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Highlight

® Silica-PEI adsorbent has been evaluated on a 100 kg scale in 150 h continuous test

® Optimal gas velocity for adsorbent in a bubbling fluidized-bed reactor was 5.1 cm/s

® >905% CO; removal efficiency with >7.5% dynamic sorption capacity achieved

® Working capacity decreased with an increase of CO; partial pressure in desorber

® (COs sorption performance of the adsorbents decreased as testing time increased
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Abstract

Although basic silica-polyethyleneimine (PEI) adsorbents have received considerable
attention as leading candidates for post-combustion capture, including use in a small number
of pilot-scale studies, no detailed performance evaluation under specific conditions has been
reported. In this study, a fluidized bed continuous unit has been used over a 150 h period to test
the performance of a 100 kg sample of silica-PEI, containing 40 wt.% of PEI with a molecular
mass of 5000, which was found to offer the best compromise between performance and ease
of preparation, which —The-manufacture-involved minimizing the amount of water used-and
using—a-—commercial-double—cone—vacuum—dryer. The CO; removal efficiency and dynamic

sorption capacity has been evaluated continuously in-a-centinueus-way-by-changing a number

of variables. For the sorption reactor, the variables were inlet H>O concentrations of 0—8.3
vol.%, inlet CO2 concentrations of 12.2-20.5 vol.%, bed temperatures of 50-69°C and the bed
differential pressures of 176-35768 mmH>0 have been changed. For the desorption reactor
operated at the bed temperature of 130°C, inlet H>O concentrations of 8.2—13.6 vol.%, inlet
CO; concentrations of 14.6-81.2 vol.% and the-bed differential pressures of 47534-580

mmH>0 were usedwvaried. During continuous operation, theCO» removal efficiencies of over

90% with dynamic sorption capacities of 7.5 wt.% were achieved.

eapaeity. Each sample collected after adsorption and desorption during continuous operation
were analyzed by TGA and '3C-NMR to identity the decrease of equilibrium adsorption
capacity and the extent of thermo-oxidative side reactions. Slow oxidative degradation of the
silica-PEI occurred because of the non-humidified air in the transport the adsorbent between

the two bubbling beds and, for some of the time, in the sorption reactor.
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1. Introduction

Post combustion CO; capture using solid sorbents is one of the most promising technologies,
which can be classified as a second or third generation capture technology. Even though
potential breakthrough materials have been recently developed, such materials still require the
right material selection, proper sorbent characterization, and equilibrium testing over extended
periods. Additionally, the commercialization of the technology needs further developments on
sorbent materials which can be used under real flue gas conditions with various actual
conditions including impurities, checking dynamic loading, stability and lifetime in continuous
operation. There have only been a few reported studies applying solid sorbents in continuous
operation in systems similar to the actual process. Potassium carbonate (K)-based solid
sorbents have been applied in a continuous operation in a bench-scale [1-3], a 0.5 MWe test-
bed [4], and a 10 MWe pilot-scale [5,6] process. Amine-based solid sorbents have been applied

in a continuous operation in a laboratory-scale [7], bench-scale [8], 1 MWe pilot-scale [9-11].

Compared with K-based solid sorbents, amine-based ones have been known to be promising
as they can reduce the regeneration energy because of its lower heat of adsorption and high
dynamic sorption capacity. Among amine-based sorbents, silica-polyethyleneimine (PEI) has
been widely developed by Sayari and coworkers [12—18], Jones and coworkers [19-25], Choi
and coworkers [26-31] and Snape and coworkers [32—-36]. Sayari and coworkers [16—18] and
Jones and coworkers [22-25] reported the largest single body of work on the application of
amine-grafted silica materials for CO; adsorption. Choi and coworkers hypothesized that the
high propensity of PEI to oxidative degradation may be associated with the occurrence of
transition metal impurities within the polymer. They not only confirmed the presence of such

trace metals in the polymer, but they were able to inhibit its oxidative degradation to a great
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extent by adding chelating agents to sequester such cations [29,30]. Snape and coworkers have
investigated mesoporous silica impregnating a mass fraction of 40 wt.% PEI into a commercial
mesoporous silica support [32-36]. They evaluated the sorption performance of silica-PEI
adsorbent under different working conditions (w/ and w/o the presence of moisture, different
gas-solid contact times, initial bed temperatures and CO: partial pressures) using a laboratory-
scale bubbling fluidized bed reactor [34]. The working capacity of the silica-PEI adsorbent was
one of the most important parameters affecting the sorbent regeneration heat energy. The
operating conditions investigated were physical properties of adsorbent, the heat of adsorption,
specific heat capacity, working capacity, moisture adsorption of the silica-PEI adsorbent, the

swing temperature difference and the degree of heat recovery [35].

KIER has developed a dry CO; capture process using solid sorbents [37—44], and the
research results on CO; capture have been steadily reported in a laboratory-scale, a bench-scale,
a pilot-scale process [1,2,4-6,45,46]. Recently, Kim et al. evaluated the CO> capture
performance of silica-PEI adsorbent in a lab.-scale TBS (twin bubbling fluidized-bed system)
where 24 h preliminary tests were performed using 5 kg of adsorbent where the PEI with a
molecular mass of 800. A 180-hour continuous test was then conducted using PEI with a

molecular mass of 5000 (S.PEI-5K) to investigate the effect of operation conditions [7].

Although silica-PEI adsorbents have received considerable attention as the leading candidate
of strong basic adsorbents for post-combustion capture, no detailed performance evaluation
under specific conditions has been reported except for a few pilot studies [8-11]. We extend
our previous study [7] to evaluate the CO- capture performance of the silica-PEI adsorbent, on
a 100 kg scale over 150 hour continuous operation under various operating conditions in a

fluidized bed continuous unit. This represents a 20-fold increase in scale compared to the TBS
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study reported previously [7]. Firstly, continuous operation was carried out for 100 h in the
sorption reactor with where gas velocity, inlet CO, concentration, temperature, and the
differential pressure were varied. Secondly, continuous operation was continued for a further
50 h in the sorption reactor with varying the inlet H,O concentration, in addition to the

temperature and inlet CO> concentration.

2. Experimental

2.1 Material

UNOTT prepared the silica-PEI adsorbent for post-combustion CO» capture for testing at
KIER. Kim et al. previously evaluated the CO; capture performance on two types of silica-PEI
adsorbents with different PEI molecular masses in a TBS [7]. The physical properties of the
fresh adsorbent (S.PEI-5K) used here can be found in our previous study [7]. (Average particle

size : 240 um, Particle distribution : 80 ~ 498 um, bulk density : 0.5512 g/cm?)

2.2 Apparatus

The 100 kg scale fluidized bed continuous unit was designed for post-combustion CO> capture
using solid adsorbents. Figure 1 shows the schematic diagram of the unit. It mainly consists of
a bubbling fluidized-bed type sorption reactor, a bubbling fluidized-bed type desorption reactor,
and a cyclone for separating gas and solids. For solids handling, a transport system was placed

to circulate adsorbents from the sorption reactor to the desorption one and the solid circulation
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rate was controlled by manipulating revolutions per minute (rpm) of the rotary valve. A gas
recirculation system for the CO; gas discharged from the desorption reactor has been installed
in order to maintain high CO- purity. For heat control, a steam generator supplies energy to the
desorption reactor in order to heat adsorbents and supply heat of reaction. An auto chiller
(HYUNDAI ENG Co. Ltd., Korea) was used for the cooling adsorbent and removing heat of
reaction in the sorption reactor. An IR gas analyzer (ABB, Advance Optima, Switzerland) was

used to measure CO; concentration for the inlet and outlet gas streams of each reactor.

(Figure 1)

The bubbling fluidized-bed sorption reactor had a width of 0.3 m, a length of 0.3 m and a
height of 3.0 m. The heat of reaction generated in the sorption reactor, was dissipated by
controlling by the inlet temperature and the flowrate of the cooling water through the heat
exchanger horizontally installed in the reactor. In front of the sorption reactor, a bubbler
producing water vapor at a specific temperature was installed to control the amount in the
simulated flue gas. A line heater was installed in the gas flow line from the rear end of the
bubbler to the sorption reactor in order to increase the temperature of the gas stream and to
prevent water vapor condensation in the gas stream. The simulated flue gas, introduced into
the sorption reactor, was a mixture of N2 (99.999%), COz (99.99%) and H>O, which was

determined based on the experimental conditions.

The bubbling fluidized-bed type desorption reactor had a width of 0.35 m, a length of 0.35 m

and a height of 3.0 m. Steam was injected into a heat exchanger horizontally installed in the
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reactor in order to supply the endothermic heat of reaction. In order to prevent solids bypassing
the desorption reactor, a partition was installed between the solid inlet and outlet port. In front
of the desorption reactor, a bubbler was also installed to control the amount of water vapor fed
into the reactor. Zhang et al. reported that the adsorption capacity has been stabilized when the
same amount of water vapor as the sorption reactor is fed into the desorption reactor [28]. A
preheater was installed at the rear end of the bubbler to maintain temperature high enough in
the gas stream in order to prevent water vapor condensation in the gas stream. A simulated gas
or recirculated gas from the desorption reactor has been used as the fluidizing gas in the
desorption reactor. Firstly, simulated gas of mixtures of N2 (99.999%) and CO2 (99.99%) with
water vapor were used. Secondly, the gas stream discharged from the desorption reactor was
recirculated by a gas recirculation pump. To control CO; concentration in the desorption reactor,

a certain amount of pure COz (99.99%) was added to this gas stream.

The solid transport system consists of a fast fluidized-bed reactor with a total height of 8.0 m.
A perforated plate was installed as the gas distributor. Air as a fluidizing gas was used to
transport the solid particles to the main cyclone. The gas and solids are separated in the main
cyclone and the separated solids are introduced into the desorption reactor. The solids,
introduced into the desorption reactor, are regenerated before being supplied to the sorption
reactor. The solids, introduced into the sorption reactor, adsorb CO» before being supplied to
the solid transport system. The solid circulation rate was controlled by manipulating the
rotational speed of the rotary valve installed between the sorption reactor and the solid transport
system. The gas flow rate of each component, such as N> and CO., was controlled using an
MFC (mass flow controller, E5850, Brooks instruments). The RTD (Resistor Temperature

Detector) was installed in each reactor and gas and solid flow line so that the temperature of
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each point was measured. A pressure gauge and a differential pressure gauge were installed to
investigate the fluidization state in the reactor and gas flow conditions. The humidity of the gas
stream was measured using a thermo-hygrometer installed at the front and rear of each reactor.
In addition, an IR gas analyzer was installed to measure CO; concentration before and after the
reaction in real time. Measured values from all instruments (thermometer, differential pressure
gauge, analyzer, etc.), installed in the 100 kg scale fluidized bed continuous unit, were collected

through PLC (Programmable Logic Controller).

2.3 Conditions and Methods

Experimental parameters measured in the continuous operation for the first 100 h without
introducing water vapor into the sorption reactor were as follows: 1) the gas velocity in the
sorption reactor, 2) the inlet CO; concentration in the desorption reactor, 3) the temperature of
the sorption reactor, 4) the inlet CO2 concentration in the sorption reactor and 5) the differential
pressure of the sorption reactor. The next 50 h was with water vapor introduced into the sorption
reactor with the concentration being measured. The experimental conditions used for the 150

h continuous test are summarized in Table 1.

(Table 1)

The 100 kg batch of the S.PEI-5K adsorbent was charged into the unit through the desorption
reactor under fluidization. After charging the adsorbent, the gas velocities for the solid

transporting system were set to 1.60 m/s for the sorption reactor and 3.8 cm/s for the desorption
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reactor. The solids circulation rate, which was manipulated by varying the rotational speed of
the rotary valve between the desorption and sorption reactors, was calculated by the increase
of the bed differential pressure in the sorption reactor or the decrease of that in the desorption
reactor. During solids circulation, the desorption reactor was heated to the reaction temperature
of 129-130°C. The experiment was started after the adsorbent was dried and regenerated for

12 h at the reaction temperature with the solids circulation rate of 62.4 kg/h.

During continuous operation, all the inlet and outlet gas streams from the sorption and the
desorption reactor were analyzed using the on-line IR gas analyzer (ABB, Advance Optima,
Switzerland). The amount of CO> sorbed was calculated from the CO> concentrations to obtain
the CO; removal efficiency in the sorption reactor. The dynamic sorption capacity of the
sorbents was calculated from the amount of CO; sorbed and the solid circulation rate. Based
on the CO; removal efficiency and the dynamic sorption, the sorbent performance was

evaluated with respect to the changes in the experimental conditions.

The adsorbents were sampled from the bottom of the sorption and desorption reactors during
the test. The list of the samples analyzed are summarized in Table 2. The physical and chemical
characteristics of each sample (SP-F, SP-S and SP-D) were analyzed by a thermogravimetric
analyzer (TGA, SDT Q-600), NMR. The weight loss of the samples were examined using a
thermogravimetric analyzer manufactured by TA at the temperature range from 30°C to 130°C
in N, atmosphere. 3C-NMR data were acquired on 400 MHz Solid State NMR spectrometer
(AVANCE III HD, Bruker, Germany) at Korea Basic Science Institute, Seoul Western Center.
3C CP/MAS NMR measurement was performed at a Larmor frequency of 100.66 MHz.
Samples were placed in a 4 mm CP/MAS probe, and the spinning rate was set to 10 kHz in

order to minimize spinning-sideband overlap. The isobaric CO2 uptake of samples (SP-F, SP-
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Al and SP-A2) were evaluated using 15% COp in nitrogen by TGA and in a ‘xxx\ apparatus using

CO2 partial pressures up to 1 bar. BET. Each sample was pretreated for a day at each

regenerable temperature (130°C) and then the isothermal CO» uptake for samples was
compared at both the adsorption temperature (70°C) and various CO; partial pressures (0—1

bar).

(Table 2)

Results and discussion

3.1. 150-hour continuous operation with various experimental conditions

Figure 2 presents the results for 100 kg of the S.PEI-5K in the fluidized bed continuous unit.
Figure 2(a) shows the CO; removal efficiency and the dynamic sorption capacity of the
adsorbent. Figure 2(b) shows the CO; concentrations at the inlet and outlet stream of the
sorption and desorption reactor. Up to 67 h, the inlet CO> concentration of the sorption reactor
was maintained at 21.0-21.2 vol.%. After 67 h, the inlet CO> concentration of the sorption
reactor was changed from 13.6 to 18.7 vol.%. After 90 h, the inlet CO2 concentration of the
sorption reactor was maintained at 18.9-21.0 vol.% until 143 h, after which the inlet CO>

concentration was changed to 12.3 vol.%.

CO; was not introduced into the desorption reactor until after 41 h where the inlet CO;

concentration was then set to 29.8 vol.% using a boosting fan for recirculating the gas
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discharged from the desorption reactor. Between 90 and 126 h, CO; was introduced into the
desorption reactor after which the CO» concentration (CO> purity) in the desorption reactor was

set to be above 80 vol.%.

Figure 2(c) shows the H2O concentration for the inlet and outlet streams of the sorption and
desorption reactors. As already stated, H>O was not introduced into the sorption reactor until
100 h where it was set to 8.3 vol.%, with the inlet H>O concentration of the sorption reactor
was maintained in the range 7.9-8.3 vol.% between 105 and 150 h operation. For the first 90
h, the H>O concentration at the inlet of the desorption reactor was maintained at 12—14 vol.%.
After 90 h, it was changed from 11.5 to 8.0 vol.% and then maintained at 8.5-8.8 vol.% between

105 and 150 h.

Figure 2(d) shows the temperature profiles of the sorption and desorption reactors. During the
first 90 h, the temperature of the desorption reactor was stable at 130°C. The temperature of
the sorption reactor was maintained at 68—70°C and after 60 h was varied between 50 and 69°C.
After 75 h, the temperature was maintained at 69—70°C until 107 h and manipulated to the
temperature range of 50-70°C. After 140 h, the temperature was maintained at 50-51°C. Figure
2(e) shows the bed differential pressure profiles of the sorption and desorption reactors. These
were stable up to 83 h after which the bed differential pressure for the sorption reactor was
changed from 357 to 176 mmH-O that for the desorption reactor was changed from 475 to 580
mmH0. After 90 h, the bed differential pressures of the sorption reactor and the desorption

reactor were again stable until the continuous test was completed.

Between 100 and 107 h, the changes in the inlet H>O concentration to the sorption reactor at
70°C are presented in Table 1 (nos. 21, 22, 23 and 24), together with the other experimental

conditions for this experiment. The sorption performance did not change much when the inlet
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H>O concentration of the sorption reactor was increased from 0 to 3.1, 5.9, and 8.3 vol.% with
the CO» removal efficiency and the dynamic sorption capacity maintained at 81.5% and 6.42
wt.%, respectively. Between 107 to 122 h, the inlet H>O concentration to the sorption reactor
was 8.2 vol.% where Table 1 lists the condition used (nos. 25-28) As the temperature was
increased to 50, 55, 61, 65 and 70°C, the sorption performance of sorbents did not change to a
significant extent, unlike under dry conditions. Between 50 and 70°C with wet gas, the CO»

removal efficiency and a dynamic sorption capacity were above 80% and 6.5 wt.%, respectively.

(Figure 2)

3.1.1. Change of the gas velocity in the sorption reactor

The conditions used for this experiment are nos. 1-4 in Table 1. Figure 3 shows the
experimental results according to the change of gas velocity in the sorption reactor under dry
gas conditions. Figure 3(a) shows the temperature of the sorption reactor with varying the inlet
gas velocity. The temperature measured at different bed heights was different at gas velocities
below 5.1 cm/s, but it became similar at higher gas velocities, indicating that solid particles
were well fluidized. Figure 3(b) shows the CO: removal efficiency and the dynamic sorption
capacity of adsorbents according to the change of gas velocity in the sorption reactor. The CO>
removal efficiency decreased to 98.6, 95.6, 86.5 and 69.1% as the gas velocity in the sorption
reactor was increased to 3.8, 4.5, 5.1 and 6.2 cm/s, respectively. The dynamic sorption capacity
increased to 6.29, 7.57 and 7.90 wt.% as the gas velocity increased to 3.8, 4.5 and 5.1 cm/s,

respectively, whereas it has been reduced slightly from 7.90 to 7.78 wt.% when the gas velocity
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increased from 5.1 to 6.2 cm/s. When the gas velocity increased, the inlet CO, flow rate
increased so that the sorption capacity may decrease. Since the sorption performance of
adsorbents was the best when the gas velocity was 5.1 cm/s based on the experimental results,

the optimum gas velocity in the sorption reactor has been set to this value.

(Figure 3)

3.1.2. Change of the temperature in the sorption reactor under dry conditions

The sorption performance has been investigated between 50 and 70°C since the operating
temperature of the FGD (flue gas desulfurization) unit, typically installed right before CO>
capture process, is around 50-60°C and the optimum sorption temperature of PEI adsorbents is
70°C [28]. Nos 6, 8,9, 10 and 11 listed in Table 1 were the experimental conditions in this
experiment. Figure 4 shows the experimental results according to the temperature change in
the sorption reactor when the inlet CO> concentration of the sorption reactor is 21.1 vol.% and
the inlet CO> concentration of the desorption reactor is 29.8 vol.%. As the temperature of the
sorption reactor increased to 50, 56, 60, 65 and 69°C, the CO; removal efficiency increased to
60.0, 61.8, 64.7, 65.2 and 65.6%, and the dynamic sorption capacity increased to 5.34, 5.50,
5.72,5.79 and 5.81 wt.%, respectively. The performance of the sorbents significantly increased
over the temperature range of 50-60°C, followed by a further slight increase as the temperature
increased above 60°C. This confirms that the proportional increase in the sorption performance
reduces as the temperature approaches the optimum sorption temperature based on CO> uptake

for silica-PEI, reported by Zhang et al [28].
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(Figure 4)

3.1.3. Change of the inlet CO: concentration of the sorption reactor

Experiments have been carried out by varying the inlet CO; concentration of the sorption
reactor under the same operating conditions. Nos 12, 13, 14, 15 and 16 listed in Table 1, were
the experimental conditions used in this experiment. Figure 5 shows the experimental results
according to the change of the inlet CO, concentration to the sorption reactor. When the inlet
CO; concentration increased to 13.6, 14.9, 16.0, 17.4, and 18.7 vol.%, the CO2 removal
efficiency decreased to 87.0, 80.6, 76.1, 69.6 and 66.5%, while the dynamic sorption capacity
increased to 5.58, 5.62, 5.64, 5.66 and 5.76 wt.%, respectively. Thus, the CO2 removal
efficiency decreased markedly while the dynamic sorption capacity of sorbents slightly
increased. According to the CO> partial pressure, the amount of captured CO> increased slightly
giving a small increase in sorption capacity. However, when the inlet CO2 concentration
increased, the CO; removal efficiency decreased at a fixed solid circulation rate. As the amount
of solids in the sorption reactor is constant since the solid circulation rate is constant, the
amount of CO> removed per mass of adsorbent in the sorption reactor increased. Thus, the CO>
removal efficiency is reduced even if the CO uptake generally increases with increasing CO>
partial pressure. Considering the of CO; removal efficiency is over 80% under the given
operating conditions, the inlet CO2 concentration in the sorption reactor for the stable operation

can range from 13.6 to 15.0 vol.%.
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(Figure 5)

3.1.4. Change of the bed height in the sorption reactor

In the experiment, the gas-solid contact time can be calculated from the gas velocity and the
bed height, which can be known through the differential pressure of the reactor. Nos 12, 17, 18,
19 and 20 listed in Table 1 were the experimental conditions. When the differential pressure of
the reactor increased, the bed height in the reactor increased, and vice versa. As the differential
pressure of the sorption reactor increased to 176, 204, 234, 270, and 357 mmH,0, the gas-solid
contact time increased to 5.8, 6.7, 7.6, 8.8, and 11.5 sec. Figure 6 shows that when the gas-
solid contact time increased to 5.8, 6.7, 7.6, 8.8 and 11.5 sec, the CO> removal efficiency
increased to 74.2, 77.1, 80.2, 81.9, and 87.0%, and the dynamic sorption capacity increased to
4.75,4.92,5.10, 5.26 and 5.58 wt.%, respectively. Zhang et al. reported that an increase in gas-
solid contact time by increasing bed material in the reactor can effectively increased the
dynamic adsorption capacity, but it will also increase the amount of solid inventory in the
reactor and the size of reactor required, leading to higher capital and operational costs [27].
Based on the experimental results, the CO2 sorption performance was the best when the gas-
solid contact time was 11.5 sec. However, it will be change when the CO: purity for the
desorption reactor is higher since the working capacity of the S.PEI adsorbent decreased when

the CO; partial pressure of above 0.8 [28].

(Figure 6)
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3.1.5. Change of the inlet CO; concentration to the desorption reactor

For practical applications, steam or pure CO has to be introduced to the desorption reactor to
achieve high CO; purity [47]. Thus, the CO2 removal efficiency and the dynamic sorption
capacity of adsorbents should be evaluated under the desorption conditions that take into
account high CO» partial pressures in the desorption reactor. The sorption performance has
been investigated according to the change of the CO; partial pressure at different inlet H.O
concentrations for the sorption reactor. The inlet CO2 concentration of the desorption reactor
was changed for the conditions in the sorption reactor under dry gas. Nos 3, 5, 6 and 7 listed in
Table 1 were the experimental conditions in this experiment. The inlet CO> concentration has
been adjusted from 0 to 45 vol.% by manipulating the N2 and CO» flowrates into the desorption
reactor. However, there was a limit to increase CO concentration using the MFC used in the
study. Higher CO> was carried out using a gas recirculation pump for recirculating the gas,
discharged from the desorption reactor under the wet gas condition in the sorption reactor. Nos

29, 30, 31 and 32 shown in Table 1 were the experimental conditions in this experiment.

Figure 7 shows the results according to the change of the inlet CO2 concentration to the
desorption reactor. Figure 7(a) shows the CO; removal efficiency and the dynamic sorption
capacity according to the change of the inlet CO> concentration to the desorption reactor. As
the inlet CO> concentration of the desorption reactor increased from zero to 14.6, 29.8, 45.0
vol.% under dry gas conditions, the CO> partial pressure of the desorption reactor increased
while the CO2 removal efficiency and the dynamic sorption capacity of adsorbents gradually
decreased. Figure 7(b) shows the CO; purity at the outlet stream of the desorption reactor
according to the change of the inlet CO2 concentration to the desorption reactor. In continuous

operation with dry gas in the sorption reactor, the CO» purity at the outlet stream of the
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desorption reactor was 53 vol.% when the inlet CO> concentration of the desorption reactor
was 45 vol.%. As the inlet CO> concentration of the desorption reactor increased to 0, 26.3,
60.2, and 81.2 vol.% under wet gas conditions, the CO; purity of the desorption reactor
increased while the CO; removal efficiency and the dynamic sorption capacity of adsorbents
decreased. The CO> removal efficiency and the dynamic sorption capacity of adsorbents were
46.5% and 3.64 wt.%, respectively, when the CO; purity of the desorption reactor was 83.3
vol.%. Zhang et al. also reported that the working capacity decreased with an increase in CO>
partial pressure at the actual desorption CO; partial pressure of above 0.8, which eventually
increased the weight uptake of the amine-supported adsorbents [28]. They also demonstrated a
detrimental effect of CO; in the stripping gas on the cyclic performance of the PEl/silica
adsorbent [29]. In this study, this was confirmed by TG analysis of solid particles sampled

during the continuous operation in a desorption reactor under wet gas conditions.

(Figure 7)

3.2. Property analysis of the sorbent samples

Figure 8 shows the TGA results of the sorbent samples. (SP1-4). The experimental conditions
used when SP1, SP2, SP3 and SP4 samples were collected were Nos 1, 3, 28 and 33 listed in
Table 1, respectively. The weight loss of the sorbent sample was related to the amount of CO»
sorbed in the sorption reactor while that of the sample after desorption was the amount of CO»
remaining. Figure 8(a) shows the results for the samples after sorption (SP1-4-S) where each

sample displays a similar weight loss up to 90°C, and then showed a difference in weight loss
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at 130°C. Figure 8(b) shows the TGA results for the sample before reaction (SP-F) and the
sample after desorption (SP-D). The fresh sorbent showed a weight loss is less than 2.0 wt.%
up to 130°C due to moisture with the greatest weight loss occurring between 80 and 100°C.
The samples after desorption, SP1-D, SP2-D and SP3-D showed a similar weight loss of less
than 2.5 wt.% up to 130°C. There is no significant difference in weight loss compared with the
fresh sorbent. From this, it can be concluded that the virtual complete desorption of CO2 was
achieved at the given operating conditions that SP1-D, SP2-D, and SP3-D had been collected.
However, SP4-D showed a rapid weight loss about 4.5 wt.% up to 130°C. Therefore, the
desorption ability has been reduced at the given operating conditions that SP4-D has been
collected. In Figure 8(a), when SP1-S and SP2-S are compared, SP2-S showed greater weight
loss than SP1-S. This means that the amount of CO; sorbed on SP2-S is higher than that of
SP1-S. In Figure 8(b), SP1-D and SP2-D showed similar weight loss up to 130°C meaning that
the CO; sorption ability of sorbent was higher at the given operating conditions that SP2-S and
SP2-D have been collected. Compared SP3-S and SP4-S in Figure 8(a), SP3-S and SP4-S
shows similar weight loss up to 130°C. However, in Figure 8(b), SP4-D shows a greater weight
loss than in SP3-D. This can be explained that the higher the CO» partial pressure, the lower

the desorption ability of the sorbents.

(Figure 8)

The dynamic sorption capacity of each sample was calculated from TGA. In order to consider
only the amount of CO;, the amount of H>O in total weight loss in TGA was removed based

on the H2O/CO» molar ratio sorbed by the absorbent in each experimental condition. As shown
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in Figure 9, the dynamic sorption capacities using continuous experimental data for SP1, SP2,
SP3 and SP4 were calculated as 6.29, 7.90, 6.46 and 3.34 wt.%, respectively, and that using
the TGA data was 6.25, 7.86, 6.22 and 2.84 wt.%, respectively. Thus, the dynamic sorption
capacity from the continuous experimental data is in close agreement with from the TGA data.
Moreover, when 52.4 vol.% of CO:; was injected into the desorption reactor under the
experimental conditions SP4, the dynamic sorption capacity was significantly reduced relative

to the other experimental conditions.

(Figure 9)

To elucidate chemical reactions between CO> and PEI in silica, we performed solid state 1*C-
NMR analysis of silica-PEI obtained from adsorption and desorption of the fluidized bed
continuous unit. As shown in Figure 10(a), characteristic carbon peaks of branched PEI in silica
were observed (6C 20.1 — 70.5 ppm) from ethylene moieties. After CO adsorption at the
condition of SP1-S (w/o H20), ethylene peaks became a broad single peak, and a new single
peak appeared at 164 ppm, representing carbamate formation [48]. Following regeneration, at
the conditions used for SP1-D, '*C-NMR data showed the pronounced decrease in the
carbamate peak and recovery of the ethylene peaks at the upfield position. The relatively small
amount of carbamate remaining could arise from CO> being adsorbed from the atmosphere
prior to analysis, given that TG has suggested that virtually complete desorption was achieved
for this sample. As shown in Figure 11(a), with injection of H2O in sorption process of the
fluidized bed continuous unit, carbamate formation was also confirmed by '*C-NMR data.

However, when COz (52.4 vol.%) was injected to the desorption reactor under a condition of
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SP4-D, there are no notable change in the ethylene and carbamate peak intensities because of
presence of CO> during desorption process (Figure 11(b)). This is qualitatively consistent with

the low dynamic sorption capacity calculated for this sample (Figure 9).

(Figure 10)

(Figure 11)

3.3. Isothermal CO; uptakes for silica-PEI adsorbents using the BET

The CO» sorption performance of adsorbent samples were evaluated by BET where the
isothermal CO; uptakes at an adsorption temperature (70°C) and various CO; partial pressures
(0—1 bar) have been compared. The three types of adsorbent samples named as SP-F, SP-Al
and SP-A2 were used in the BET test. SP-F represents the fresh adsorbent, SP-A1 represents
the adsorbent sampled from the reactor after operation for 90 h whereas SP-A2 was sampled
after completion that a 150-hour continuous operation. Figure 12 shows isothermal CO-
uptakes at different CO; partial pressures with the constant temperature of 70°C using BET. At
the CO; partial pressure used (0.15 bar) for the post-combustion flue gas, the CO; uptake of
silica-PEI samples was 8.67 (SP-F), 7.31 (SP-A1) and 5.84 (SP-A2) wt.%, respectively. The
CO:z sorption performance of the adsorbents decreased with increasing run time and it can be
summised that oxidative degradation of PEI occurred due to the oxygen in the air flowing into
the solid transportation system in the continuous experiment, together with the adsorber

operating dry for the first 100 h of testing. Calleja et al. [49] discovered that the supported
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amines oxidize in air under typical drying conditions. They reported that CO: sorption
performance of amine grafted on SBA-15 silica with various drying time at 20°C and 110°C in
air was decreased gradually with air treatment duration and increasing drying time [49]. Bali
et al. investigated the oxidative deactivation of branched PEI- and PAA-impregnated
mesoporous y-alumina using treatment for 24 h in the Oz concentration of 5 vol.% and 21 vol.%
in Nz at 70 and 110°C, reporting that higher O levels and higher treatment temperatures
significantly increased the extent of air oxidation [50]. In the continuous experiment here, the
adsorbent was contacted with air for long time at a high concentration of oxygen, which has
led to a decrease in the CO; sorption performance due to oxidative degradation of PEI during

continuous operation.

(Figure 12)

Conclusions

The gas velocity required for good fluidization in a bubbling fluidized-bed type sorption
reactor was above 5.1 cm/sec and the COz sorption performance of the adsorbents was the best
when the gas velocity was 5.1 cm/s. CO, removal efficiencies of over 905% with dynamic
sorption capacities of abeve-7.50 wt.% have been achieved. The sorption performance was not
significantly affected by the change of the inlet H2O concentration (3.1-8.3 vol.%) in the
sorption reactor and it was maintained well at even below 60°C, which is close to the coal-fired
flue gas temperature (55-60°C) after flue gas desulfurization (FGD). As the bed height in the

sorption reactor was raised, the sorption performance as well as the dynamic sorption capacity
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of the adsorbent increased due to the longer gas-solid contact time.

The sorption performance of the adsorbent decreased when the CO> partial pressure of the
desorption reactor increased and it was confirmed that the adsorbent has been degraded as the
continuous operating time increased. Therefore, for long-term operation and to achieve
efficient CO» sorption performance, further studies are needed to demonstrate that moisture
throughout the system will mitigate against oxidation and effective regeneration at high CO>
partial pressures is feasible in the move to commercialization of CO; capture processes using

PEI-based solid adsorbents.
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Table 1
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Sorption reactor

Desorption reactor

. Solid
Operation circulation
NO. time Gas Inlet Inlet Reactor Differential Inlet Inlet Reactor Differential rate
(h) velocity  H.Oconc.  COconc. temp. pressure H,O conc.  COconc. temp. pressure (kg/h)
(cm/s) (vol.%) (vol.%) (°C) (mmH20) (vol.%) (vol.%) (°C) (mmH0)

1 3.8* -
2 4.5% -

0-41 - 20.0-21.5 68-69 350-370 12.0-13.5 129-130 450-460 62.4
3 5.1* -
4 6.2* -
5 14.6*
6 41-61 5.0-5.1 - 21.2-214 68-69 350-360 12.5-13.0 29.8* 129-130 465-475 62.4
7 45.0*
8 65*
9 60*

61-67 4.8-5.1 - 21.0-21.2 350-360 12.5-135 29.8 129-130 465-475 62.4
10 56*
11 50*
12 13.6*
13 14.9*
14 74-83 5.0-5.1 - 16.0* 67-68 360-370 12.5-135 29.88 129-130 460-475 56.1
15 17.4*
16 18.7*
17 270*

83-90 5.0-5.1 - 13.6-13.7 67-68 12.5-13.0 29.8 129-130 520-580 56.1
18 234*
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19 204*
20 176*
21 -* -
22 3.1* -
90-107906 | 5.0-5.5 19.5-20.5 69-70 360-370 8.0-11.5 129-130 450-460 70.9

23 5.9* -
24 8.3* -
25 65* -
26 61* -

107-123 5.1-54 7.5-8.0 19.4-19.5 350-360 8.5-8.8 129-130 430-440 70.9
27 55* -
28 50* -
29 -*
30 26.3*

123-143 5.3-54 7.5-8.0 18.8-18.9 69-70 350-370 8.5-8.8 129-130 445-465 66.1-70.9
31 60.2*
32 81.2*
33 143-145 5.0-5.1 7.0-7.5 12.0-12.3 49-51 360-370 8.0-8.5 524 129-130 430-440 66.1

* Change of condition
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Table 2

Sample name Sorbent sampling point
SP-F Fresh adsorbent
SP1-S
After operation with condition of NO. 1
SP1-D
SP2-S
After operation with condition of NO. 3
SP2-D
SP3-S
After operation with condition of NO. 28
SP3-D
SP4-S
After operation with condition of NO. 33
SP4-D
SP-Al After continuous operation for 90 h
SP-A2 After continuous operation for 150 h
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

List of Figures

The schematic diagram of the 100 kg scale fluidized bed continuous unit.

90-hour continuous operation results of the 100 kg scale fluidized bed continuous
unit; (a) The CO; removal efficiency and the dynamic sorption capacity, (b) CO2

concentration, (c) H2O concentration, (d) temperature, (e) differential pressure.

The experimental result according to the inlet gas velocities in the sorption reactor;
(a) Bottom (V) and middle temperature (A) of the sorption reactor, (b) The CO>

removal efficiency (o) and the dynamic sorption capacity (©).

The CO; removal efficiency (o) and the dynamic sorption capacity (o) of silica-PEI

sorbent according to the sorption temperature.

The CO; removal efficiency (o) and the dynamic sorption capacity (o) of silica-PEI

sorbent according to the inlet CO2 concentration in the sorption reactor.

The CO; removal efficiency (o) and the dynamic sorption capacity (o) of according

to the gas-solid contact time in the sorption reactor.

The experimental results according to the inlet CO> concentration in the desorption
reactor; (a) The CO, removal efficiency (o : sorption reactor under dry gas, m :
sorption reactor under wet gas), the dynamic sorption capacity (o : sorption reactor
under dry gas, e : sorption reactor under wet gas), (b) CO2 purity (¢ : desorption
reactor under dry gas, & : desorption reactor under wet gas).

Weight change during the reduction of silica-PEI samples; (a) sample after sorption

(SP-S), (b) sample before reaction (SP-F) and sample after sorption (SP-D).

The compared result on the dynamic sorption capacity using continuous experimental

data and weight loss data of sorbent samples by a TGA

Figure 10. *C-NMR data of (a) silica-PEI (SP-F), (b) CO»-treated silica-PEI (SP1-S) and (c)

regenerated silica-PEI (SP1-D).

Figure 11. 3C-NMR data of (a) CO»-treated PEI-Silica (SP4-S) and (b) regenerated PEI-Silica
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(SP4-D).

Figure 12. BEFresults-of-lisobaric CO2 uptake with temperature of 70°C using various CO>
partial pressure for the silica-PEI samples (fresh adsorbent and silica-PEI samples

during continuous operation).
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