 0 0
B21 (K) 5757.03 1732.42 1725.45 2085.68 1639.64
B22 (K) 4606.08 2559.38 2157.83 2177.85 1766.64
B23 (K) 4244.86 0 0 0 0
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Table 1.2: The heat of adsorption of all gases.

Gas Heat of Adsorption [kJ/mol]
CO; 39.33

N> 19.54
CH4 17.85

0 15.33

Ar 13.55
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Table 1.3: Mass balance for He cyclic experiments at 25 °C bed temperature and 20 psia
feed pressure. The table shows the total amount of He entering and leaving the bed per
cycle averaged over 5 cycles.

. Flow in Flow out Flow in Flow out
Step Time
(sec) (Exp) (Exp) (2 Param Non- | (2 Param Non-Iso)
(ml, STP) (ml, STP) Iso) (ml, STP) (ml, STP)
3.00 215.21 226.88 209.67 191.91
2.00 207.64 212.82 206.29 196.24
1.00 189.08 186.93 194 .45 189.81
0.25 160.86 155.32 172.49 172.76
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Table 1.4: Properties of the adsorbent bed packed with 13X zeolite.

Parameter Value
Mass of adsorbent (m) 732 ¢
Pellet Density (pp)” 1110 g/cc
Adsorbent volume (Vp) 0.066 L
Total Empty Volume (V) 0.219L
Excluded Volume (VEx) 0.186 L
Skeletal Volume (Vs = V1 — VEx) 0.033L
Pellet Porosity (ep) 0.500
Bed Porosity (eb)" 0.350
External Volume (Vexr = V1 — Vp) 0.153L
Column Length (L) 0.192m
Bed Inside Diameter (ID) 0.032 m
Bed Inside Diameter (ID) 0.032 m
Bed Packed Length (L) 0.126 m
Headers (Ln) 0.033 m
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Table 1.5: Optimum parameters the 1 step and 2 step macropore model (MPM) of CO»
on 13X

Model Temperature, °C ki km2 Km2

1 Step MPM 25 47.21 4721 -
25 - 207.41 2.96
2 Step MPM 50 - 203.14 8.35
75 - 203.13 8.74
2 Step MPM All - 200.00 8.75
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Table 1.6: Mass balance for CO> cyclic experiments at 25C bed temperature and 20 psia
feed pressure. The table shows the total amount of CO; entering and leaving the bed per
cycle averaged over 5 cycles for step times 10.00, 3.00, 2.00, 1.00, 0.50, 0.25 sec and
averaged over 2 cycles for step time 10 sec.

Step Time Flow in Flow out Flow in Flow out
(sec) (Exp) (Exp) (2 Step MPM) | (2 Step MPM)
(ml, STP) (ml, STP) (ml, STP) (ml, STP)
10.00 817.65 795.87 889.04 919.33
3.00 368.80 342.20 382.53 385.70
2.00 263.08 243.32 272.73 275.16
1.00 141.36 131.14 145.65 147.41
0.50 73.21 68.24 66.11 78.89
0.25 31.96 30.10 32.40 34.37
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Table 1.7: Coefficient of determination (R?) for COx cyclic experiments in 13X at
different experimental conditions.

Temperature Feed Step Time R? R?

C) Pressure (s66) Model — 1® Model — 2®- ®)
(PSIA) (1 Step MPM) (2 Step MPM)

10.00 0916 0.991

3.00 0.875 0.995

20 2.00 0.906 0.994

1.00 0912 0.988

0.50 0.881 0.979

0.25 0.869 0.912

10.00 0.946

3.00 0.917

25 g 2.00 0.896

1.00 0.763

0.50 0.683

0.25 0.524

10.00 0.683

3.00 0.512

2 2.00 0.476

1.00 0.469

0.50 0.330

10.00 0.949

3.00 0.838

2.00 0.798

50 8 1.00 0.629

0.50 0.507

0.25 0.336

10.00 0.949

3.00 0.815

8 2.00 0.770

7 1.00 0.600

0.50 0.673

0.25 0.698

@ R? calculated using the experimental data. R? =1 — % where, Xpg, = Z;%

® Values of km1, kma, km2 are based on data given in Table 1.5
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Table 1.8: A series of solutions for different combination of kmz and kmz for nitrogen at
bed temperature of 25 °C and feed pressure of 20 psia.

Model km1 Kkm2 km2 Step Time (s) R?
2.0 0.004
; 60 104.14
05 0.087
" - 2.0 0.994
2 Step MPM ' 0.5 0.087
2.0 0.004
] 20 132.44
05 0.088
s 2.0 0.097
1 Step MPM ' 05 0.092
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Table 1.9: Coefficient of determination (R?) for N2 cyclic experiments in 13X zeolite at
different experimental conditions for 2 Parameter Non-Isothermal model parameters km>
=60 and km2 = 101.7.

Temperature Feed Step Time R’ R’
°C) Pressure (se0) Model — 1®-® | Model — 2@ ®
(PSIA) (1 Step MPM) | (2 Step MPM)

10.00 0.998 0.997

3.00 0.997 0.994

20 2.00 0.996 0.994

1.00 0.993 0.989

0.50 0.992 0.987

0.25 0.993 0.948

10.00 0.980 0.981

3.00 0.971 0.980

2.00 0.956 0.972

25 2 1.00 0.904 0.923
0.50 0.849 0.865

0.25 0.931 0.935

10.00 0.999 0.996

3.00 0.996 0.994

40 2.00 0.996 0.993

1.00 0.997 0.989

0.50 0.999 0.983

0.25 0.999 0.960

10.00 0.999 0.991

3.00 0.996 0.992

50 20 2.00 0.995 0.991
1.00 0.998 0.995

0.50 0.996 0.995

0.25 0.998 0.978

10.00 0.999 0.991

3.00 0.996 0.995

75 20 2.00 0.996 0.993
1.00 0.997 0.993

0.50 0.999 0.998

0.25 0.999 0.993

5(x—xexp)” _ Zexp

@ R? calculated using the experimental data. R? = 1 — where, Xpqr =

S (x—xpar)? xn

® Values of km1, kma, km2 are based on data given in Table 1.8
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Table 1.10: Optimum model parameters for both 1 Parameter Isothermal model and 2
Parameter Non-Isothermal model at three different temperatures for nitrogen, oxygen,
methane and argon in 13X zeolite.

Gas Temperature (°C) kmi (sec) km2" (sec™)
25 70.34 104.14

N2 50 69.73 107.09
75 67.67 98.72
25 46.89 72.53

0)] 50 38.28 59.06
75 39.80 58.98
25 84.79 129.37

CH4 50 81.52 114.66
75 86.90 113.17
25 43.24 69.77

Ar 50 34.34 44.58
75 30.80 38.27

*Parameter for the 2 Parameter Non-Isothermal model by setting kn» = 60 sec™!
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Figure 1.1: Isotherm of Carbon dioxide and Nitrogen at three different temperatures. The
solid lines represent the model fits and the markers represent the experimental data.
Curves on the RHS are the same curves shown on the LHS but in log —log scale.
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Figure 1.2 Isotherm of oxygen, methane and argon at three different temperatures. The
solid lines represent the model fits and the markers represent the experimental data.
Curves on the RHS are the same curves shown on the LHS but in log —log scale.
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CHAPTER 2
DEVELOPMENT OF A PRESSURE SWING ADSORPTION (PSA) CYCLE FOR
CO; CAPTURE FROM FLUE GAS USING A 1-BED PSA APPARATUS:

EXPERIMENT AND MODEL VALIDATION

2.1 Introduction

It is widely accepted that the major cause for global warming is the increase in CO>
concentration in the earth’s atmosphere due to anthropogenic activities. Due to the effect
of CO; on global warming, the CO> emission is becoming an increasingly serious issue.
Major sources of CO2 emissions into the atmosphere is through the burning of fossil fuels
for energy. It is reported that about 85% of the world commercial energy is produced by
burning coal, oil and gas. Department of Energy (DOE) has reported that about 40% of the
total CO> emissions come from all coal-fired power plants [44]. These coal-fired power
plants presents large point sources for CO2 emissions and considerable effort has been
underway worldwide to curb CO> emissions from these large point sources. There are
several options available to reduce the CO2 emissions from these sources. The best long
term solution is to completely substitute fossil fuels with renewable sources of energy.
However, a report published by DOE has shown that coal will still supply 28% of the
worlds energy demand [44]. Therefore, the short term solution CO> and storage. This can
be achieved by retrofitting existing plants with a CO: capture process. Typically the post

combustion flue gas from a coal-fired power plant contains about 12-15% CO>

39



at atmospheric pressure and the capture plant is expected to concentrate it to around 90 to

95% and sequester it underground [44].

There are several technologies available to separate CO> such as absorption,
cryogenic distillation, adsorption, and membrane separation. The most commonly used
technology for post combustion carbon capture is absorption using amine-based liquid
solvents [45, 46]. However, this technology is too energy intensive due to the high energy
demand for solvent regeneration [47]. The amine absorption process takes out a portion of
the process steam of the power plant reducing the overall capacity of the power plant.
Therefore, alternative technologies with lower energy penalty are being explored and
adsorption is one of the promising alternatives [1, 46-49]. However, to date none of the
technologies is economically feasible; so, significant research effort is being undergoing

to come up with an economically feasible process to capture CO».

An article published by the International Energy Agency (IEA) in 1994, focused
the use of adsorption technologies for CO; capture from flue gases on the basis of 500 MW
power plant [50]. Both pressure swing adsorption (PSA) and temperature swing adsorption
(TSA) were evaluated used a commercial adsorbent 13X zeolite. At that time the study
clouded that both PSA and TSA were too energy intensive and not feasible for CO; capture
from power plants. In 2003 another report by IEA reiterated the same results [51]. However
Webley and co-workers questioned findings of both report in one of their work [52]. This
work reevaluated the PSA process by calculating the energy consumption by a PSA process
for CO» capture to be $67/tonne CO; captured compared to $97/tonne CO- captured as

reported by IEA. This new energy consumption value of PSA compare much more
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favorably to the energy consumption by the amine absorption process at $60/tonne COx.

The cost of PSA can be brought down significantly by proper design of the PSA cycle.

Adsorption-based processes for gas separation have been widely practiced in the
industries for applications like air separation [53, 54], hydrogen purification [55, 56],
hydrocarbon separation [57], and air drying [58]. Ritter et al investigated several PSA/VSA
cycle specific to CO, capture [22]. Ishibashi et al published an article on experimental
study on capture of CO> from a power plant flue gas with Ca-X zeolite in a two stage-

process in a pilot plant [24].

Designing an adsorption-based process is very challenging and increasing
development of mathematical models in the literature facilitated the model-based process
design. The availability of infinite possible configurations, cycle schedules, adsorbent
materials, and recycle streams make the process development very complex, and the use
of a suitable model is required to assess the process performance early during the process
development [59]. The reliability of a given model depends highly on the many physical
parameters which are specific to the system and operating conditions. General practice to
determine these parameters, the equilibrium adsorption isotherm is usually independently
measured using a volumetric or gravimetric method, and the kinetic information is obtained
by a fixed-bed breakthrough experiments [60-66]. Although valuable information is
obtained through breakthrough experiments and these information is essential to model a
full pressure swing adsorption (PSA) cycles, actual PSA adsorption process involves wide
range of conditions in their different steps. So the developed model must be tested

rigorously in order to have full confidence in it. Therefore, it is very important to validate
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the model by comparing between experimental results of full PSA cycles and simulation

results. And validation of the model is the prerequisite for its use for process development.

In this work, several PSA experiments were performed in a fully automated 1-bed PSA
apparatus by changing different process parameters to cover a wide range of process
conditions. The experiments two different bed temperatures, namely 70 °C and 100 °C,
two different desorption (counter current depressurization) pressures, namely, 5 kPa, and
7 kPa, two different purge to reflux ratio 3% and 4%. Two different cycle times were used
720 sec and 380 sec. The adsorption pressure, i.e., the pressure during the feed step was
always the same 120 kPa. The PSA cycle consists of the following steps: feed (F), heavy
reflux (HR), equalization (Eq), counter-current depressurization (CnD), light reflux (LR),
light product pressurization (LPP). Seven thermocouples were placed across the length of
the bed to monitor the temperature profiles of the bed during each experiments and the
compositions were measured by an inline mass spectrometer (MS). The main purpose of
these experiments were to validate the in house dynamic process simulator (DAPS) for
various process conditions. The equilibrium isotherm data for the single gas used in the
process simulator were measured independently using a Micromeritics ASAP 2010. The
mass transfer coefficient was determined using a rapid pressure swing apparatus. A non-
isothermal one transport mass transfer model was used which only considers the macropore
resistances. | this work, pressure and temperature profiles of the bed along with the process
performance in terms of purity and recovery of CO2 determined experimentally were
compared with simulations results. Therefore, the validation of DAPS in the context of a

complete PSA process was done.
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2.2 Mathematical Model

Simulations of the PSA cycles were carried out using an in house dynamic
adsorption process simulator (DAPS) developed in FORTRAN that uses the finite
difference method and the time adaptive DAE solver called DASPK (Brown et al., 1994).
The following assumptions are imposed: the ideal gas law, plug flow, no heat transfer
limitations between gas and solid (i.e., pellet) phases, no thermal capacitive role of the
wall, no axial mass and thermal dispersion, the gas phase concentration in both bulk and
pellet porosity is identical, and the mass transfer between solid and gas is defined by 1
parameter macropore limited non-isothermal model. Temperature of the wall set at a
constant value equal to the temperature of the bed and heat loss to the exterior defined by

heat transfer at the inner side of the wall.

For an N-component PSA process, the overall (O.M.B.) and component mass

balances (C.M.B.) over a differential volume element respectively yields.

10P 10T ovC u
g +l-¢ e, )C.| ——-———|+¢ L+» 8. =0 1
O I o) 1)
dy; 9y, 4 .
(gb+(l_£b)‘9P)CT_+€hCTV__inS‘+Si=0 i =1 to N-I
ot 0z = /
(2a)
yi+ Zyj: Z=N (2b)
=1, j#i
with
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P g,
Cr TR Si :(I—Eb)ppa;qt

Where ¢, and p, are the pellet porosity and density, respectively, €5 is bulk porosity,
v is the interstitial velocity, y; is the molar fraction of species i in the gas phase, 7 is the
temperature of both gas and solid phases, P is the pressure and ¢; is loading of species 7 in

the solid phase, R is the universal gas constant.

To determine the mass transfer rate for the particle for each gas one parameter non-
isothermal macro pore model was used [Ref mass transfer paper]. The mass transfer of

species i between the solid and gas phase is defined given by Eq. (3) (M.T.M.):

dq; .
d_tl = kuerr(q; (P, T) — q;) (3)

where kwmefr is the overall effective macropore mass transfer coefficient, q; is the
adsorbed equilibrium concentration, i.e., q; = f(P,T) given by the isotherm and g; is the

average adsorbed concentration.

The overall effective macropore mass transfer coefficient is given by Ep. (5)

1
kM eff = ¥ kM (4)
' RT
14204

Ep aPT’pi

*

. . . . . .9 .
Where pp is the particle density, ep is the particle porosity, ﬁ _ 1is the slope of the
T,P

isotherm, km macorpore mass transfer parameter. The fitting parameter for this model is

kwm.
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The equilibrium loading of component i, ¢; is calculated from the Three Process

Langmuir isotherm:

btkPqtks

1+ Zf (b.f,k P )
J=

e

B' *
Where bi,k = bi,k,o exp(%J and qi,k,s = qi,k,s + qi,k,st *T [k =1to 3]

where q;" is the total loading of component i in mol/kg, n is the number of
components, ¢ ;s 1S the saturation loadings of component i in mol/kg on sites k, P; is the

partial pressure of component I, T is the temperature in K.

The energy balance (E.B.) is expressed as

or oP or aT
(6 +0-a)e ) .0, 2 -2 )+ (1-e)onc, )+ eicp, oL+

X oT g, ) 2
(l_gb)p z(cpa/ / at AHI %j*—r_hw(T_Tw):O (5)
b.i

with

n

Cpg :Z(y.icpg,i)

i=1

where Cpg; and Cp,; are the molar heat capacities of species i in the gas and
adsorbed phase, respectively (typically assumed identical), Cp, is the heat capacity of the

pellet, AH; is the heat of adsorption of species i, 4, is the heat transfer coefficient at the
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inner side of the wall of the bed and r; is the internal radius of the bed and T, is the wall

temperature.

The pressure drop along the bed is evaluated via Ergun’s equation, i.e. the

momentum balance (E.B.):

2
a—P+1.5x10"ﬂg(1_—ﬂ v+1.75%107C, M, g_gb

0z 1€,

v|v| =0 (6)
peb
where g and M, are the viscosity and the average molecular weight of the gas

phase and 1;, is the effective radius of the pellet.

At given boundaries the flow rate (F) whether it’s goes in or out of the bed is defined
according to the valve equation (V.E.), which is defined according to Eq (10):

1
F = Cyvsign ——==min(49.08|P% — P2|°5,41.63P.) (7)

JSoT

where ¢, is the valve coefficient, S is the molecular weight of the gas relative to
that of air, P. and P+ is the pressure upstream and downstream the valve, T. is the

temperature upstream the valve.

The equations described above constitute a complete mathematical model for multi-
component pressure swing adsorption process once the initial and boundary conditions for
particular steps are specified. For a system containing N components, there are a total of

2N+3 variables and equations that have to be solved at each node.
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The initial and boundary conditions depends on the PSA process cycle
configuration used. The initial and boundary conditions for different steps are given in

Table 2.2:

2.3 Experimental Section
2.3.1 Adsorption Isotherm Measurement

Pure component adsorption equilibrium isotherms for CO; and N, on zeolite 13X
were measured by using a volumetric system from micromeritics ASAP2010. Since ASAP-
2010 is designed for surface area and porosimetry measurements and measures the nitrogen
isotherm at 77 K it had to be modified to be able to measure different pure gas isotherms
at various temperatures. Operation pressure range provided by this system is from 0 to 127

KPa. The molecular drag pump can create vacuums down to 1.3 *10°° KPa in the system.

Volumetric method involves measuring the pressure change in a known volume of
sample gas exposed to an adsorbent sample. As the gas is adsorbed and allowed to come
to equilibrium with the adsorbent, the measured decrease of pressure in the closed system

indicates the amount of gas adsorbed under the given isothermal conditions.

Data were collected for the equilibrium pressure range of 0.001 to 110 KPa at 25,
50 and 75 degree Celsius. Obtaining each complete isotherm consists of 60 to 120
equilibrium point measurements and takes roughly about 12 hours. For each point when
the rate of change for pressure is less than 0.01% criterion for equilibrium is satisfied and

the system moves to the next point.
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Prior to each isotherm measurement, the zeolite 13X was regenerated at 350 °C for
16 hours under a vacuum of less than 1 x 10™* torr. In order to prevent structural damage
caused by desorbing water steam a stepwise increase in temperature with simultaneous

vacuum was applied to all samples.

The pure gas adsorption isotherm along with the model fit has been shown in
Figure 2.3. The experimentally determined pure gas isotherms except for CO> have been
fitted with the Dual Process Langmuir (DPL) model. The experimental isotherm of CO»
was fitted with three-process Langmuir (TPL) isotherm. The isotherm model parameters

have been summarized in Table 2.1.

2.3.2 Description of the Experimental Setup
The schematic diagram of the 1-bed PSA apparatus is shown in Figure 2.1, where

all basic steps of a PSA process, i.e., feed (F), heavy reflux (HR), equalization (E), counter-
current depressurization (CnD), light reflux (LR) and light product pressurization (LPP)
can be performed. It consists of a single adsorbent bed packed with W.R. Grace Zeolite
13X. For feed gas, high purity grades of carbon dioxide and nitrogen were obtained from
Praxair. There are six mass flow controllers of different ranges and for different gases are
connected with the system. Each mass flow controllers can feed the bed from top or bottom
of the bed. Before performing any experiment each mass flow controllers were calibrated
using the respected gas. Using the appropriate mass flow controllers CO; and N> were
blended together to mimic the flue gas composition for feed and heavy and light reflux
streams. The flow of the heavy and light product was recorded using two mass flow meters.
Seven exposed tip k-type thermocouples places axially along the length of the column were

used to record the temperature profiles of the bed. The position of the concentration wave
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along the bed was determined by observing the temperature profiles. The pressure of the
bed was measured by using a pressure transducer placed at the bottom of the column and
a low range transducer was used to measure the pressure when the pressure were below
vacuum. Flows can be directed in so many different ways in and out of the bed using
multiple solenoid vale trains giving enough flexibility to study any possible combinations
of PSA cycle steps including pressure equalization. Three equalization tanks were used to
mimic the bed-to-bed pressure equalization step. There are two product tanks were
connected to the system, one for the light product and the other for the heavy product. The
system was designed to analyze both average and instantaneous concentration of the gas
coming out of the column. The average concentration of the light and heavy product were
determined by analyzing the gas from the light or heavy product tank whereas the
instantaneous concentration was analyzing by bypassing the product tanks. Three vacuum
pumps were connected in parallel to generate column pressure above and below
atmospheric pressure. The concentrations of the different streams were analyzed using a

mass spectrometer by withdrawing a fraction of the stream to be measured.

2.3.3 PSA Experiments

A number of experiments were performed on the single bed PSA system by
changing different process parameters such as feed flow, cycle time, low pressure, bed
temperature etc. to study of their effect on the overall process performances. A simplified
schematic diagram of the PSA cycle schedule is shown in Figure 2.2. By blending CO»
and N> with flow controllers FC 2-2 and FC 2-3 respectively simulated flue gas containing
15% CO; and balance N; was produced. The simulated flue gas enters the adsorption

column at high pressure Py from the bottom during the feed step. Zeolite 13X adsorbs CO»
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preferentially and N> rich gas leaves the column from the top and enters the light product
tank (T). The concentrations and flows of the all the steps was found from the preliminary
simulation studies. The concentration of the heavy reflux (HR) was achieved again by
blending CO; and N> using the respective flow controllers and was fed at the high pressure
Pu. The purpose of this step is to enrich the loading of CO> in the solid phase and remove
the gas phase N> through to the light end. These step help increase the purity of CO; in the
heavy product that was produced in the subsequent counter-current depressurization (CnD)
step. The bed is emptied in the CnD step to the low pressure PL producing the heavy
product. In order to reduce the size of the vacuum pump used in the CnD step the pressure
of the bed was reduced before the CnD step by taking advantage of bed-to-bed equalization
step. In bed-to-bed equalization, step one bed at high pressure is connected to another bed
at low pressure and pressure of both beds are let to equalize. Since this is a single bed set
up, the bed-to-bed equalization step was mimic by equalizing with two empty tanks. After
the HR step, the pressure of the bed is partially reduced from Py to an intermediate pressure
PE1 during the first equalization step. During the equalization step the light end of the bed
is connected to the first equalization step, gas in the light end (mostly N2) enter the
equalization tank due to the pressure difference. The pressure of the bed is further reduced
from Pg; to Pg2 by connecting it to the second equalization tank. Next step is the CnD
during which the bed pressure reaches to the lowest pressure PL. During the CnD step, the
heavy end of the column was exposed to the vacuum pump by keeping the light end closed.
The decrease in the column pressure causes CO> to desorb from the adsorbent and exit the
bed through the heavy end. The effluent from the CnD step enters the heavy product tank

(T). In order to further regenerate, the bed N> is flown through the top of the column (light
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end) counter-currently during the light reflux (LR) step. The LR step operate at the column
low pressure Py to facilitate the desorption of CO». The effluent from the LR step rich in
COz also enters the heavy product tank. Usually the LR stream is recycled back the HR
step in a multi-bed process. Since the concentration of the LR step stream is lower than
that of the CnD step stream the heavy product gets diluted. In order to determine the actual
purity of the heavy product the heavy product tank was bypassed at the periodic behavior
of the process and the effluent coming out of the bed was directly analyzed with the mass
spectrometer. After the LR step the column again undergoes two equalizations steps where
the column pressure increases from Py to Pe2+ and Pg1+ respectively. After the equalizations
steps the column pressure was increased from Pgi+ to Py by using pure N to pressurize the
bed through the light end.

2.3.4 PSA Cycle Process Performance Indicators
The PSA process was designed to produce enriched CO» as the heavy product and

take out N2 in the light product. The recovery and purity of CO2 in the heavy product and
the recovery and purity of the N in the light product was used to judge the overall
performance of the process, the average mole fraction of CO2 in the heavy product during
the CnD step was taken as the purity of CO: in the heavy product. The average mole
fraction was calculated by averaging the mole fraction of the streams coming out of the
CnD step. The recovery of this process was defined as the total amount of CO; produced
divided by the total amount of CO- fed during the feed and HR step. The N recovery in
the light product is defined as the total moles of N> produced in the light product divided

by the total amount of N> fed during feed, HR, LR and LPP steps.
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Total five runs were carried out to study the effect of different process parameters
on the overall process performance. The parameters studies was the feed flow rate, total
cycle time, light reflux flow rate, bed temperature. The bed properties and run conditions

during each run (Runs 1 to 6) are shown in Table 2.4.

The performance indicators of the PSA process are evaluated in terms of purity,

recovery and throughput, which are defined below for feed concentration yr of COx:

C0,(mol)obtained as product during A step.100

Purity(%) = 11
urity (%) total Product(mol)obtained during A step 1D
CO,(mol)obtained as product during CnD & LR step.100
Recovery(%) = . (12)
COH,(mol) fed during Feed & HR setp Feed step
L(STP) Fresh total Feed(L(STP)) used in Feed step. 60
Throughput ( ) = - (13)
kg.h Mass of adsorbent(kg)in all beds
The compressor energy was calculated using the following formula:
I . p y-1
] 1 step ¢y high\ ¥ 1
ACE j (L) Rr |(e) ™~ 1| ncoyae (14)
*\mol Nco, Jo Y — 1 P(t) n

where tsiep 1S the duration of the step feeding the compressor, ncoz is the total moles
of CO; removed into the heavy product (HP) per cycle during the CnD step and P(t) and
n(t) are the time varying pressure and molar flow, respectively, of the stream being fed into

the compressor.
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2.4 PSA Experiments Results and Discussions

Five runs were carried out to study the effect of various process parameters. The
parameters studied include feed flow, cycle and individual step time, reflux ratio in the
light reflux step, CnD pressure and temperature. Table 2.5Table 2.6 summarize all the
process conditions for the run 1 through 5. The base case is run 1 (E-1) which was
conducted at 70 °C bed temperature, total cycle time was 720 sec, reflux ratio 3% and
CnD pressure 5 kPa. The CnD pressure was controlled by fine-tuning with a needle valve
in the vacuum line. In E-2, the reflux ratio was changed to 4% by keeping all other
parameters, same as base case E-1. In E-3, the CnD pressure was raised from 5 kPa to 7
kPa compared to the base case E-1 while the other parameters were kept the same. In E-4,
all the step times were made half of those in the base case E-1 except for the equalization
steps and the feed flow rate was doubled. Experiment E-5 was ran at 100 °C bed

temperature and all other parameters were same as those in the base case E-1.

Figure 2.4 shows the temperature profiles of the seven thermocouples (T-1 to T-7)
along the bed at the periodic state of the bed. The temperature profiles shows the
progression of the concentration wave through the bed. The first temperature peak
corresponds to the temperature rise due to the feed gas. However, the higher temperature
peak corresponds to the temperature rise due to higher concentration heavy reflux stream.
Figure 2.5(a) shows the periodic state pressure profile of the bed for a complete PSA cycle
of the base case E — 1. Figure 2.5(b) shows the zoomed view of the pressure profile during
equalization, CnD and LR step. In the base case E - 1 the CO> purity and CO> recovery
obtained was 96.79% and 91.06% respectively, and this will be compared with the results

of the other 4 runs.
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In run E-2, only the reflux ratio was changed from 3% to 4% compared to the base
case E — 1 while keeping the other parameters same. During the LR step, pure N> was fed
to the column from the light end. This wave of pure N forces all the CO in void spaces
and some from the solid phase to be pushed out from the bed through the heavy end. This
step pushes the CO> front further down the bed causing better regeneration of the bed. The
effluent from both step, CnD and LR goes to the heavy product tank. The concentration
coming out of the LR step heavily dependent of the flow of the light reflux step. However
only the concentration of CO> of the stream coming out of the CnD step was considered as
the CO; purity of the process. The higher reflux ratio helped the bed regenerate better which
should yield higher recovery of CO». From Table 4 we can see that the CO; recovery was

increased in run E — 2 compared to E — 1.

In run E — 3 the CnD pressure was limited to 7 kPa compared to 5 kPa of the base
case E — 1, keeping the other process conditions the same. A lower vacuum pressure helps
desorb more CO; and be removed in the heavy product. Better regeneration improves the
bed capacity for CO; and therefore CO; recovery increases. The recovery of CO; in the
heavy product was much deceased as compared to base case E — 1 because it was run at a
higher vacuum, which caused poor regeneration of the bed causing more CO> to

breakthrough thereby reducing the COx recovery in the heavy product.

In experiment E —4 all the step times was reduced to half except for the equalization
steps compared to the base case E — 1 also the flow rates was made twice. The reduction in
time in the CnD step caused poor regeneration of the bed causing the CO> wave pushed
further up and as a result more CO; breakthrough to the light product. Because of this, the

COa2 recovery decreases significantly compared to E — 1.
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The last experiment (E — 5) was conducted at 100 °C keeping all other process
parameters the same. The loading of both CO> and N; decreases significantly at higher
temperature, however the loading of N2 decreases significantly at higher temperature that

explains the higher CO> purity in the heavy product in run E — 5.

2.5 Model Validation

Every model needs to validate against experiment before it can be used to design a
process. The DAPS model was also validated against the experimental data obtained in the
five runs. The simulations was performed using the equilibrium and kinetic information of
the 13X zeolite for the given gases independently in separate measurement methods. As
explained before the equilibrium isotherm of both CO; and N; on 13X zeolite was obtained
using the micromeritics ASAP 2010 for three different operating temperatures. The mass
transfer coefficients of CO, and N> was obtained using the rapid pressure swing apparatus
(RPSA). In these simulations one parameter mass transfer coefficient with energy balance
was used. The main heat transfer resistance is between the solid and gas phase inside of
the column wall. In order to remove the heat transfer of the wall and outside the wall
thickness was considered negligible. The heat transfer coefficient was obtained by fitting
the temperature profile of the bed of a pure N> purge run. Heat transfer and mass transfer
coefficients were not changed in any simulation. Only the valve coefficient of different

steps was changed in order to match the pressure history of the bed during a complete cycle.

In Figure 2.6 the model predicted pressure profile of the bed was plotted against
the experimental pressure profile of the bed at the periodic state for the entire PSA cycle.

The PSA cycle consists of 8 steps namely feed step (F), heavy reflux step (HR), first
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equalization down step (Eq-1), second equalization down step (Eq-2), counter-current
blowdown step (CnD), light reflux step (LR), first equalization step up (Eq-2%*), second
equalization step up (Eq-1*) and light product pressurization step (LPP). The experimental
data was represented as the open circle whereas the solid line shows the model prediction.
As it can be seen from the figure the DAPS can predict exactly the experimental pressure
profile of the bed. It is very important to have a correct estimation of the individual
component isotherms, mass transfer coefficients and heat transfer coefficients. The
pressure profile was matched only adjusting the respective valve coefficients of each step

no other parameter was adjusted.

In Figure 2.7 the experimental temperature profiles at periodic state for seven
different thermocouples in the bed was plotted against the DAPS predicted temperature
profiles. The open circles represent the experimental data whereas the solid lines represent
the model predictions. The experimental and model prediction of seven thermocouples (T-
1 to T-7) were plotted separately in Figure 2.7(a) — (g) in order for better comparison. In
Figure 2.7(h) the model prediction of all the thermocouples (T-1 to T-7) are plotted
together. The relative locations of the thermocouples along the bed are T-1: 12.68%, T-2:
24.02%, T-3: 35.73%, T-4: 47.26%, T-5: 58.78%, T-6: 70.31%, and T-7: 81.83%. Because
of a higher heat of adsorption of CO» there is a temperature rise during adsorption and the
temperature rise indicates the location of the concentration front in the bed. The first peak
in the Figure 2.7(a) — (g) is due to the feed gas. The second peak in Figure 2.7(a) - (d) is
due to the heavy reflux gas. The temperature rise during the heavy reflux is more than that
happens during feed because CO> concentration is higher in the heavy reflux stream. The

feed concentration is 15% CO: whereas the concentration in the heavy reflux stream is in
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the range 75 - 85% COaz. The progression of the concentration front can be tracked by
observing the temperature rise peak in the temperature profile of all the thermocouple. We
can see that the second peak only reaches until thermocouple T-4 which is 47.26% in the
bed that means the front location is between 47.26% and 58.78% of the bed. However, the
feed wave front reached until T-7 and a very small amount of CO; broke through during
this experiment. Using the equilibrium isotherms of individual component determined
using micromeritics ASAP 2010 and mass transfer coefficients determined from the single
gas cyclic experiment in RPSA setup, the model was able to predict accurately the
temperature profiles and position of the higher concentration front during the heavy reflux
step for the entire PSA cycle for E — 1. The comparison of the experiment with simulation
prediction of CO; purity and CO; recovery in the heavy product for all five runs are shown
in Table 2.8. The results show a close agreement between experiments and model.
Therefore, the DAPS model was validated and now can be used to simulate a variety of

PSA cycles and process conditions for CO» capture.

2.6 Conclusion

A nine-step PSA cycle was studies using the single bed PSA apparatus to separate
CO; from flue gas (15% CO2, 85% N2) using Zeolite 13X from Grace as adsorbent. Several
PSA cycle experiments were performed by varying different process parameters. The cycle
steps involved were feed, heavy reflux, equalization, counter current depressurization, light
reflux, and light product pressurization. The process performances was judged by the CO»
purity and recovery in the heavy product. The process parameters studied was feed flow,

light reflux ratio, cycle/step time, CnD pressure and bed temperature. The experimental
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results were used to validate the dynamics adsorption process simulator (DAPS) using
equilibrium isotherms of the individual components measured at three different
temperatures independently using micromeritics ASAP 2010 and the mass transfer
coefficients determined using the single gas cycling using a rapid pressure swing
adsorption apparatus. The model successfully predicts the pressure and temperature
profiles and performance of each experiment. DAPS successfully capture the location of
the concentration front in the bed without any adjustable parameters. The agreement
between the experiment and simulation results also validate the single component
adsorption isotherm and mass transfer coefficient measure independently. The reason
simulation predicted temperature profiles did not match perfectly with the experiment was
that there is only one lumped heat balance was used. However, the model does excellent

job in predicting the location of the temperature peaks.

In spite of the minor differences in the temperature profiles and the performance
predictions, we are convinced that DAPS captures all the crucial phenomena and predicts
all the important trends observed in the PSA process for the separation of CO; from a
simulated flue as containing 15% CO; and 85% N using 13X zeolite, and it does so in a
quantitative manner. Now DAPS can be used to model process design and optimization a

CO; separation process using PSA.
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2.7 Tables

Table 2.1: Isotherm parameters.

Parameter CO? \ N2
k=1
q;,, (mol/kg) 1.338 0.438
4., (mol/kg/K) 0.0 0.0
b,,, (1/kPa) 2.4419E-8 7.5950E-7
B,,(K) 5757.03 2370.32
k=2
q;,, (mol/kg) 2.238 0.733
q;,, (mol/kg/K) 0.0 0.0
b,,, (1/kPa) 4.5204¢-08 7.5950e-7E-6
B,,(K) 4606.08 2370.32
k=3
q, 5, (mol/kg) 1.853 0.607
4,5, (mol/kg/K) 0.0 0.0
b, (1/kPa) 1.3737E-8 7.5950e-7E-6
B,,(K) 4224.86 2370.32
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Table 2.2: The initial and boundary conditions of other steps of the PSA cycle:

Time and
Step Bed Initial, Boundary conditions and balances
Location
PSA cycles
t=0 yi=YyiLer, T = Trep, gi= qiLep (at all )
Feed (F) z/L=0 y =vVir, F = Fp, LDFE, T = T¢, M.B. (at all t)
z/IL=1 C.M.B., O.M.B., LDFE, E.B. (T,= T¢), V.E. (P,=Py) (at all t)
t=0 yi=yir, T = TF, qi= qir (at all z)
Heaglg;’ﬂ“" ZL=0 = yirm, F = Fan, LDFE, T = Tyn, M.B. (at all 1)
z/IL=1 C.M.B., O.M.B., LDFE, E.B. (T, = Tf), V.E. (P,=Pn) (atallt)
Counter-current t=0 yi=yinr, T = Tur, qi= qinr (at all z)
depressurization z/L=0 C.M.B., 0.M.B,, LDFE, E.B. (T,=Tg), V.E. (atall t)
(CnD) z/L=1 C.M.B.,v=0, LDFE, E.B. (T,=Tg) (at all t)
: t=0 yi=Yi.cop, T = Tenp, i = qicnp (at all z)
L‘g‘(‘ig')ﬂ“" ZL=0 CM.B.. OM.B., LDFE, EB. (To=Tr), V.E. (atall 0
zZ/IL=1 y =Viir, F =-Fir, LDFE, T =T, M.B. (at all t)
Light Product t=0 yi=yikir, T = Teir, §i= qieir (at all z)
pressurization z/L=0 C.M.B.,,v=0, LDFE, E.B. (T,=Tg) (at all t)
(LPP) z/L=1 Y = YiLpp, F = -Frpp, LDFE, T = Tf, M.B. (at all t)
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Table 2.3: The cycle schedule of the experiment performed.

FEED

HR

E-1

E-2

CnD

LR

E-2%*

E-1*

LPP

I

I

E-1

I

I

E-1*

I

I

I

E-2%*
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Table 2.4: Properties and Operating conditions.

Properties Values
Bed Characteristics
Length (m) 0.50165
Internal Radius (m) 0.0254
Bed porosity 0.425
Bulk density (kg/m?) 632.8
External Heat transfer Coefficient (kW/m?/K 0.0024
Wall
Material SS 316
Thickness (mm) 4.0
Heat capacity (kJ/kg/K) 0.468
Density (kg/m®) 8.24
Adsorbent
Total Mass (kg) 0.7204
Material Zeolite 13X
Pellet density (kg/m?) 1100.0
Pellet porosity 0.54
Pellet heat capacity (kJ/kg/K) 1.1
Operation See table 3
Feed flow (SLPM) 14.54,29.07
CO; concentration (Balance N», %) 15.9
Feed and external temperature (°C) 25.0
Light reflux ratio* 0.02-0.05
High pressure, Py (kPa) 121.0
Low pressure, P (kPa) 5.0,7.0,10.0
Cycle Times and Step Times See Table 3
Gasses
CO;
Isotherm See Table 4
Mass transfer Coefficients, knii (1/5s) 47.21
Nitrogen
Isotherm See Table 4
Mass transfer Coefficient, kv (1/s) 70.34
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Table 2.5: Experimental Conditions of the PSA Experiments.

T Cycle Step Times [sec]
rcy | EXP E:c‘]e F |HR | E-1 | E-2 | coD | LR | E-2* | E-1* | LPP
E-1 | 7200 | 240 | 120 | 10 | 10 | 100 | 120 | 10 | 10 | 100
S0 [E2 7200 [240 [ 120 |10 |10 | 100 [120 | 10 | 10 | 100
E3 | 7200 | 240 | 120 | 10 | 10 | 100 | 120 | 10 | 10 | 100
E4 | 3800 | 120 | 60 | 10 | 10 | 50 | 60 | 10 | 10 | 50
100 | E-5 | 720.0 | 240 | 120 | 10 | 10 | 100 | 120 | 10 | 10 | 100
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Table 2.6: Experimental Conditions of the PSA Experiments

Bed Exp Feed Feed CO; | Reflux Py PL

Temp No * | Throughput Conc. Ratio [kPa] [kPa] Pu/PL
[°C] [Lste/hr/kg] [%] [%]

E-1 403.61 15.90 3.0 120.10 | 4.94 24.32
70 E-2 403.60 15.91 4.0 120.07 | 4.95 24.24
E-3 403.47 15.90 3.0 119.68 | 7.15 16.73
E-4 764.48 15.94 3.0 11947 | 6.11 19.54
100 E-5 403.57 15.92 3.0 119.84 | 4.93 24.29
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Table 2.7: Summary of PSA Cycle experimental results.

Feed Cycle
Temp | Exp Throughput | Time P. | RR CO, HP N, LP

[°C] [Lsre/hr/kg] | [sec] | [kPa] | [%] | % Pur | % Rec | % Pur | % Rec
E-1 403.61 720.0 | 4.94 3.0 | 96.79 | 91.06 | 96.38 | 94.55

70 E-2 403.60 720.0 | 4.95 4.0 | 96.72 | 9245 | 96.73 | 94.09
E-3 403.47 720.0 | 7.15 3.0 | 9524 | 8220 | 92.63 | 92.00
E-4 764.48 380.0 | 6.11 3.0 | 96.51 | 83.70 | 92.23 | 94.64

100 | E-5 403.57 720.0 | 4.93 3.0 | 97.51 | 9142 | 95.96 | 94.81

65




Table 2.8: Summary of PSA cycle experimental results compared with Simulation

results.
Cycle
Temp | Exp Time P. | R.R. HP CO; Rec [%] HP CO; Pur [%]

[°C] [sec] | [kPa] | [%] | Experiment | Modeling | Experiment | Modeling
E-1 | 720.0 | 5.02 | 2.0 91.06 94.56 96.79 96.71

70 E-2 | 720.0 | 5.01 | 3.0 92.45 94.82 96.72 96.86
E-3 | 720.0 | 512 | 4.0 82.20 83.70 95.24 95.52
E-4 | 380.0 | 694 | 4.0 83.70 84.60 96.51 96.08

100 | E-5 | 720.0 | 5.02 | 3.0 91.42 93.90 97.51 98.00

66




2.8 Figures
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Figure 2.1: Simplified schematic diagram of the single bed PSA experimental apparatus.
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Figure 2.2: Schematic diagram showing all steps in the PSA cycle investigated in the
single bed experimental system. 1: Feed (F) step; 2. Heavy-Reflux step (HR); 3, 4, 7, and
8: Pressure equalization steps (Eq); 5: Counter Current depressurization (CnD) step; 6:
Light-reflux (LR) purge step; 7: Light product pressurization (LPP) step.
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Figure 2.3: Isotherms of Carbon dioxide and Nitrogen at three different temperatures in
linear (left) and log-log scale (right). The solid lines represent the model fits and the
markers represent the experimental data.
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Figure 2.4: Temperature history of each bed and one bed for 7 different equidistant
locations (1:12.68%, 2:24.20%, 3:35.73%, 4:47.26%, 5:58.78%, 6:70.31%, 7:81.83%) for
experiment E-1 during one entire cycle.
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Figure 2.5: Pressure history for all 3 beds during one entire cycle (left) and pressure
history for only bed-1 during one entire cycle (right) of experiment E-1.
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Figure 2.6: Pressure history of Bed-1 during one entire cycle for E1, plotted against the
pressure history as predicted by simulation (M-1).
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Figure 2.7: Periodic state experiment and model prediction temperature profiles in the
bed for E-1 at seven different thermocouples (T-1 to T-7) along the bed (T-1:12.68%, T-
2:24.20%, T-3:35.73%, T-4:47.26%, T-5:58.78%, T-6:70.31%, T-7:81.83%).
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CHAPTER 3
DEVELOPMENT OF A PRESSURE SWING ADSORPTION (PSA) CYCLE FOR
CO2 CAPTURE FROM FLUE GAS USING A 4-BED PSA APPARATUS:

EXPERIMENT AND MODEL PREDICTION

3.1 Introduction

It is widely accepted that the major cause for global warming is the increase in CO>
concentration in the earth’s atmosphere due to anthropogenic activities. Due to the effect
of CO; on global warming, the CO> emission is becoming an increasingly serious issue.
Major sources of CO2 emissions into the atmosphere is through the burning of fossil fuels
for energy. The emission of CO> can be reduced by switching to renewable energy such as
solar or wind energy [67-75] or through CO: capture and sequestration [44]. It is reported
that about 85% of the world commercial energy is produced by burning coal, oil and gas.
Department of Energy (DOE) has reported that about 40% of the total CO2 emissions come
from all coal-fired power plants [44]. These coal-fired power plants presents large point
sources for CO2 emissions and considerable effort has been underway worldwide to curb
CO; emissions from these large point sources. The goal is to capture CO from the flue gas

of power plants and concentrate it to around 90 to 95% and sequester it underground [44].

There are several technologies available to separate CO> such as absorption,

cryogenic distillation, adsorption, and membrane separation. However, to date none of the

74



technologies is economically feasible; so, significant research effort is being undergoing
to come up with an economically feasible process to capture CO,. Among the available
technologies, physical absorption using amines is the most widely accepted technology.
However, the operating cost is significantly higher in the amine absorption to regenerate
the solvent. The amine absorption process takes out a portion of the process steam of the
power plant reducing the overall capacity of the power plant. The energy penalty of the
cryogenic distillation is prohibitively high. The membrane process suffers some serious
drawbacks such as low flux, degradation, fouling, capital cost and stability at the extreme

process conditions.

An article published by the International Energy Agency (IEA) in 1994, focused
the use of adsorption technologies for CO; capture from flue gases on the basis of 500 MW
power plant [50]. Both pressure swing adsorption (PSA) and temperature swing adsorption
(TSA) were evaluated used a commercial adsorbent 13X zeolite. At that time the study
clouded that both PSA and TSA were too energy intensive and not feasible for CO capture
from power plants. In 2003 another report by IEA reiterated the same results [51]. However
Webley and co-workers questioned findings of both report in one of their work [52]. This
work reevaluated the PSA process by calculating the energy consumption by a PSA process
for CO; capture to be $67/tonne CO; captured compared to $97/tonne CO, captured as
reported by IEA. This new energy consumption value of PSA compare much more
favorably to the energy consumption by the amine absorption process at $60/tonne CO».

The cost of PSA can be brought down significantly by proper design of the PSA cycle.

Many industries have been developing pressure swing adsorption (PSA) for years.

Japanese power industries started developing cyclic PSA/VSA for CO> removal in early
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nineties [24, 76-79]. Since early ninety, a number of different PSA/VSA cycle have been
developed and reported in the literature. A summary of these studies is tabulated in table
1. The definition of different variables used in the table are, yris the % of CO; in the feed,
pcoz and rcoz are the purity and recovery of COz in the heavy product stream. However,
most of the studies listed in Table 1 are bench-scale studies with extremely small feed

throughput.

Ritter research group has studied a number of different cycles of PSA for CO;
capture at high temperature using K-promoted hydrotalcite as the adsorbent [80-82]. Their
main emphasis was to obtain heavy product at a high purity by introducing a heavy reflux
step. In their work, they compared seven different 4-bed 4-step, 4-bed 5-step and 5-bed 5-
step configurations with and without heavy reflux step. In another study, they compared
nine different PSA configurations to maximized the CO, purities and recoveries, however
all were at a very small feed throughput [83]. Kikkinides et al was able to improve the
purity and recovery of CO; in a 4-bed 4-step process by allowing significant breakthrough
of CO; from the light end of the column undergoing heavy reflux after that recycling the
effluent from this light end back to the column with the feed [25]. Chue et al. studied a 3-
bed 9-step VSA process using activated carbon and zeolite 13X [7]. They concluded that
zeolite 13X performs better that the activated carbon despite having a high heat of
adsorption. Zeolite 13X outperforms activated carbon because of its higher working
capacity, lower purge requirement and higher equilibrium selectivity. Kikkinides et al was
able to improve the purity and recovery of CO> in a 4-bed 4-step process by allowing
significant breakthrough of CO; from the light end of the column undergoing heavy reflux

after that recycling the effluent from this light end back to the column with the feed [25].
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Chue et al. studied a 3-bed 9-step VSA process using activated carbon and zeolite 13X [7].
They concluded that zeolite 13X performs better that the activated carbon despite having a
high heat of adsorption. Zeolite 13X outperforms activated carbon because of its higher
working capacity, lower purge requirement and higher equilibrium selectivity. PSA cycle
employing both heavy and light reflux steps were investigated by Takamura et al. [84] and
Park et al. [85]. Park et al. compared three different configurations of VSA process while
Takamura et al. investigated a 4-bed 8-step VSA process. Although the pure CO; rinse step
improved the CO: purity and recovery, it did not decrease the power consumptions. The
power requirements for the 2-bed 6-step and 3-bed 5-step cycle were 106.91 kWh/tonne
CO: and 147.64 kWh/tonne CO; respectively. However, the feed throughput was quite low
(0.331 kgmol/hr) in those studies. Gomes et al. [23], studied the 2-bed 4-step Skarstrom
cycle. He did not employ vacuum to recover CO;. Their study also shows that the pure

heavy component cannot be achieved by employing only the light reflux step.

Chou et al. [21] studies two different PSA configurations consisting of 2-bed and
3-bed respectively. The 2-bed process did not have any light or heavy reflux step while the
3-bed process used both light and heavy reflux steps. Flow reversal was implemented in
between the pressurization and depressurization steps in the 2-bed process. The maximum
CO; purity achieved was 63% using a 3-bed 6-step cycle. In a study, Ko et al. [86] was
able to achieve a CO; purity of 90% and CO; recovery of 94% by an optimized 1-bed 4-
step fractionated VPSA process. Grande et al. [87], studied 3-bed 5-step process which
include a pure COxz rinse step after the adsorption step. They were able to achieve a purity
of 83% and a recovery of 66% at a very high feed throughput of 48.57 kmol/hr. Chaffee et

al. [52] studied a 3-bed 6-step VSA process at a feed throughput of 0.193 kgmol/hr and
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were able to achieve a lower power consumption of 192 kWh/ton CO». On the other hand
Zhang et al. [48] achieved a power consumption of 240 kWh/ton CO> at the same feed
throughput of 0.193 kWh/ton CO; with a 3-bed 9-step VSA process. Xiao et al. [88]
achieved a CO; recovery of 75% with a similar 3-bed 9-step cycle. Zhang and Webley [89]
investigated a number of different VSA configurations and concluded that, by

incorporating heavy reflux and equalization steps CO, purity can be increased

The main objective of the current study is to develop a PSA process to capture CO2
from the flue gas containing 15% CO; and balance N> using 13X zeolite. It is very
important to have a reliable process simulator to design any process. The in-house
FORTRAN based dynamic adsorption process simulator (DAPS) was validated by fitting
the experimental results of the PSA experiment conducted in a single bed apparatus using

PSA experiment performed in a single bed PSA apparatus.

3.2 Mathematical Model

Simulations of the PSA cycles were carried out using an in house dynamic
adsorption process simulator (DAPS) developed in FORTRAN that uses the finite
difference method and the time adaptive DAE solver called DASPK (Brown et al., 1994).
The following assumptions are imposed: the ideal gas law, plug flow, no heat transfer
limitations between gas and solid (i.e., pellet) phases, no thermal capacitive role of the
wall, no axial mass and thermal dispersion, the gas phase concentration in both bulk and
pellet porosity is identical, and the mass transfer between solid and gas is defined by 1

parameter macropore limited non-isothermal model. Temperature of the wall set at a
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constant value equal to the temperature of the bed and heat loss to the exterior defined by

heat transfer at the inner side of the wall.

For an N-component PSA process, the overall (O.M.B.) and component mass

balances (C.M.B.) over a differential volume element respectively yields:
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(6 +-e)er)e (5500 ra B s, 0
< 0y, ay; N ;o
(s +(1-8,)ep)Cr <E+6,Crv=t=y, DS, +8,=0 i =1t N-I
ot 0z =
(2a)
vt Yy, =0 i=N (2b)
=L, j#i
with
P 0q;
=—- 8§ =(1- i
Cr RT’S’ ( Eb)pP o1

Where ¢, and p, are the pellet porosity and density, respectively, €5 is bulk porosity,
v is the interstitial velocity, y; is the molar fraction of species 1 in the gas phase, T is the
temperature of both gas and solid phases, P is the pressure and ¢; is loading of species i in

the solid phase, R is the universal gas constant.

To determine the mass transfer rate for the particle for each gas one parameter non-
isothermal macro pore model was used [Ref mass transfer paper]. The mass transfer of

species i between the solid and gas phase is defined given by Eq. (3) (M.T.M.):
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dq;

ar = kumerr(q; (P, T) — q) (3)

where kw et is the overall effective macropore mass transfer coefficient, q; is the
adsorbed equilibrium concentration, i.e., q; = f(P,T) given by the isotherm and g; is the

average adsorbed concentration.

The overall effective macropore mass transfer coefficient is given by Ep. (5)

1
kMeff = —kn 4)
’ RT
1+ Pp 04

€p aPT'pi

*

. . . . . .9 .
Where pp is the particle density, ep is the particle porosity, % _ is the slope of the
TP
isotherm, km macorpore mass transfer parameter. The fitting parameter for this model is

km.

The equilibrium loading of component i, ¢; is calculated from the Three Process

Langmuir isotherm:

btkPqtks

1+ Zf (b.f,k P, )
J=

T

B' *
Where bi,k = bi,k,o eXP(%J and qi,k,s = Qi,k,s + Qi,k,st *T [k =1to 3]

where q;" is the total loading of component i in mol/kg, n is the number of
components, ¢ ;s is the saturation loadings of component i in mol/kg on sites k, P; is the

partial pressure of component I, T is the temperature in K.
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The energy balance (E.B.) is expressed as
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where Cpg; and Cp,; are the molar heat capacities of species i in the gas and
adsorbed phase, respectively (typically assumed identical), Cp, is the heat capacity of the
pellet, AH; is the heat of adsorption of species i, 4, is the heat transfer coefficient at the
inner side of the wall of the bed and r; is the internal radius of the bed and Ty is the wall

temperature.

The pressure drop along the bed is evaluated via Ergun’s equation, i.e. the

momentum balance (E.B.):

2
a—P+1.5x10"ﬂg(1_—ﬂ V4 175%107C,M .
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-g,

v|v| =0 (6)

where pg and M, are the viscosity and the average molecular weight of the gas

phase and r;, is the effective radius of the pellet.

At given boundaries the flow rate (F) whether it’s goes in or out of the bed is defined

according to the valve equation (V.E.), which is defined according to Eq (10):
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where ¢, is the valve coefficient, S is the molecular weight of the gas relative to
that of air, P. and P+ is the pressure upstream and downstream the valve, T. is the

temperature upstream the valve.

The equations described above constitute a complete mathematical model for multi-
component pressure swing adsorption process once the initial and boundary conditions for
particular steps are specified. For a system containing N components, there are a total of

2N+3 variables and equations that have to be solved at each node.

The initial and boundary conditions depends on the PSA process cycle

configuration used. The initial and boundary conditions for different steps are given in

Table 3.2:

3.3 Experimental Section
3.3.1 Adsorption Isotherm Measurement

Pure component adsorption equilibrium isotherms for CO; and N2, on zeolite 13X
were measured by using a volumetric system from micromeritics ASAP2010. Since ASAP-
2010 1s designed for surface area and porosimetry measurements and measures the nitrogen
isotherm at 77 K it had to be modified to be able to measure different pure gas isotherms
at various temperatures. Operation pressure range provided by this system is from 0 to 127

KPa. The molecular drag pump can create vacuums down to 1.3 *10°° KPa in the system.
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Volumetric method involves measuring the pressure change in a known volume of
sample gas exposed to an adsorbent sample. As the gas is adsorbed and allowed to come
to equilibrium with the adsorbent, the measured decrease of pressure in the closed system

indicates the amount of gas adsorbed under the given isothermal conditions.

Data were collected for the equilibrium pressure range of 0.001 to 110 KPa at 25,
50 and 75 degree Celsius. Obtaining each complete isotherm consists of 60 to 120
equilibrium point measurements and takes roughly about 12 hours. For each point when
the rate of change for pressure is less than 0.01% criterion for equilibrium is satisfied and

the system moves to the next point.

Prior to each isotherm measurement, the zeolite 13X was regenerated at 350 °C for
16 hours under a vacuum of less than 1 x 10™* torr. In order to prevent structural damage
caused by desorbing water steam a stepwise increase in temperature with simultaneous

vacuum was applied to all samples.

The pure gas adsorption isotherm along with the model fit has been shown in
Figure 3.3. The experimentally determined pure gas isotherms except for CO2 have been
fitted with the Dual Process Langmuir (DPL) model. The experimental isotherm of CO;
was fitted with three-process Langmuir (TPL) isotherm. The isotherm model parameters

have been summarized in Table 3.4.

3.3.2 Description of the 4-bed PSA apparatus

A complete and detailed schematic diagram of the 4-bed PSA apparatus is shown
in Figure 3.1. This is a lab scale fully functional complete PSA experimental setup. There

are identical four adsorbent beds, each was packed with 13X zeolite beads. There are
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multiple valve manifold on top and bottom of each bed. By opening and closing each
valves, a number of flow configuration in and out of each bed can be obtained. For
example, for bed-1, at the top of the bed valve-1 was used to withdraw light product during
the feed step, valve-2 was opened to equalize with another bed during the pressure
equalization step, valve 38 was opened to withdraw the light product produced during the
heavy reflux step, valve-3 was opened to feed the light product during the light reflux step,
and valve 45 was used to pressurized the bed from the light end with light product. At
bottom of the bed-1, valve 6 was opened to introduce the feed gas to the bed, valve-5 was
opened during the counter current blowdown step to withdraw the heavy product, and
valve-4 was used to feed the bed during the heavy reflux step. Four flow controllers F21,
F22, F23 and F24 are used to blend individual pure gas to form the desired feed
concentration. In this case, F22 was used for N2 and F23 was used for CO, by setting
appropriate flow rate of F22 and F23 the simulated flue gas containing 15% CO2 in N2 was
produced. Each bed has dedicated line for feed, light product (LP), heavy product (HP),
reflux gas isolated by several trains of solenoid valve. For example, Bed 1, 2, 3 and 4 were
fed by opening valve 6, 12, 18 and 24 respectively. The light product was drawn from each
bed by opening valve 1, 7, 13 and 19 and sent to the light product tank (LP Tank). The PSA
cycle studied in this study is a 3-bed 7-step process, so only bed 1, 2 and 3 were used and
bed-4 was kept isolated by closing all the valves connected to it. Seven exposed tip, K-type
thermocouples were placed axially along the column to measure the temperature profiles.
Bed 2,3 and 4 has only 3 thermocouple across the bed. The temperature profiles provided
an estimate fo position of the concentration wave fronts within the column. A pressure

transducer was placed few inches above each column to measure the column pressure. The
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solenoid valves were operated using a spreadsheet based LabVIEW software and different

process parameters were recorded in the computer using the same software.

3.3.3 PSA Experiments
The PSA cycle consist of seven different cycle steps namely feed (F), heavy reflux

(HR), pressure equalization (E), counter-current blowdown, light reflux purge (LR), and
light product pressurization (LPP). The cycle schedule studied is shown in Table 3.1 and
a simple schematic diagram is shown in Figure 3.2: Schematic diagram showing various
cycle steps in a 3-bed 7-step dual-reflux stripping Pressure Swing Adsorption cycle with
one equalization step. All the gas exiting from the light reflux (LR) step is taken out as
heavy product (HP).. Simulated flue gas containing 15% CO> in N; was produced by
blending pure CO; and N using flow controller F23 and F22 respectively. Each flowmeter
was calibrated using a gilibrator for every gas. Details of each of these cycle steps are given

below:

The first step of the PSA cycle is the feed step (F) where simulated flue gas (16%
COz and 84% N>) enters bed-1 at high pressure Py through the heavy end or the feed end
of the bed by opening valve 6. The heavy gas, CO> is preferentially adsorbed whereas N»
rich gas leaves the column from the other end via valve 1 and enters the light product tank.
The pressure of the bed remains constant during the F step and is equal to the highest
operating pressure in the cycle denoted by Pu. A small portion of the light product was sent
to bed-3 at low pressure Pr from the light product tank by setting the appropriate flow in
flow controller F31 via valve 15 during the light reflux step. All of the light reflux gas
coming out of bed-3 via valve 17 was sent to bed-2 via valve 10 to perform heavy reflux

step. Flow meter F13 was used to record the flow of the heavy reflux gas. After the feed

85



step, bed-1 undergoes heavy reflux step, the gas as enters bed-1 at the high pressure Py
during this step via valve 4 and exit the bed via 1. When bed-1 undergoes heavy reflux
step, bed-2 undergoes light reflux step. The light reflux gas enters bed-2 via valve 9. After
undergoing the HR step bed-1 then equalizes with bed-2. Valve 2 of bed-1 and valve 8 of
bed-2 were opened the pressures of these two bed were allowed to equalize and pressure
of both bed becomes Pg. After the pressure equalization, step bed-1 was emptied counter
currently by exposing it to the vacuum pump to low pressure Pr. while keeping the other
end closed. The pressure of the bed-2 While bed-1 and bed-2 undergoing pressure
equalization step, the pressure of bed-3 was brought back to the feed temperature Py by
light product pressurization step by feeding the light product via valve 47. All three beds

in the process undergoes the above mentioned seven steps in a cyclic manner.

3.3.4 PSA Cycle Process Performance Indicators

The PSA process was designed to produce enriched CO» as the heavy product and
take out N in the light product. The periodic state recovery and purity of CO; in the heavy
product and the recovery and purity of the Nz in the light product was used to judge the
overall performance of the process, the average mole fraction of CO; in the heavy product
during the CnD step was taken as the purity of CO; in the heavy product. The average mole
fraction was calculated by averaging the mole fraction of the streams coming out of the
CnD step. The recovery of this process was defined as the total amount of CO; produced
divided by the total amount of CO» fed during the feed. The N> recovery in the light product
is defined as the total moles of N> produced in the light product divided by the total amount

of N2 fed during feed, HR, LR and LPP steps.
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Total twenty runs were carried out to study the effect of different process
parameters on the overall process performance. The parameters studies was the light reflux
ratio, CnD pressure, feed concentration, bed temperature. The bed properties and run

conditions during each run (Runs 1 to 6) are shown in Table 3.3.

The performance indicators of the PSA process are evaluated in terms of purity,

recovery and throughput, which are defined below for feed concentration yr of COx:

C0,(mol)obtained as product during A step.100

Purity(%) = 11
urity (%) total Product(mol)obtained during A step 1D
R %) = CO,(mol)obtained as product during CnD step.100 12
ecoveryia) = COH,(mol) fed during Feed step (12)
L(STP) Fresh total Feed(L(STP)) used in Feed step. 60
Throughput ( ) = - (13)
kg.h Mass of adsorbent(kg)in all beds
The compressor energy was calculated using the following formula:
k 1 [t Pug\ 7|1
] step ¢y high\ ¥
ACE j (L) Rr |(e) ™~ 1| ncoyae (14)
*\mol Nco, Jo Y — 1 P(t) n

where tsiep 1S the duration of the step feeding the compressor, ncoz is the total moles
of CO; removed into the heavy product (HP) per cycle during the CnD step and P(t) and
n(t) are the time varying pressure and molar flow, respectively, of the stream being fed into

the compressor.
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3.4 Results and Discussions
3.4.1 PSA Experimental Results

A number of PSA experiments were performed in the 4-bed PSA experimental
setup to study the effect of different process parameters on the performance of the psa
process. Total twenty runs were carried out to study the effect of various process
parameters on the performance of the PSA process. The parameters studied include feed
concentration, reflux or purge to feed ratio (y) in the light reflux step, CnD pressure (Pr)
or the pressure ratio (1) by keeping the high pressure constant (Py) and bed temperature.
Table 3.3. summarizes all the process conditions for the run E-1 through E-20. The base
case is run 2 (E-2) which was conducted at 70 °C bed temperature, total cycle time was
720 sec, reflux ratio 3% and CnD pressure 5 kPa. The CnD pressure (Pr) was controlled
by fine-tuning with a needle valve in the vacuum line. The mass balance of all the runs
along with the percentage of error was summarized in Error! Reference source not
found.. The experimental error in all the runs were no more than 4%, which is reasonably

accurate.

Figure 3.4 shows the periodic state temperature profiles of three beds during
experiment E-1. Only bed-1 is equipped with seven thermocouples (T-1 to T-7) along the
bed. Bed 2 and 3 has only three thermocouple placed along the bed at a relative distance of
24.20% (bottom), 47.26% (middle) and 70.31% (top). Figure 3.4 (a-c) shows the periodic
state temperature profile of all three beds for the top, middle and bottom thermocouples.
Since all the beds undergoes same cycle steps in a sequential manner, the temperature
behavior of all the beds are similar at the periodic state. The periodic state temperature

profiles of all seven thermocouples has been plotted in Figure 3.4(d). The temperature
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profiles shows the progression of the concentration wave through the bed. The first
temperature peak corresponds to the temperature rise due to the feed gas. However, the
higher temperature peak corresponds to the temperature rise due to higher concentration
heavy reflux stream. Figure 3.5(a) shows the periodic state pressure profiles of all three
beds for a complete PSA cycle of the run E — 1. It is evident from Figure 3.5(a) how the
beds interact with each other during the course of the PSA process and undergoes the same
set of cycle steps in a sequential manner. Figure 3.5(b) shows the periodic state pressure

profile for bed 1 for the run E-1.

The reflux ratio or the purge to feed ratio (y) is the ratio of the flow of the purge
gas entering the bed during the LR step to that of the feed gas entering the F step. y is a
very important design parameter that has a significant effect on the process performance in
terms of recovery and purity of the heavy product [80-83]. A large y means a lot of light
gas enters the bed during the LR step enhancing desorption of the heavy product from the
adsorbent and consequently better adsorbent regeneration. However, a large LR flow
dilutes the effluent gas that exits the bed undergoing LR step. For a PSA process where the
heavy product is produced from LR step, higher y results in higher CO> recoveries but
lower CO> purity in the heavy product [80-83]. A large vy is necessary to better regenerate
the bed and reduce the breakthrough of CO; from the light end of the bed during the F and
HR steps. The relative dilute LR effluent can be completely recycled back into the system
as feed gas to the bed undergoing the HR step while the heavy product can only be

produced only form the CnD step.

Experiments E-1, E-2 and E-3 were performed at three different y by keeping other

process parameters the same. Table 3.6 shows that the CO; concentration in the HR stream
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decreases as y was increased (E-1 to E-3). The purity and recovery increases for increased
v. A high y implies a higher flow of the purge gas which forces more CO> to desorb from
the adsorbent and exit the bed during the LR step. The bed regenerates better by increasing
vy resulting in less CO> breakthrough during the F step. As a result, the recovery of CO2 in
the heavy product increases with increasing y. However, as the total effluent gas exiting
the LR step was recycled back to the HR step, a higher y pushes the high concentration
wave front further down the bed. For a given value of y chosen for operation, one of two
scenarios can happen. The higher concentration wave front can be contained inside of the
bed depending on how far it travelled through the bed during the HR step or it might
breakthrough through the light of the bed for a higher value of y resulting in loss of CO»,
which causes lower CO; recovery. The purity also increases as y was increased. With
increasing v, the high concentration wave front propagates further down the bed during the
HR step, which in turn increases the loading of COz in the solid phase. All CO> adsorbed
during the HR step subsequently desorb during the CnD step resulting in a high purity
heavy product rich in CO,. However, the higher y also dilutes the effluent coming out of
the LR step which enters the LR step. It is clear from the above discussion that the
progression of the higher concentration wave front significantly affects the process

performances such a CO; purity, CO> recovery in the heavy product.

The next important parameter in a PSA process design is the pressure ratio (m). The
pressure ratio (m) is defined as the ratio of the highest pressure (Pn) to the lowest pressure
(Pp) in the cycle. If the highest pressure Py is kept constant then a higher w implies that the
compressors are required to pull a deeper vacuum in the PSA beds during the regeneration

steps. The desertion of CO» from the adsorbent strongly depends upon © and thus affects
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the process performances in terms of CO; purity and recovery in the heavy product. A
higher m for a constant Py means a lower P, which results in better desorption of CO>
during both CnD and LR steps resulting in higher CO» bed capacity. Figure 3.7 shows the
effect of m on CO» purity and CO; recovery in the heavy product for a constant throughput
of 404 Lstp/hr/kg. The parameters held constant for each run are bed temperature (70 °C),
high pressure (Pu = 120 kPa), purge to feed ration (y = 3%), CO; feed concentration (16%),
feed temperature (25 °C) and total feed flow rate. It is evident that both CO: purity and
recovery decreases by increasing the low pressure PL. More CO:x is desorbed for lower PL
(increased m) and taken as heavy product during the CnD step. More CO> in the heavy
product for lower PL increases the CO; purity and recovery. Lower PL also helps desorbs
more CO; from the adsorbent thereby increasing the bed capacity resulting in less CO>
breakthrough during F and HR steps. For a constant feed throughput, total moles entering
the system is the same. As a result, if more moles of CO; is desorbed during the CnD step
for a lower PL and removed as a heavy product during the CnD step, which in turn will
hamper the progression of the higher concentration wave front through the bed. Despite a
higher concentration wave font not penetrating deeper into the bed during the HR step for
experiments with lower PL compared to an experiment with higher PL, a large CO» purity
in the heavy product can be obtained provided a deeper vacuum is pulled in the beds. This
proves that the purity of CO; in the heavy product does not only depend upon the
propagation of the higher concentration wave front during the HR step but also on the low

pressure during the CnD step.

The effect of temperature on the CO; recovery and purity is shown in Figure 3.13.

Both CO; recovery and purity decreases initially for 70 C and then increases in the
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experiment performed at 100 C. The temperature plays an important role in determining
the working capacity of the adsorbent. A higher temperature also helps desorb the heavy

component during CnD step and LR step.

3.4.2 Model Prediction of the PSA experimental results

In a previous study, the dynamic adsorption process simulator (DAPS) was
validated against the experiments performed in the 1-bed PSA apparatus. The DAPS model
was validated against the experimental data obtained in the five runs in single bed psa
apparatus described in previous study. This validated DAPS was used to predict the
experimental results of the 4-bed psa apparatus. The simulations was performed using the
equilibrium and kinetic information of the 13X zeolite for the given gases independently
in separate measurement methods. As explained before the equilibrium isotherm of both
CO; and N2 on 13X zeolite was obtained using the micromeritics ASAP 2010 for three
different operating temperatures. The mass transfer coefficients of CO2 and N> was
obtained using the rapid pressure swing apparatus (RPSA). In these simulations one
parameter mass transfer coefficient with energy balance was used. The main heat transfer
resistance is between the solid and gas phase inside of the column wall. In order to remove
the heat transfer of the wall and outside the wall thickness was considered negligible. The
heat transfer coefficient was obtained by fitting the temperature profile of the bed of a pure
N> purge run. Heat transfer and mass transfer coefficients were not changed in any
simulation. Only the valve coefficient of different steps was changed in order to match the

pressure history of the bed during a complete cycle.

In Figure 3.9, the model predicted pressure profile of the bed was plotted against

the experimental pressure profile of the bed-1 at the periodic state for the entire PSA cycle
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of run E-1. The PSA cycle consists of 7 steps namely feed step (F), heavy reflux step (HR),
pressure equalization down step (E), counter-current blowdown step (CnD), light reflux
step (LR), equalization step up (E*) and light product pressurization step (LPP). The
experimental data was represented as the open circle whereas the solid line shows the
model prediction. As it can be seen from the figure the DAPS can predict exactly the
experimental pressure profile of the bed. It is very important to have a correct estimation
of the individual component isotherms, mass transfer coefficients and heat transfer
coefficients. The pressure profile was matched only adjusting the respective valve

coefficients of each step no other parameter was adjusted.

In Figure 3.10, the experimental temperature profiles at periodic state for seven
different thermocouples in the bed-1 was plotted against the DAPS predicted temperature
profiles for the run E-1. The open circles represent the experimental data whereas the solid
lines represent the model predictions. The experimental and model prediction of seven
thermocouples (T-1 to T-7) were plotted separately in Figure 3.10(a) — (g) in order for
better comparison. In Figure 3.10(h) the model prediction of all the thermocouples (T-1 to
T-7) are plotted together. The relative locations of the thermocouples along the bed-1 are
T-1: 12.68%, T-2: 24.02%, T-3: 35.73%, T-4: 47.26%, T-5: 58.78%, T-6: 70.31%, and T-
7: 81.83%. Because of a higher heat of adsorption of CO- there is a temperature rise during
adsorption and the temperature rise indicates the location of the concentration front in the
bed. The first peak in the Figure 3.10(a) — (g) is due to the feed gas. The second peak in
Figure 3.10(a) - (d) is due to the heavy reflux gas. The temperature rise during the heavy
reflux is more than that happens during feed because CO; concentration is higher in the

heavy reflux stream. The feed concentration is 15% CO; whereas the concentration in the
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heavy reflux stream is in the range 75 - 85% COx. The progression of the concentration
front can be tracked by observing the temperature rise peak in the temperature profile of
all the thermocouple. It can be seen that the second peak only reaches until thermocouple
T-4 which is 47.26% in the bed that means the front location is between 47.26% and
58.78% of the bed. However, the feed wave front reached until T-7 and a very small amount
of CO; broke through during this experiment. Using the equilibrium isotherms of
individual component determined using micromeritics ASAP 2010 and mass transfer
coefficients determined from the single gas cyclic experiment in RPSA setup, the model
was able to predict accurately the temperature profiles and position of the higher
concentration front during the heavy reflux step for the entire PSA cycle for E — 1. The
comparison of the experiment with simulation prediction of CO: purity and CO; recovery
in the heavy product for all five runs are shown in Table 3.7. The results show a close

agreement between experiments and model.

The energy consumed for each run was calculated using equation (14) and
summarized in Table 3.8. The effect on the energy consumed by the PSA process for
change in the reflux ratio, CnD pressure and bed temperature were studied. Figure 3.11
shows the energy consumed (kJ/mol of CO; removed) by the PSA unit cumulatively during
the CnD step and the LR step for changing the light reflux ratio (y). For each case the
energy consumption was calculated for the compressor efficiency 80%. Figure 3.11 shows
that the energy consumption increases by increasing y. Operating at higher y means more
gas exit the LR step, which recycled back completely to the HR step. The more energy

consumption is due to the higher flow rate. The base case met the DOE criteria of 90%
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COz recovery, 95% CO; purity and energy consumption of less than 20 kJ/mol CO;

captured.

Figure 3.12 shows the energy consumption for three different CnD pressures (PL),
5, 7 and 10 kPa. The highest pressure of the process (PH) was kept constant for all three
runs. As it be seen from Figure 3.12 that the energy consumption is lower for 7 kPa as
compared to 5 kPa as expected. However, the energy consumption increases for 10 kPa
compared to that of 7 kPa. For each case, the energy consumption was calculated for
compressor efficiency 80%. The higher PL (i.e. lower m) is not sufficient enough to
effectively regenerate the bed during the CnD and LR steps which lowers the CO recovery
in the HP. Therefore, a higher PL means less work done by the compressor (kJ), the energy

consumed (kJ/mol of CO2 produced) is high due to low CO; recovery in the heavy product.

Figure 3.13 shows the effect of energy consumption (kJ/mol of CO> captured) for
three different temperatures 25, 70 and 100 °C. The energy consumption increases by
increasing temperature. From equation (14), it can be seen that the energy consumption is
directly proportional to the operating temperature, which explains the increase in energy

for increasing temperature.

3.5 Conclusion

A pressure swing adsorption (PSA) process described that is cable of separating
CO; from flue gas using 13X zeolite as adsorbent by a dual-reflux PSA cycle. The feed gas
considered as a simulated dry flue gas consisting of 15.9% CO, and balance N> that was

fed at 121 kPa and at 25 °C. A unique combination of cycle steps consisting of three beds
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was able to produce high purities (>90%) and high recoveries (>90%) of CO- in the heavy
product. The throughput achieved experimentally was 404 Lstp/hr/kg. A comprehensive
experimental study was performed to determine the effect of different process conditions
such as feed concentration, purge to reflux ratio, pressure ratio, bed temperature on the CO>
purity, CO> recovery in the heavy product and the energy consumption (kJ/mol CO»

captured) by the PSA process.

The study showed that purge to feed ratio has significant effect on the process
performance. The CO; recovery increased as the purge to feed ratio was increased. For all
the experiment, the total effluent coming out of the LR step was recycled back as the feed
to the HR step. By increasing, the purge to feed ratio more CO» desorbs during the LR step
and the bed regenerated better, but it also pushes the high concentration wave front further
up the bed during the HR step. A smaller value of the purge to feed ratio causes less
regeneration of the bed and the high concentration wave front does not travel though the
bed more. Increasing value of the purge to feed ratio also increases the purity and recovery
of the CO». A higher value of the purge to feed ratio physically means large flow rates

exiting from the LR step, which increases the energy consumption of the PSA process.

Pressure ratio also had a significant effect on the CO> recovery and CO> purity in
the heavy product. Operating at a deeper vacuum resulted in greater CO> desorption and
better bed regeneration. As the CnD pressure (Pr) was increased, i.e. pressure ratio
decreased the CO; purity and CO: recovery both were decreased. The CO» recovery was

decreased when operated at lower pressure ratio causing the energy consumption increase.
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The effect of temperature and feed concentration was also studies. The CO:
recovery and CO; purity in the heavy product increased by increasing the temperature. The
energy consumption also increased upon increasing temperature. Three different feed
concentration was used 15.9%, 14.59% and 10%. The CO> recovery and CO; purity in the

heavy product was increased with increasing CO; concentration in the feed.

A validated dynamic adsorption process simulator (DAPS) was used to predict a
number of experimental results. The dynamic adsorption process simulator (DAPS) was
used to predict the experimental results for different process conditions using equilibrium
isotherms of the individual components measured at three different temperatures
independently using micromeritics ASAP 2010 and the mass transfer coefficients
determined using the single gas cycling using a rapid pressure swing adsorption apparatus.
The model successfully predicts the pressure and temperature profiles and performance of
each experiment. DAPS successfully capture the location of the concentration front in the
bed without any adjustable parameters. The agreement between the experiment and
simulation results also validate the single component adsorption isotherm and mass transfer
coefficient measure independently. The reason simulation predicted temperature profiles
did not match perfectly with the experiment was that there is only one lumped heat balance
was used. However, the model does excellent job in predicting the location of the

temperature peaks.
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3.6 Tables

Table 3.1: The cycle schedule of the experiment performed.

FEED HR E | cnD LR | E*| LPP
HR E | CnD LR E* | LPP FEED
LR E* | LPP FEED HR E | CnD
120 20 100 120 | 20| 100 120 20 100
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Table 3.2: Initial and boundary conditions for different steps of the PSA process.

Time and
Step Bed Initial, Boundary conditions and balances
Location
PSA cycles
t=0 yi=yiree, T = Trep, qi = gi.Lep (at all z)
Feed (F) ZL=0 vy = vir, F = Fr, LDFE, T = Ty, M.B. (atall t)
JL=1 C.M.B., O.M.B., LDFE, E.B. (T,= Ty), V.E. (P,=Py) (at all 1)
=0 Yi=YiF, T="Tg, qi= qiF (at all Z)
Heavgnlieﬂ“" ZL=0 v = yirm, F = Fig, LDFE, T = Tig, M.B. (at all t)
(HR) ZJL=1 C.M.B., O.M.B., LDFE, E.B. (To= Ty), V.E. (Ps=Py) (atall t)
L. =0 Vi=yiur, T = Tur, qi = qinr (at all )
Eq“alga"”“ ZL=0 CM.B.,v=0, LDFE, E.B. (To= Tr) (at all t)

(E) ZL=1 C.M.B., O.M.B., LDFE, E.B. (T.= Tr), V.E. (P.=Py) (atall )
Counter-current t=0 yi=Yinr, T = Thr, qi = qinr (at all z)
depressurization z/IL=0 C.M.B., 0.M.B,, LDFE, E.B. (T,=Ts), V.E. (at all t)

(CnD) zZ/IL=1 CM.B.,v=0, LDFE, E.B. (T,= Tr) (at all t)
Light reflux =0 yi=yicnp, T = Tenp, qi= qicnp (at all z)
LR ZL=0 CM.B., OM.B., LDFE, EB. (To=Ts), V.E. (atall t)
zZ/IL=1 y =Viir, F =-Fir, LDFE, T =T, M.B. (at all t)
L. =0 yi=yiir, T = Tigr, qi= qirr (at all z)
Eq“a}gia"”“ ZL=0 CMB., O.M.B., LDFE, EB. (To=Tr), v = 0 (atall 1)

( ) Z/L =1 Y = ViEID,z/L=1, F= 'FEID,z/L:I, LDFE, T= TF, M.B. (at all t)
Light Product t=0 yvi=yieir, I = Teir, §i= qiEir (at all z)
pressurization | ZL=0 CM.B., v=0, LDFE, E.B. (T,=Tr) (atall t

(LPP) z/IL=1 Y = Yi,LPP, F=-Frpp, LDFE, T = Ty, M.B. (at all t)
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Table 3.3: Properties and Operating conditions

Properties Values
Bed Characteristics
Length (m) 0.50165
Internal Radius (m) 0.0254
Bed porosity 0.425
Bulk density (kg/m?) 632.8
External Heat transfer Coefficient (kW/m?/K 0.0024
Wall
Material SS 316
Thickness (mm) 4.0
Heat capacity (kJ/kg/K) 0.468
Density (kg/m?) 8.24
Adsorbent
Material Zeolite 13X
Pellet density (kg/m?) 1100.0
Pellet porosity 0.54
Pellet heat capacity (kJ/kg/K) 1.1
Operation See table 3
Feed flow (SLPM) 13.0
CO; concentration (Balance N2, %) 15.9
Feed and external temperature (°C) 25.0
Light reflux ratio* 0.02-0.05
High pressure, Py (kPa) 121.0
Low pressure, Pr (kPa) 5.0,7.0,10.0
Cycle time (s) 720
Feed step (s) 240
Counter current depressurization (CND) step (s) 100
Light reflux step (LR) (s) 120
Light product pressurization (LPP) step (s) 100
Heavy Reflux (HR) step (s) 120
Equalization (Eq) step (s) 20
Gasses
CO2
Isotherm See Table 4
LDF Mass transfer Coefficient (1/s)
Nitrogen
Isotherm See Table 4

LDF Mass transfer Coefficient (1/s)

* Volume fraction of the product flow leaving the feed step used in LR step
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Table 3.4: Three process Langmuir isotherm parameters for CO2 and No.

Parameter CO2 N2
nsl [mole/kg] 1.338 0.438
ns2 [mole/kg] 2.238 0.733
ns3 [mole/kg] 1.853 0.607

b01 [1/kPa] 2.4419E-08 7.595E-07

b02 [1/kPa] 4.5204E-08 7.595E-07

b03 [1/kPa] 1.3737E-08 7.595E-07
B21 [K] 5757.03 2370.32
B22 [K] 4606.08 2370.32
B23 [K] 4224.86 2370.32
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Table 3.5: Experimental Conditions of the PSA Experiments.

Bed Exp Feed Feed CO; | Reflux Py PL
Temp No * | Throughput Conc. Ratio [kPa] [kPa] Pu/PL
[°C] [Lste/hr/kg] [%] [%]
E-1 404 16.00 2.0 122.61 5.02 2441
E-2 404.31 16.05 3.0 121.6 5.0 24.29
E-3 404.29 16.05 4.0 121.2 5.1 23.66
E-4 404 16.00 3.0 122,70 | 7.01 17.51
E-5 404 16.00 4.0 122.56 | 6.94 17.65
70 E-6 404 16.00 4.0 12241 | 10.28 | 11.91
E-7 397.39 14.59 2.0 121.3 5.0 24.14
E-8 397.39 14.59 3.0 120.8 7.2 16.83
E-9 397.40 14.59 4.0 120.7 7.0 17.33
E-10 397.35 14.59 4.0 122.1 10.0 12.26
E-11 405.72 10.04 3.0 121.65 | 5.06 24.06
E-12 405.64 10.04 5.0 121.34 | 5.06 23.98
E-13 404 16.00 3.0 121.16 | 5.02 24.13
100 E-14 404 16.00 2.0 121.33 | 5.04 24.06
E-15 397.32 14.59 3.0 121.8 5.0 24.21
E-16 397.31 14.59 2.0 121.1 5.1 23.56
E-17 404 15.99 3.0 121.09 | 5.50 22.01
75 E-18 404 15.99 2.0 122.62 | 4.97 24.69
E-19 404 15.99 3.0 121.1 5.5 22.01
E-20 404 15.99 2.0 122.6 4.97 24.69
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Table 3.6: Summary of PSA Cycle experimental results.

Feed CO;
Temp | Exp CO; Py R.R. | Conc CO; HP N, LP
Conc. HR
[°C] [%] [kPa] | [%] [%] % Pur | % Rec | % Pur | % Rec

E-1 16.00 5.02 | 2.0 85.09 96.83 | 91.68 | 98.70 | 98.35

E-2 16.05 5.01 3.0 78.67 9543 | 90.81 | 98.48 | 96.52

E-3 16.05 512 | 4.0 75.07 96.54 | 94.06 | 98.48 | 96.28

E-4 16.00 7.01 3.0 80.17 94.44 | 8232 | 96.40 | 96.82

E-5 16.00 694 | 4.0 80.23 95.93 .25 | 98.18

E-6 16.00 | 10.28 | 4.0 77.12 93.68 | 7039 | 94.50 | 97.80

70 E-7 14.59 502 | 2.0 85.39 95.57 | 8834 | 98.04 | 96.34
E-8 14.59 7.18 | 3.0 82.79 9343 | 81.74 | 97.17 | 96.67
E-9 14.59 697 | 4.0 78.23 94.01 | 84.22 | 97.59 | 96.20
E-10 | 14.59 996 | 4.0 79.24 91.04 | 71.26 | 9543 | 96.34
E-11 | 10.04 5.06 | 3.0 73.19 86.79 | 90.62 | 99.16 | 96.54
E-12 | 10.04 5.06 | 5.0 66.76 86.46 | 97.01 | 99.53 | 96.52
E-13 | 16.00 5.02 | 3.0 81.29 97.61 | 93.17 | 98.64 | 97.62
100 E-14 | 16.00 504 | 2.0 85.67 97.47 | 89.58 | 98.16 | 98.23
E-15 | 14.59 5.03 3.0 80.51 91.23 | 89.76 | 91.23 | 89.76
E-16 | 14.59 514 | 2.0 90.43 94.27 | 89.01 | 97.89 | 97.17
E-17 | 15.99 5.50 | 3.0 83.58 96.05 | 91.66 | 98.27 | 97.83
75 E-18 | 15.99 497 | 2.0 87.73 96.81 | 91.68 | 98.44 | 97.98

E-19 | 14.59 499 | 3.0 90.43 94.23 | 92.70 | 97.89 | 9543

E-20 | 14.59 504 | 2.0 80.85 9393 | 87.62 | 98.58 | 95.30
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Table 3.7: Summary of PSA cycle experimental results compared with Simulation

results.
Temp | Exp PL R.R. HP CO; Rec [%] HP CO; Pur [%]

[°C] [kPa] | [%] | Experiment | Modeling | Experiment | Modeling
E-1 | 5.02 2.0 91.68 88.64 96.83 95.87
E-2 | 5.01 3.0 90.81 90.11 95.43 95.58

70 E-3 | 512 4.0 94.06 92.10 96.54 95.60
E-5 | 694 | 4.0 87.16 86.15 95.93 95.72
E-6 | 10.28 | 4.0 70.39 70.00 93.68 94.28
E-11 | 5.06 3.0 90.62 87.32 86.79 86.24

100 | E-13| 5.02 3.0 93.17 91.00 97.61 96.86

25 E-17 | 5.50 3.0 91.66 81.13 96.05 93.60
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Table 3.8: Energy consumption of some of the experiment evaluated from simulation.

] Ener Ener
Experiment [kJig ' [kJ/mol O%YCOz]
E-1 5.92 17.93
E-2 6.26 18.63
E-3 6.58 19.17
E-5 5.39 16.73
E-6 4.42 17.10
E-11 4.48 22.02
E-13 6.80 20.12
E-17 5.03 16.70
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3.7 Figures
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Figure 3.1: A detailed schematic diagram of the 4-bed PSA apparatus.
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Figure 3.2: Schematic diagram showing various cycle steps in a 3-bed 7-step dual-reflux
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from the light reflux (LR) step is taken out as heavy product (HP).
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Figure 3.4: Periodic state temperature profiles of bed-1,2 and 3 for the experiment E-1;
a) top thermocouple placed at 70.31% of length of each bed, b) middle thermocouple
placed at the 47.26% of length of each bed, c) bottom thermocouple placed at the 24.20%
of the length of each bed, d) temperature history of bed-1 at 7 different equidistant
locations along the bed (1:12.68%, 2:24.20%, 3:35.73%, 4:47.26%, 5:58.78%, 6:70.31%,
7:81.83%).
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Figure 3.5: Pressure history for all 3 beds during one entire cycle (left) and pressure
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pressure history as predicted by simulation (M-1).
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Figure 3.10: Comparison of experiment and model temperature histories for E-1 & M-1.
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Figure 3.11: Effect of reflux ratio on the energy consumption of the psa process.
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