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Abstract

In this investigation, CO2 capture performance of zeolite 13X monoliths with 600 and 800 cpsi in presence of SO2/NO im-
purities under dry and humid conditions were evaluated and compared with that of 13X beads. Dynamic breakthrough tests
demonstrated a drastic reduction in CO2 capture capacity and deterioration of kinetics under dry-clean conditions, whereas,
upon switching the feed from a clean gas to contaminated gas which contained SO2 and NO, different adsorption performance
was observed. Specifically, in dry-contaminated mode, the adsorbents retained their capture capacities with comparable kinetics
to that of dry-clean feed conditions, however, in humid-contaminated mode, the adsorbents experienced improved CO2 uptake
and CO2/N2 selectivity, albeit at the expense of deteriorated kinetics. These findings indicate that the presence of SO2 and NO
contaminants, especially SO2 contaminants, lead to dramatic changes in the adsorption performance of zeolite 13X monoliths,

indicating the importance of evaluating adsorbent materials under realistic conditions.

Introduction

Addressing climate change requires significant efforts to curtail greenhouse gas emissions, in particular an-
thropogenic CO5 as well as acidic SOs and NO, to keep the average increase in global temperature below 2
°C and to achieve negative emissions by the year 2100. Although a significant amount of recent research has
developed innovative technologies for SO2, NO, and COs capture from large-point sources, such as affluent
post-combustion streams,! ™ the amine scrubbing method, which is plagued by inherent drawbacks including
poor recyclability, deterioration of equipment, energy requirements as high as 4.2 GJ/tonne COs, and poor
performance in the presence of SO, or NO,* 7 remains the benchmark technology. In that regard, developing
cost-effective and more efficient capture strategies is essential to addressing the impending issue of climate
change.

In recent years, adsorption, a technique wherein target gases are physically (physisorption) or chemically
(chemisorption) adhered to a selective medium, has cemented itself as an alternative to amine scrubbing
technology for COscapture.® To bring adsorptive COscapture technology one step closer to large-scale
implementation, adsorbent materials are required to be shaped into practical contactors that not only de-
monstrate low mass and heat transfer resistances but also address the operational challenges such as attrition
and pressure drop. Honeycomb monoliths with uniform channels and thin walls are considered suitable con-
figurations for this purpose. To date various COs adsorbents including zeolite 13X, activated carbon, and
metal-organic frameworks (MOFs) have been shaped into monolithic structures and their CO2 capture per-
formance has been investigated.'? 12

While much is known about the performance of COsadsorbents under binary feed conditions (dry COz/Na
feed), the multicomponent data is quite scarce, especially under realistic feed conditions, where trace conta-
minants like SO, and NOy are present. To date, most studies have focused solely on examining the zeolite



stability in the presence of these species, or have focused only on equilibrium adsorption of each species,
but have not compared clean and contaminated feeds to one another under dynamic conditions.'3** For
example, Deng et al.'® showed that zeolite 13X has a high affinity towards SO on account of its dipole
moment, and predicted that this would lead to reduced COs adsorption in multicomponent streams, howe-
ver, it has yet to be studied how the presence of multiple species impacts COy adsorption on zeolite 13X.
Moreover, these effects are likely to be further complicated by the presence of water, which is known to
co-adsorb alongside COs under clean-feed conditions and reduce the adsorption capacity. For example, our
recent study'2demonstrated that pre-humidifying zeolite 13X monoliths before exposure to CO, leads to
competitive adsorption between the two gases and a reduction in COy uptake of 60-80%. Other studies have
demonstrated similar effects of humidity on CO5 adsorption in zeolite 13X materials,'®'® however, no study
yet exists which isolates the combined influences of SOy, NOy, and HoO on CO5 adsorption in zeolite 13X.

Aiming at addressing this question, we embarked on a study to systematically investigate the CO2 adsorptive
performance of zeolite 13X in both honeycomb and bead forms under various simulated flue gas conditions.
We primarily addressed relative CO4 adsorption changes imparted by competitive/cooperative adsorption of
flue gas impurities. Two self-standing commercial zeolite 13X monoliths, with 600 and 800 cells per square
inch (cpsi) cell density and beads with particle size of 1.6 mm were used in this work. Multicomponent
breakthrough runs were conducted with a simulated flue gas consisting of 10%CO5/1000 ppm SO5/1000
ppm NO /balance with Ny under dry and humid conditions and the effect of feed conditions on COs capture
performance of 13X samples were investigated accordingly.

Experimental Section
Materials Synthesis and Characterization

All ultra-high pure and mixed gases were purchased from Airgas. The crystallinity of zeolite samples was in-
vestigated by X-ray diffraction (XRD) measurements on a PANanalytical X’Pert multipurpose X-ray diffrac-
tometer with a scan step size of 0.02°/step at the rate of 147.4 s/step. The textural properties were evaluated
by Naphysisorption isotherms at 77 K on a Micromeritics (3Flex) instrument. Prior to the measurements,
the adsorbents were degassed under vacuum for 6 h at 350 °C on a Micromeritics Smart VacPrep system.
The Brunauer-Emmet-Teller (BET) and non-local density functional theory (NLDFT) methods were used to
estimate the surface area and pore size distribution (PSD), respectively. Thermogravimetric analysis (TGA)
experiments were carried out to determine the amount of zeolite in each sample. Therein, the temperature
was ramped at 15 °C/min from 25 °C-700 °C in 60 mL/min air.

CO; and N5 Adsorption Isotherm Measurements

Pure gas adsorption isotherms for COs and Ny were obtained on a volumetric gas analyzer (3Flex) at
25 ©C. Prior to measurement, the samples were degassed using the conditions from N5 physisorption. The
isotherms were then used to estimate the ideal selectivity values using ideal-adsorbed solution theory (IAST).
Additionally, TGA was also used to measure the COy uptake capacity of fresh samples and used samples
(after breakthrough tests) using a 10% CO3 /Ny gas mixture at 25 °C and flow rate of 60 mL/min. Before
the uptake runs, samples were degassed at 350 °C under Ny with a flow rate of 40 mL/min for 1 hr.

Multicomponent Breakthrough Tests

The breakthrough experiments were performed using the setup described in our recent work. > The mul-
ticomponent adsorption tests were carried out at 1 bar and 25°C in a stainless-steel breakthrough column
with an inner diameter of 3.2 cm and a length of 15 cm. Four experimental conditions were investigated: dry-
clean, humid-clean, dry-contaminated, humid-contaminated. Under dry conditions, 10% CO3 /N3 (dry-clean)
or 10%C0O2/1000 ppm SO2/1000 ppm NO/ Ny (dry-contaminated) gas mixtures were sent through the bed
with a flow rate of 100 mL/min whereas, under humid conditions, the sample was first pre-humidified by
sending a water—saturated He flow at 100 mL/min to the bed for 30 min. The He stream was humidified by
passing the gas through a bubbler before entering the column. Before the breakthrough runs, the adsorbent
was regenerated in-situ at 350 °C for 3-6 h under He flow at 100 mL/min and then cooled down to 25 °C to



start the test. The concentration of gas mixture in the outlet stream was measured using a mass spectrome-
ter (BELMass). Table lsummarizes the geometric characteristics of the adsorbents for the three samples.
Notably, the weights were not held constant across sample runs. This was necessary to completely pack the
bed. Because the samples contained different infill percentages, the amount necessary to achieve 7.5 cm of
bed packing changed between samples.

Table 1. Characteristics of the adsorption column for three samples.

Sample Adsorbent Weight (g) Bed Height (cm) Bed Diameter (cm) Pressure Drop (bar)
1.6 mm 13X-beads 50 7.5 3.2 0.264
Monolith - 600 cpsi 27 7.5 3.2 0.178
Monolith - 800 cpsi 42 7.5 3.2 0.192

Results and Discussion
Materials Characterization

The crystallinity of the zeolite adsorbents was confirmed by XRD (Figure la ). As evident, the major
characteristics peaks observed in these spectra were consistent with those of zeolite 13X powder,'” indicating
that the crystallinity was not affected during either the extrusion or pellitization processes. It is also
worth noting here that, in the monoliths several of the minor diffractive indices exhibited greater intensities
compared to the zeolite beads. This could have possibly been attributed to variation between the sources
used to manufacture the zeolite or slight differences in the hardening procedures. From the TGA experiments
(Figure 1b ), it was also shown that the monoliths exhibited a greater weight loss (20%) compared to the
beads (10%) below 300 °C. This further suggested that the monoliths contained higher amount of organic
components than the beads, because the weight loss in both samples could likely be attributed to removal
of additional moisture, and the elevated loss in the monoliths indicated that a greater quantity had been
adsorbed. Instead, the monoliths’ weight loss exhibited a smooth profile which was nearly parallel to that of
the beads and is indicative of the removal of a single species.'® The difference in weight loss could also be
explained in terms of zeolite content which is lower in the monoliths (90 wt%) relative to binderless beads.

Figure 1. (a) XRD profiles and (b) thermogravimetric analysis curves for 1.6 mm beads, 600 and 800 cpsi
monoliths.

The Ny physisorption isotherms and pore size distributions are shown in Figure 2 while the textural
properties of the samples are summarized in Table 2 . In the Ny physisorption profiles (Figure 2a ),
all three 13X adsorbents displayed type I isotherm with H4 hysteresis, suggesting microporous nature of
the materials and also the presence of slit-type mesopores formed during the formulation process.'® These
differences were further evident in the pore distributions (Figure 2b ), where significant reductions in pore
volume were observed from the monoliths to the beads. It is also worth noting here that the honeycomb
monoliths also exhibited slight mesoporosity at "4 nm pore diameter. As we reported recently,'? this could
have been caused by the binder removal process, which burns out the organic components and produces a
hierarchal pore structure.

Figure 2. (a) Ny physisorption and (b) NLDFT pore distributions for beads, 600 and 800 cpsi monoliths.

As shown in Table 2 , the BET surface areas were found to be 662, 548, and 571 m?/g for the binderless
beads, 600 cpsi monolith and 800 cpsi monolith samples, respectively. the surface areas of the monoliths ~
83% of that of binderless beads which is due to lower zeolite content of the monoliths (i.e., 90 wt%). These
differences in surface area were to be expected from TGA, XRD, and N5 physisorption, which all suggested
the monoliths’ formulation process decreased the number of accessible pores. This was further supported by
the monoliths’ slight (8-9%) reduction in micropore volume from the monoliths. Nevertheless, it is worth
noting that the differences in pore volume between the three samples were, overall, small. For this reason,
they could all be considered comparable in further testing.



Table 2. Textural properties of 13X zeolite beads and 600 and 800 cpsi monoliths.

Adsorbent;

Zeolite-13X SBET [mz/g] Vmicro [Cm3/g] Vmeso [Cm3/g] dp [nm]
1.6 mm Beads 662 0.32 0.04 1.2, 4.0
600 cpsi Monolith 548 0.26 0.06 14, 4.1
800 cpsi Monolith 571 0.28 0.05 1.3, 3.4

CO3 and N, Adsorption Isotherms

Figure 3 illustrates the CO3 and Ny adsorption isotherms obtained at 25 °C for the three adsorbents. In
agreement with data for the powdered zeolite,2? all adsorbents exhibited a high affinity toward COy and
negligible capacity for No. At 1 bar and 25 °C, CO2 adsorption capacities reached to 4.5, 5.1, and 5.1 mmol/g
for the beads, 600 cpsi, and 800 cpsi monoliths, respectively, (Figure 3a ), while Ny adsorption capacities of
0.2, 0.4, and 0.4 mmol/g, respectively, were observed at the same conditions. The lower adsorption capacity
of the beads could be correlated to their formulation which limited their active sites accessibility upon
processing, despite having higher surface area and pore volume. Nevertheless, the differences in adsorption
capacity between the two configurations were overall small and, therefore, the beads could still be considered
an acceptable analogue for testing of multicomponent COy adsorption.

Figure 3. Pure gas adsorption isotherms of (a) COs and (b) Ny for beads, 600 and 800 cpsi monoliths at
25 °C.

The theoretical selectivity for 10% COs/Ny in the pressure range of 0-1 bar was calculated by the IAST
method, as shown in Figure 4 . A decreasing trend with pressure was observed for the three adsorbents with
almost identical values ranging from 720 to 150. Notably, all three samples exhibited the same selectivity
values, even though the monoliths exhibited higher adsorption capacities. This was attributed to the fact
that, although the beads may have reduced in adsorption capacity from the monoliths, the reductions in
adsorption uptake were the same for both COs and Ns. In turn, this caused the COs selectivity value to
remain consistent with that for the monoliths. Chue et al.,?! who studied zeolite 13X pellets in a pressure
swing adsorption process for CO5 removal from flue gas, reported similar selectivities for zeolite 13X at 1 bar
and 10% CO,. Effectively, this indicated that the zeolites examined here could be considered representative
analogues for materials used in industrial separation processes.

Figure 4. Theoretical COq/Njselectivity curves estimated from adsorption isotherms for beads, 600 and
800 cpsi monoliths.

Multicomponent Breakthrough Experiments

To evaluate the materials’ performance for COsadsorption under multicomponent conditions, four modes
of operation were considered: dry-clean, humid-clean, dry-contaminated, and humid-contaminated. The
breakthrough profiles are shown inFigure 5 while the corresponding breakthrough data is located in Table
3 . The profiles from the blank experiments as well as the desorption profiles are also shown in Figure S1
,Supporting Information and Figure S2 Supporting Information , respectively. As was expected, pre-
exposing the samples to humidity under clean conditions led to a significant reduction in CO5 breakthrough
time (t54 ), on account of the competitive adsorption behavior which exists between these two molecules on
zeolite 13X.'216 In turn, this led to losses in CO, adsorption capacity for all samples from dry to humid con-
ditions. These effects were especially present in the case of the beads (Figure 5a-b ), where a 65% reduction
intsg and a 10% decrease in COzadsorption capacity (ggs% ) from 2.0 to 1.8 mmol/g occurred from the dry
to the humid experiments. This corresponded to a 66% reduction in the bead’s COq/Naselectivity from 138
to 48. In the monoliths, however, the breakthrough time was only reduced by “19% in the 600 cpsi sample
(Figure 5c-d ) and 47% in the 800 cpsi sample (Figure 5e-f ). For the 600 cpsi sample, this corresponded
to a reduction in CO5 adsorption capacity of 2.2 to 1.9 mmol/g, as well as a reduction in CO5 /Ny selectivity



of 77 to 54.4. Similarly, the 800 cpsi sample experienced a loss in CO4y capacity of 1.8 to 1.6 mmol/g, with a
reduction in selectivity of 99 from dry to77 humid modes of operation. These observations were in agreement
with both our recent report as well as other literature for dry versus humidified COsadsorption on zeolite
13X and were to be expected.!?292223 Ag we detailed therein, the greater reductions in breakthrough time
for the beads and 800 cpsi monolith compared to the 600 cpsi monolith could be attributed to differences in
particle mass transfer. Namely, the 600 cpsi monolith’s larger channels did not throttle the gas and allowed
enough time for CO5 and water to diffuse through the dense walls. In the beads and 800 cpsi monolith,
however, adsorbate diffusion occurred through particles and the COy broke through faster than the adsor-
bent could saturate. A similar effect was also likely present with water, as it readily adsorbed on the closest
accessible pores, and further increased the rate dependence for CO5 adsorption on particle mass transfer.

Moreover, investigation of breakthrough widths revealed that the adsorption dynamics was also impacted by
water, with the wavefronts becoming broader under humid-clean conditions. Such a result was in agreement
with our recent work,'? which showed that pre-humidified zeolite 13X samples exhibit broader adsorption
wavefronts, on account of the increased dependence on molecular mass transfer caused by saturation of the
outer adsorbent layer. The dynamic CO4, adsorption capacities of 13X zeolite beads estimated at t5y9 were
found to be 2.0 and 1.8 mmol/g under dry and humid conditions, respectively, whereas, for the 600 and
800 cpsi monoliths, these values were calculated to be 2.2 and 1.9 mmol/g and 1.8 and 1.6 mmol/g, re-
spectively. Overall, these results indicated that the competitive COs/water adsorption occurred independent
of adsorbent geometry, as all three samples experienced a ~10% reduction ingspe from dry to humidified
conditions. Such a result was to be expected, as the competitive adsorption for CO, and water on zeolite
13X is dependent on the adsorbent pore size and adsorbate molecular diameter, which are both independent
of the bulk structural packing.!?16

Figure 5. Breakthrough profiles for COs, He, HoO and N5 under dry-clean and humid-clean modes for (a-b)
beads, (c-d) 600 cpsi, and (e-f) 800 cpsi monoliths.

Table 3. Summary of breakthrough parameters for zeolite 13X samples under four modes of operation.

Breakthrough CO, /T

t50% tos% Width d50% d95% Selecti
Run Sample tse, (min)  (min) (min) (min) (mmol/g) (mmol/g) ity
Dry- Beads 149 179 222 73 1.6 2.0 138
clean
Humid- Beads 54 94 203 150 0.8 1.8 48
clean
Dry- Beads 184 216 305 121 1.9 2.7 154
contaminated
Humid- Beads 199 245 351 152 2.2 3.2 177
contaminated
Dry- 600 cpsi 73 94 134 61 1.6 2.2 7
clean
Humid- 600 cpsi 59 79 116 57 1.3 1.9 54.4
clean
Dry- 600 cpsi 87 111 160 73 1.8 2.7 102
contaminated
Humid- 600 cpsi 97 131 185 88 2.2 3.1 118
contaminated
Dry- 800 cpsi 111 147 175 64 1.6 1.8 99
clean
Humid- 800 cpsi 58 94 156 98 1.0 1.6 7
clean



Breakthrough CO, /1
t50% t95% Width q450% q95% Selecti
Run Sample tse (min)  (min) (min) (min) (mmol/g) (mmol/g) ity
Dry- 800 cpsi 113 149 193 80 1.6 2.0 104
contaminated
Humid- 800 cpsi 115 157 229 112 1.7 24 115
contaminated

In the next step, a multicomponent gas mixture containing CO5/SO2/NO/Ny was used to characterize the
adsorption behavior of the 13X zeolite monoliths and beads under both dry and humid conditions. Figure
6 displays the concentration fronts for the three adsorbents collected during dry-contaminated and humid-
contaminated breakthrough runs. It should also be noted that SO5 adsorption did not break through the
bed in any experiment. On the other hand, He broke through almost immediately, while Ny and NOq
broke through at “10 min for all samples and exhibited sharp breakthrough wavefronts under both dry and
humidified conditions. This was attributed to the low affinity of 13X towards He, Noand NO, but high affinity
towards SO,. Namely, Deng et al.'® reported that zeolites have a high affinity towards SOy compared to
Nj, NO, and CO5 because SO; is the only molecule which contains a permanent dipole moment. In turn,
this increases the Henry’s Law constant for SOs compared to the other compounds and promotes greater
adsorption on zeolites. In comparison, the Henry’s Law constants for NO and Ny are much lower and,
because of this, these species do not adsorb in high quantities on zeolite 13X, as further demonstrated by
their rapid breakthrough times. On the other hand, because the SOs concentration in the stream was so
low, and the zeolite affinity towards the gas was so high, SO5 saturation was never achieved and the gas
was not detected. It is also worth noting here that, similar to COg, the pre-humidification likely reduced
the overall SO, adsorption capacity, as water also exhibits a permanent dipole moment and should compete
with SO, on zeolite.2* However, given the low SOsconcentration relative to H,O, it is impossible to say for
certain whether or not its capacity was reduced under humidified conditions. This being the case, because
the goal of the study was to examine CO5 adsorption behavior in the presence of SO2, Ny, and NO, and not
focusing on the adsorption behavior for the contaminant species, the experiments were terminated after COq
saturation was observed. For reference, the SO5 desorption profiles are displayed inFigure S3, Supporting
Information .

As evident from Figure 6 , introduction of the acidic contaminants produced significantly longer
COsbreakthrough times for all three adsorbents under both dry and wet conditions. This caused the COq
adsorption capacity to increase by 0-20% in the dry experiments and by “100% in the wet experiments. This
also corresponded to an increase in COg selectivity of 5-30% across the dry experiments for the various sam-
ples, whereas the selectivity increased by 50% or more between the humidified-clean and contaminated runs.
These increases in adsorption capacity were to be expected from established literature for multicomponent
adsorption, which illustrates the promotional effect of SO, for CO4 capture.25This may be attributed to the
promotional effect of the acidic contaminants towards COg, which becomes more pronounced in the presence
of water, on account of the formation of carbonate species. Specifically, under dry operation, the acidic SOq
increase the sorbents basicity by reacting with the slightly basic NasO species, to produce oxygen atoms
which share free radicals. In turn, this causes the contaminants to act as chemisorbents and increases the
overall affinity towards COg,'* but also degrades the zeolitic alumina. Under humid mode, however, the
NasO readily reacts with water to form NaOH, which then bonds to the oxygen free radicals in the SOs, to
produce species which do not interact with the AloO3 centers. These free electrons can then react with COq
to form carbonate, similar to the promotional mechanism of water on CO, for amine-modified solids* or the
promotional effect which occurs between SO, NO,, CO,, in other solid adsorbent systems.?%26

Figure 6. Breakthrough profiles for CO5, He, HO, NO, SO, and Nyunder dry-contaminated and humid-
contaminated modes for (a-b) beads, (c-d) 600 cpsi and (e-f) 800 cpsi monoliths.

Comparison of COy concentration profiles obtained under each mode of breakthrough experiments are pre-



sented in Figure 7 . It can be observed that the breakthrough time was shortened significantly in the humid
bed as a result of competitive adsorption of COy and water, however, when SO, and NO were present, a
reverse trend was observed and total dynamic adsorption amount was enhanced. Such cooperative ad-
sorption occurred across all three samples examined in this study and became further exacerbated under
humid-contaminated conditions. Considering the shape of wavefronts, the zeolite 13X beads (Figure 7a
) exhibited the sharpest breakthrough front under dry-clean conditions, however, exhibited nearly double
the breakthrough width under both humidified modes, on account of the competitive COs/water adsorption
behavior. In comparison, the dry-contaminated mode did not increase the breakthrough width nearly as
much as the humidified modes of operation. However, the additional chemisorption still broadened the pro-
file by 65% from the dry-clean run. Both the 600 cpsi (Figure 7b ) and 800 cpsi (Figure 7c ) monoliths
experienced similar changes in wavefront broadness across the different modes, however, the increases in
front width were much less compared to the beads. This was attributed to the monoliths’ higher rate of film
mass transfer compared to the beads, which is a well-established benefit of using monolithic contactors.2”
Between the two monolith samples, the 800 cpsi sample experienced greater increases in front width from
the dry-clean to the other modes compared to the 600 cpsi monolith. As discussed previously, this was
attributed to the increased kinetic dependence on molecular mass transfer which occurs at elevated cpsi
monoliths, leading to more bead-like behavior.12:16

Figure 7. Comparison of COy breakthrough profiles under four modes of operation for (a) beads, (b) 600
cpsi monolith, and (c¢) 800 cpsi monolith.

After breakthrough tests, TGA runs were conducted over the used samples to investigate the degree of
CO4 capacity loss after exposure to impurities. Figure 8 compares the CO, uptake capacities of the three
adsorbents after each mode of breakthrough runs with that of fresh materials. As can be seen, the differences
in CO; adsorption between the fresh, dry-clean, and humid-clean samples were, overall, marginal. Notably,
the dry-clean samples all exhibited slightly lesser COsadsorption from the fresh and humid-clean samples,
however, these losses were only “8% and could have been caused by slight changes in intraparticle bonding
from the repeated heating and cooling of the samples. On the other hand, the losses in adsorption capacity
for the dry-contaminated runs could not be discounted, as the beads, 600, and 800 cpsi monoliths exhibited
38%, 58%, and 14% losses in CO4 adsorption capacity, respectively. As previously discussed, these sizable
losses could likely be attributed to decomposition of the sodium centers after reaction with the acid gases.
Following the humidified-contaminated runs, however, the losses in CO5 capacity were only marginal, as
the reductions in COy adsorption capacity were only 25%, 14%, and 11% for the beads, 600 cpsi monolith,
and 800 cpsi monolith, respectively. On the basis of these results, it was concluded that water can act as a
protective barrier during COy adsorption on zeolite when SO, /NOy are present, as it allows the acid gases
to react with hydroxide clusters instead of decomposing the alumina centers.

Figure 8. Comparison of CO3 adsorption capacity of the materials before and after breakthrough experi-
ments for beads, 600 and 800 cpsi monoliths.

4. Conclusions

This study reports on COy adsorption behavior of zeolite 13X monoliths and beads under dry and humid
conditions using both clean and contaminated simulated flue gas feeds. As reported herein, zeolite beads
and monoliths experienced substantial drop in COsbreakthrough time after being saturated with humidity,
on account of the competitive adsorption which exists between CO5 and water. On the other hand, a
cooperative effect was observed when SOs and NO were introduced alongside the presence of water. In
those experiments, water led to the formation of NaOH clusters which reacted with the acid contaminants to
produce chemisorbents. In turn, this gave rise to enhanced COs adsorption capacity via carbonate formation
on the additional active sites. This being stated, all samples exhibited broader breakthrough fronts in the
contaminated runs compared to the clean-mode experiments, as a result of added chemisorption because,
although it did provide additional sites for CO5 adsorption, the mechanism for chemisorption was likely slower
than that of physisorption, as it relied on the reaction kinetics instead of mass transfer alone. Therefore, this
study concluded that zeolite materials — including binderless beads and 600 cpsi, and 800 cpsi monoliths —



perform better under multicomponent flue gas conditions from an adsorption capacity standpoint, but exhibit
slightly slower mass transfer kinetics. Moreover, this study indicated the importance of examining adsorbent
materials under realistic conditions for successful implementation in scaled-processes and emphasized the
need for performing cyclic adsorption-desorption experiments using multicomponent streams.

Author Information
Corresponding Author
“Email: rezacif@mst.edu
ORCID: 0000-0002-4214-4235
Acknowledgments

Q.A.-N. would like to acknowledge The Higher Committee for Education Development in Iraqg-HCED for
financially supporting his PhD study. The authors thank Anirudh Krishnamurthy for helping with initial
breakthrough tests.

References

(1) Riboldi, L.; Bolland, O. Overview on Pressure Swing Adsorption (PSA) as COy Capture Tech-
nology: State-of-the-Art, Limits and Potentials.  Fnergy Procedia 2017 , 114 (1876), 2390-2400.
https://doi.org/10.1016/j.egypro.2017.03.1385.

(2) Mosca, A.; Hedlund, J.; Webley, P. A.; Grahn, M.; Rezaei, F. Structured Zeolite NaX Coatings on
Ceramic Cordierite Monolith Supports for PSA Applications. Microporous Mesoporous Mater.2010 , 150
(1-3), 38-48. https://doi.org/10.1016/j.micromeso.2009.10.010.

(3) Webley, P. A. Adsorption Technology for COsSeparation and Capture: A Perspective. Adsorption 2014
20 (2-3), 225-231. https://doi.org/10.1007/s10450-014-9603-2.

(4) Gelles, T.; Lawson, S.; Rownaghi, A. A.; Rezaei, F. Recent Advances in Development of Amine Func-
tionalized Adsorbents for COg Capture ; Springer US, 2019. https://doi.org/10.1007/s10450-019-00151-0.

(5) Rao, A. B.; Rubin, E. S. A Technical , Economic , and Environmental Assessment of Amine-Based CO»
Capture Technology for Power Plant Greenhouse Gas Control. Environ. Sci. Technol.2002 , 36 , 4467-4475.

(6) Yu, C.; Huang, C.; Tan, C. A Review of COs Capture by Absorption and Adsorption. 2012 , 745-769.
https://doi.org/10.4209/aaqr.2012.05.0132.

(7) Bosoaga, A.; Masek, O.; Oakey, J. E. COy Capture Technologies for Cement Industry. Energy Procedia
2009 ,1 (1), 133-140. https://doi.org/10.1016/j.egypro.2009.01.020.

(8) Lee, S. Y.; Park, S. J. A Review on Solid Adsorbents for Carbon Dioxide Capture. J. Ind. Eng. Chem.
2015, 23 , 1-11. https://doi.org/10.1016/j.jiec.2014.09.001.

(9) Samanta, A.; Zhao, A.; Shimizu, G. K. H.; Sarkar, P.; Gupta, R. Post-Combustion COy Capture Using
Solid Sorbents: A Review. 2012 , 1438-1463.

(10) Ding, Y.; Alpay, E. Equilibria and Kinetics of CO2 Adsorption on Hydrotalcite Adsorbent. Chem. Eng.
Sei. 2000 , 55(17), 3461-3474. https://doi.org/10.1016/S0009-2509(99)00596-5.

(11) Rezaei, F.; Sakwa-Novak, M. A.; Bali, S.; Duncanson, D. M.; Jones, C. W. Shaping Amine-Based Solid
COg Adsorbents: Effects of Pelletization Pressure on the Physical and Chemical Properties. Microporous
Mesoporous Mater. 2015 | 204 (2015), 34—42. https://doi.org/10.1016/j.micromeso.2014.10.047.

(12) Lawson, S.; Adebayo, B.; Robinson, C.; Al-naddaf, Q.; Ali, A. The Effects of Cell Density and Intrinsic
Porosity on Structural Properties and Adsorption Kinetics in 3D-Printed Zeolite Monoliths. Chem. FEng.
Sci. 2020 , 115564. https://doi.org/10.1016/j.ces.2020.115564.



(13) Deng, H.; Yi, H.; Tang, X.; Yu, Q.; Ning, P.; Yang, L. Adsorption Equilibrium for Sulfur Dioxide,
Nitric Oxide, Carbon Dioxide, Nitrogen on 13X and 5A Zeolites. Chem. Eng. J. 2012 , 188 , 77-85.
https://doi.org/10.1016/j.cej.2012.02.026.

(14) Deng, H.; Yi, H.; Tang, X.; Liu, H.; Zhou, X. Interactive Effect for Simultaneous Removal of SOq,
NO, and CO3 in Flue Gas on Ion Exchanged Zeolites. Ind. Eng. Chem. Res. 2013 , 52 (20), 6778—6784.
https://doi.org/10.1021/1e303319f.

(15) Li, G.; Xiao, P.; Webley, P.; Zhang, J.; Singh, R.; Marshall, M. Capture of CO2 from High Humidity
Flue Gas by Vacuum Swing Adsorption with Zeolite 13X. 2008 , 415-422. https://doi.org/10.1007/s10450-
007-9100-y.

(16) Li, G.; Xiao, P.; Webley, P. A.; Zhang, J.; Singh, R. Competition of CO3/H50 in Adsorption Based
CO4 Capture. Energy Procedia 2009 ,1 (1), 1123-1130. https://doi.org/10.1016/j.egypro.2009.01.148.

(17) Thakkar, H. V.; Eastman, S.; Hajari, A.; Rownaghi, A. A.; Knox, J. C.; Rezaei, F. 3D-Printed Zeolite
Monoliths for CO2 Removal from Enclosed Environments. ACS Appl. Mater. Interfaces 2016 .4 , 1-9.
https://doi.org/10.1021/acsami.6b09647.

(18) Monash, P.; Pugazhenthi, G. Development of Ceramic Supports Derived from Low-Cost Raw Materials
for Membrane Applications and Its Optimization Based on Sintering Temperature. Int. J. Appl. Ceram.
Technol. 2011 , 8 (1), 227-238. https://doi.org/10.1111/j.1744-7402.2009.02443.x.

(19) Neimark, A. V.; Thommes, M.; Sing, K. S. W.; Rodriguez-Reinoso, F.; Olivier, J. P.; Kaneko,
K.; Rouquerol, J. Physisorption of Gases, with Special Reference to the Evaluation of Surface Area and
Pore Size Distribution (IUPAC Technical Report). Pure Appl. Chem.2015 ;| 87 (9-10), 1051-1069.
https://doi.org/10.1515/pac-2014-1117.

(20) Xiao, P.; Zhang, J.; Webley, P.; Li, G.; Singh, R.; Todd, R. Capture of COy from Flue Gas
Streams with Zeolite 13X by Vacuum-Pressure Swing Adsorption. Adsorption 2008 ,14 (4-5), 575-582.
https://doi.org/10.1007/s10450-008-9128-7.

(21) Chue, K. T.; Kim, J. N.; Yoo, Y. J.; Cho, S. H. Comparison of Activated Carbon and Zeolite 13X for
CO2 Recovery from Flue Gas by Pressure Swing Adsorption. 1995 . https://doi.org/10.1021/ie00041a020.

(22) Girimonte, R.; Formisani, B.; Testa, F. Adsorption of CO2 on a Confined Fluidized Bed of Pelletized
13X Zeolite. Powder Technol.2017 , 311 , 9-17. https://doi.org/10.1016/j.powtec.2017.01.033.

(23) Lee, Y. C.; Weng, L. C.; Tseng, P. C.; Wang, C. C. Effect of Pressure on the Moisture Adsorption of
Silica Gel and Zeolite 13X Adsorbents. Heat Mass Transf. und Stoffuebertragung2014 , 51 (3), 441-447.
https://doi.org/10.1007/s00231-014-1442-x.

(24) Plaza, M. G.; Gonzdlez, A. S.; Rubiera, F.; Pevida, C. Evaluation of Microporous Biochars Produced
by Single-Step Oxidation for Postcombustion CO2 Capture under Humid Conditions. Energy Procedia 2014
, 63 (May 2015), 693-702. https://doi.org/10.1016/j.egypro.2014.11.077.

(25) Luo, L.; Guo, Y.; Zhu, T.; Zheng, Y. Adsorption Species Distribution and Multicomponent Adsorption
Mechanism of SO5, NO, and CO4 on Commercial Adsorbents. Energy and Fuels 2017 | 31 (10), 11026-11033.
https://doi.org/10.1021/acs.energyfuels.7b01422.

(26) Yang, J.; Yu, X.; Yan, J.; Tu, S. T.; Dahlquist, E. Effects of SO2 on CO5 Capture Using a Hollow Fiber
Membrane Contactor. Appl. Energy 2013 , 112 , 755-764. https://doi.org/10.1016/j.apenergy.2012.11.052.

(27) Rezaei, F.; Webley, P. Structured Adsorbents in Gas Separation Processes. Sep. Purif. Technol. 2010 |
70 (3), 243-256. https://doi.org/10.1016/j.seppur.2009.10.004.



TOC Graphic

1.6mm  600cpsi 800 cpsi
Beads  Monolith ~ Monolith

600 cpsi Monolith
Humid-Contaminated

2550 75 100 125 150 175 200 225
‘Time (min)

22541




