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Abstract

The increasingly stringent environmental regulations worldwide demand the use of efficient
methods for air purification. Moreover, the alarming effect of greenhouse gases on the world
climate requires the removal and sequestration of large quantities of anthropogenic carbon
dioxide (COy). This work is contributed towards the development of efficient, amine-containing,
lamellar structured silica adsorbents for CO, removal. Seven different materials were prepared
by impregnation of various amounts of PEl, over as synthesized, or partially extracted or calcined
lamellar silica. Materials were characterized by powder XRD and SEM. CO, adsorption capacity

was measured by thermogravimetry.

The effects of PEl loading, temperature, CO; partial pressure and surface alkyl chains were
investigated. PEl seems to be dispersed better in a consistent surface alkyl chain network, leading
to enhanced CO; uptake. VB-13, the material with 50 wt% of PEI, recorded the highest CO, uptake
at 75 °C, in the presence of both 15% CO2/N; and 100% CO; with values of 3.02 and 3.50 mmol/g
respectively. The optimum temperature for CO; uptake was found to be 75 °C for samples with
high PEI loading. Moreover, higher uptake was recorded in the presence of 100% CO; versus 15%

CO2/N; for all temperatures.

Another objective of this study was to investigate the effect of humidity on the CO; adsorption
process. In that case use of the column-breakthrough technique coupled with mass spectrometry
to discriminate between CO; and water was considered. Complete understanding of the
technique and the different effects of moisture on CO, adsorption over amine-containing

materials, namely promotion of CO; uptake and stabilization of the adsorbent, were achieved,



based on a thorough scrutiny of the literature. Nonetheless, because of the Covid-19 pandemic

and several technical issues, some experiments could not be undertaken.
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I. BACKGROUND

I.1 Introduction

Nowadays, air pollution is one of the most important concern for governments, environmental
organizations, industries and society as a whole. While the benefits of industrial development
are obvious, their negative effect on the quality of air became evident with the occurrence of
tragic events around the world, such as London smog [Mycock et al., 1995; Cheremisinoff, 2000].
This made clear that industry may represent a threat to the Earth’s equilibrium if no actions are

taken to minimize its pollution impact.

Consequently, the end of past century witnessed an increased concern by governments around
the globe and the public in general, motivating the development of new standards, rules, and
regulations to control the emission of pollutants to the environment. For example, the United
States of America developed the Clean Air Act, which was the pioneer document intended to
regulate industrial emissions while setting parameters for long term improvement of air quality
and served as basis and example for other regulations worldwide [USEPA, 1990; Mycock et al.,
1995). The well-known Kyoto protocol was developed for the prevention and control of

pollutants responsible for the global warming (greenhouse effect).

Greenhouse Gas (GHG) emissions and accumulation is increasing significantly, mainly due to the
transportation and energy sectors [World Bank, 2010]. Fossil fuel burning is recognized as the
main anthropogenic CO; factor towards GHG. Many investigations were carried out over the past

two decades, to address the increasing concern regarding the impact of CO; on the environment.



.2 Treatment of industrial emissions

The immediate need to reduce emissions in industry has resulted in the development of a wide
variety of separation and purification technologies [Khan and Ghoshal, 2000]. Some of these
technologies include thermal and catalytic combustion [Alvim, et al., 1999] and biofiltration
[Aizupuru, 2003] which was able to purify industrial emissions with the transformation of
contaminant molecules into innocuous or less harmful compounds [Hunter and Oyama, 2000;
Khan and Ghoshal, 2000]. However, the above processes are based on the degradation of
chemical species and may not be a good option for streams with reusable substances, especially
when they involve considerably expensive processes. The method used must achieve a
separation with no chemical transformation of the compound of interest, in order to recover

valuable substances.

The most common technology used in large scale industry operations is gas absorption using
amine solutions. This technology faces a number of challenges such as high energy consumption
for solvent regeneration, loss of amine through evaporation and oxidative degradation, and
extensive corrosion which requires limited amine concentration in the aqueous phase [Heydari-
Gorji and Sayari, 2011]. Comparatively, adsorption is a less costly technology, easy to maintain
with lower energy requirements [Aron and Tsouris, 2005]. During the last decades, adsorption
attracted particular attention as a purification process [Thomas and Chrittenden, 1998] not only
because of the above-mentioned benefits, but also due to high efficiency and the fact that, unlike
other separation technologies, it can be operated within a wide range of concentrations [Hunter

and Oyama, 2000]. This flexibility makes it suitable for many applications, from the separation



of streams with only a few ppm of contaminants [ De Nevers, 2000; Khan and Ghoshal, 2000],
such as for air purification, up to high concentrations, as in the case of solvent recovery [Mycock

etal., 1995].

1.3 Insights to Adsorption

Adsorption refers to the process where molecules in a fluid stream are attracted and attached to
a surface, generally to a solid in separation technologies [De Nevers, 2000; Hunter and Oyama,
2000]. In adsorption, the component in the fluid phase that is being adsorbed is commonly
referred to as “adsorbate” while the solid phase is known as the “adsorbent” [Ruthven, 1984].
The adsorption process is generally classified as physisorption or chemisorption, depending on
the nature of the attractive forces between the adsorbate molecules and the adsorbent surface.
Physisorption is the physical adsorption of adsorbate onto adsorbent, where attractive forcers
are Van der Waals type electrostatic interactions. The adsorbed molecules are attached to the
solid surface by low energy attraction forces, comparable to the energies of condensation
[Ruthven, 1984; Mycock et al., 1995; Hunter and Oyama, 2000]. Therefore, no structural
transformation of the adsorbed molecules occurs. Since such forces are weak, physisorption is
reversible, where desorption takes place by increasing the temperature and/or decreasing the
pressure [Sayari, “Fundamentals of Adsorption”, Lecture notes, 2019]. When adsorbate
molecules are chemically bonded to the adsorbent surface, that is known as chemisorption. The

energy involved in chemisorption is comparable to the energy of formation of covalent bonds.



Since the attractive forces are strong, chemisorption is often irreversible [Sayari, “Fundamentals

of Adsorption”, Lecture notes, 2019].

Among the various parameters involved in adsorption processes, the heat of adsorption (-AHg) is
very important. In the first place, -AH, is a measurement of compatibility between the solid and
the adsorbed species since it is also related to the strength of the bond generated between them.
It is also the measurement of the energy required to detach the adsorbed species during the

regeneration in the cyclic process.

It is known that the adsorption capacity of a solid is limited since there are a finite number of
active sites where molecules can be adsorbed. The adsorption capacity refers to the total amount
of molecules that a particular solid can potentially adsorb, and it depends on the physical and
chemical characteristics of the adsorbent and on some process conditions like adsorbate
concentration in the fluid phase and temperature [Ruthven, 1984; Thomas and Chrittenden,
1998]. When an adsorbent is exposed to a continuous flow of adsorbate, all available adsorption
sites are eventually occupied and the solid is said to be ‘saturated’. Saturation is a state of
thermodynamic equilibrium where the rates at which molecules are attached and detached from
the solid surface are assumed to be equal. The number of adsorbed molecules required to reach
a saturated state depends on the concentration of adsorbate in the fluid stream. In the case
where the adsorbent can be reused, it undergoes a regeneration step to remove the adsorbate

from the adsorbent [Ruthven, 1984; Thomas and Chrittenden, 1998].

The reverse process of adsorption is known as desorption, and if performed properly one can

recover the adsorbate in a very efficient manner while regenerating the adsorbent for recycling.



The most popular desorption techniques are the increment of temperature in the adsorption
column (Temperature Swing Adsorption or TSA), the decrement of pressure (Pressure Swing
Adsorption or PSA) and the flow of purge stream through the adsorption system [Ruthven, 1984;
Thomas and Chrittenden, 1998]. It is also common practice to use combinations of these methods
to enhance the regeneration efficiency. A good example is the regeneration process of activated
carbon by steam injection [Ruthven, 1984; Hunter and Oyama, 2000]. It is through desorption
that recuperation of organic compounds takes place, since its outcome is most likely a highly

concentrated stream of adsorbate that can be easily treated whether for reuse or disposal.

Therefore, the major challenge would be the development of adsorbent materials with high
capacity at optimum temperature even under dilute concentrations, high material stability and
fast adsorption and desorption kinetics. It is accepted that adsorbents with polar characteristics
will perform better for the adsorption of polar compounds, while non-polar adsorbents are more

compatible with hydrophobic adsorbates [Lordgooei and Kim, 2004].

Significant numbers of research activities led to the development of efficient adsorbents for CO;
capture, including oxides [Wang et al., 2008], zeolites [Cavenati et al., 2004], metal-organic
frameworks [Caskey et al., 2008], activated carbon [Himeno et al., 2005], and amine supported
materials [Harlick and Sayari, 2006; Harlick and Sayari, 2007; Serna-Guerrero et al., 2008;
Belmabkhout and Sayari, 2009; Sayari and Belmabkhout, 2010]. There are two approaches to
prepare amine supported materials; grafting of amino silanes on the surface of inorganic
supports [Huang et al., 2003; Hiyoshi et al., 2005; Harlick and Sayari, 2006] and impregnation of
amine or polyamine [Xu et al., 2002; Franchi et al., 2005; Heydari-Goriji et al., 2011]. Impregnation

technique has been widely used, because of its simplicity, low cost and the ability to load a large

5



amount of amine [Heydari-Goriji et al., 2011]. The most often used support materials are various
mesoporous silicas such as SBA-12 [Zelenak et al., 2008], SBA-15 [Son et al., 2008; Ma et al., 2009;
Sayari et al., 1998], MCM-41 [Son et al., 2008; Heydari-Gorji et al., 2011], MCM-48 [Son et al.,
2008], pore-expanded MCM-41 [Heydari-Gorji and Sayari, 2011; Harlick and Sayari, 2006; Serna-
Guerrero et al., 2008], SBA-16 [Son et al., 2008], KIT-6 [Son et al., 2008], monolith [Chen et al.,
2009], hexagonal mesoporous silica (HMS) [Chen et al., 2010], microcellular silica foam [Yan et

al., 2011], and mesoporous silica microspheres [Qi et al., 2011].

1.4 Ordered Mesoporous Materials

In 1992 researchers of the Mobil Corporation synthesized the first family of ordered mesoporous
silicas, which was named as M41S [Kresge et al., 1992]. There were some promising
characteristics of these new materials which attracted the scientific community, such as highly
ordered pore structure of M41S [Beck et al., 1992] and possibility of changing the pore size as

required, while presenting a narrow pore size distribution [Beck et al., 1992; Kresge et al., 1992].

Because of such a great property, during the last decades, extensive efforts have been made to
exploit these materials and their characteristics. Also, there are many reviews on the preparation,
characterization and applications of periodic mesoporous materials [Stein et al., 2000; Sayari and
Hamoudi, 2001; Selvam et al., 2001]. MCM-41, a member of M41S family, has the particular
characteristic of presenting pores in a two-dimensional hexagonal array [Beck et al., 1992; Kresge
et al., 1992]. A typical electron transmission micrograph of MCM-41 published by Sayari et al.

(2000a) is shown in Figure 1.1, where such hexagonal (or honeycomb) structure is displayed. It



has been known as a material that can be used as a catalyst support, catalyst and adsorbent due
to its structural properties such as high surface area and pore volume [Kruk and Jaroniec, 2001;

Ribeiro Carrot et al., 2001] and good mechanical stability [Wu et al., 2001].

Figure 1.1 Typical transmission electron micrograph for MCM-41. Reprinted with permission

from ref. [Sayari et al., 2000a]. Copyright 2000 American Chemical Society.

The ordered structure of MCM-41 and the uniformity of its cylindrical pores have made it useful
to understand some characteristics of porous materials. MCM-41 was used by Morishige et al.
(2004) to demonstrate that capillary condensation occurs near thermodynamic equilibrium
rather than evaporation in materials with cylindrical pores. It also has been employed as the basis
to prove classic theories used to calculate pore sizes and for the development of new and more
accurate models. Kruk et al. (1997) found that there are certain inaccuracies in the determination
of pore size by popular Kelvin equation and the requirement to prove experimentally the Barret-

Joyner-Halenda (BJH) approach for the determination of pore size distribution by using series of



highly ordered MCM-41 samples with different pore sizes. Based on the experimental results
obtained by the adsorption of nitrogen on such samples, a corrected form of Kelvin equation was
proposed by Kruk et al. (1997) named as KJS model (Kruk, Jaroniec and Sayari) and later proven

to be highly precise. Also, it is an improved BJH model.

_ 2yV,
" T RTn[(Prap/P)]

+ 7+ Cr

where,

r = Pore size as a function of relative pressure

V.= Molar volume of the liquid adsorbate

y = Surface tension

R = Universal gas constant

T = Absolute temperature

P = Pressure

T = Statistical film thickness as a function of relative pressure

Cr = Correction factor equal to 0.3 nm

The highly ordered structure of MCM-41 is directly related to its formation mechanism. The
synthesis of MCM-41 (and other periodic mesoporous materials) requires a well-defined
template around which the silica condenses to generate its distinctive ordered structure [Beck et
al., 1992; Kresge et al. 1992]. Liquid crystals formed by surfactant or polymeric micelles in

aqueous solutions are the typical templates used in this mechanism [Kresge et al. 1992; Ciesla
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and Schiith, 1999; Selvam et al., 2001]. In this process, the surfactant molecules generate micelles
which are like cylindrical rods. Then surfactant micelles are ordered in a hexagonal structure
around which the silica polymerizes. The periodic structure generated after silica condensation,
depends on the nature of the template employed [Beck et al., 1992]. To obtained pure siliceous
material, the most straightforward approach is to remove the organic template by calcination of
the as-synthesized silica [Beck et al., 1992; Kresge et al., 1992; Ribeiro Carrot et al., 2001; Vartuli
et al., 2001]. Also, it can be extracted by using organic solvent [Tanev and Pinnavaia, 1996] or by

ionic exchange [Lang and Tuel, 2004].

The use of a liquid crystal template offers the possibility to manipulate the structural
characteristics of the MCM-41. This is in fact, one of the most attractive and widely exploited
characteristics of the MCM-41 silica. Stated in the original work by Beck et al. (1992) and
corroborated by other authors [Kruk et al., 1997; Ribeiro Carrot et al., 2001; Vartuli et al., 2001],
it has been demonstrated that surfactant templates with different chain lengths produce
structures with pore sizes and pore volumes that reflect the molecular size of the template. That
variation directly affects the adsorption capacity and efficiency of the mesoporous material as

expected [Vartuli et al., 2001; Qiao et al., 2004].

It was found that other synthesis conditions such as temperature and humidity also influence the
structural properties of MCM-41. For example, the effect of temperature on the production of
ordered mesoporous silicas was analyzed by Sayari et al. (2002) by using different alkyl-
trimethylammonium bromide as the template. The obtained results showed that larger pore size

can be achieved at higher temperatures, but it affected the uniformity of the pores.



Pore size expansion has been obtained by manipulating the surfactant template. Whether by
direct synthesis or post-synthesis treatment with an expander additive, the range of pores in this
mesostructured solid has been broadened to pores with diameters as large as 12 nm. For
example, Corma et al. (1997) and Cheng et al. (1997) have manipulated synthesis conditions like
temperature and gel composition to obtain large pore sizes by the expansion of surfactant micelle

(CTAB- cetyltrimethylammonium bromide).

Some other researchers have used additional molecules to obtain a more significant increase in
pore size such as long chain dimethyl alkylamines [Sayari et al., 1999], alcohols [ Lin et al., 1999],
trimethylbenzene [Beck et al., 1992] and other organic compounds [ Raman et al., 1996; Jana et
al., 2004; Luechinger et al., 2005] as swelling agents. It is believed that these organic molecules
are absorbed by the surfactant micelles and increase the pore size of the siliceous structure. Jana
et al. (2004) was able to obtain a maximum pore size of 9 nm in the study of analysing properties
of MCM-41 by adding methyl-substituted benzene, iso-propyl-substituted benzene and six

different alkanes as swelling agents in the reactive mixture.

Another approach is the use of organic compounds as expander agents for post-synthesis
hydrothermal restructuring of MCM-41 [Sayari et al., 1998; Sayari et al., 1999; Kruk et al., 2000].
In this method, a non-calcined mesoporous material is treated in aqueous emulsions of the
expander agent under static heating. Sayari et al. (1998) used different amines as expanders to
produce materials with high pore volume and narrow pore size distribution and concluded that
the best uniformity of pore structure is obtained in the presence of dimethyldecylamine. Similarly,
in the case of direct synthesis with swelling agents, the structural properties of MCM-41 after

hydrothermal regeneration are highly dependent on the concentration of the expander agent.

10



However, pore expansion contains certain limitations. It has been proposed by Sayari et al. in
1997 and 1999 that the level of ordering and the shape of the pores can be altered when the pore
size is increased beyond a certain level. While good ordering can still be achieved with expanded
mesopores, the quality of material seems to be diminished beyond pore size of around 6.5 nm
[Sayari et al., 1997]. The fact that certain swelling agents for direct synthesis can alter the silica
structure, producing a disordered or even lamellar structure was suggested by Luechinger et al.

in 2005.

1.5 Lamellar Silica

After the discovery of the M41S family of mesoporous molecular sieves designated by Mobil
group [Kresge et al., 1992], one member of this family, namely MCM-41 was the most heavily
investigated. MCM-41 possesses a hexagonal array of uniform mesopores as shown in Figure 1.2
(A). As shown in Figure 1.2, B and C, the other members of this family consist of cubic phase
(MCM-48) and lamellar phase (MCM-50). As discussed earlier, there has been proposed a liquid
crystal templating mechanism (LCT) in which surfactant liquid crystal structure serve as organic

templates for the formation of these materials [Kresge et al., 1992].

11



Figure 1.2 Schematic representation of liquid-crystal structures, (A) hexagonal, (B) bicontinuous

cubic, (C) lamellar [Sayari, “Fundamentals of Adsorption”, Lecture notes, 2019].

The different geometries were synthesized by varying mostly the surfactant to silica ratio [Beck
et al., 1992]. According to this study, if the CTAB/Si ratio is less than 1, the predominant product
appeared to be the MCM-41 hexagonal phase. The cubic phase was produced as the CTAB/Si
ratio increased beyond 1. When the CTAB/Si ratio was even higher, a different material showing
a fairly well-defined XRD pattern indicative of a lamellar phase, but upon calcination the XRD
pattern was lost because the removal of surfactant, playing the role of pillars, triggered the

collapse of the structure.

The exact structural nature of silicate/aluminosilicate framework in the pore walls of these
materials is uncertain [Beck et al., 1992]. It suggests a framework with long range regularity, in
the presence of distinct hkO reflections in the X-ray diffraction data. The hkO reflection can be

attributed to hexagonal lattice with the observation of 3-5 peaks as shown in Figure 1.3.
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Figure 1.3 Powder X-ray diffraction pattern of MCM-41. Reprinted with permission from ref.

[Beck et al., 1992]. Copyright 1992 American Chemical Society.

The diffraction pattern of the cubic phase is represented in the Figure 1.4. The XRD pattern of
lamellar phase characteristically displays multiple peaks that are higher orders of the first peak

as illustrated in Figure 1.5.
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Figure 1.4 Powder X-ray diffraction pattern of cubic phase. Reprinted with permission from ref.

[Beck et al., 1992]. Copyright 1992 American Chemical Society.
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Figure 1.5 Powder X-ray diffraction pattern of lamellar phase. Reprinted with permission from

ref. [Beck et al., 1992]. Copyright 1992 American Chemical Society.
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In that study, powder XRD patterns were calculated by using several models such as Zeolite
framework models based on the 81 (n) series [Smith et al., 1984] and on a series related to the

NNFF models proposed by Barrer and Villager (1969).

Most of the materials investigated so far are periodic mesoporous silica materials which often
contain hexagonal pore structure. This study is directed towards silica with lamellar pore
structure. Because to the best of our knowledge, no prior work was reported in the area of CO;
adsorption using amine-containing lamellar silica. Therefore, the objective of this study is to
develop PEl-impregnated silica supports with high CO. adsorption capacity at ambient

temperature, under dilute concentrations of CO; and under humid conditions.
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Il. SYNTHESIS AND CHARACTERIZATION

Il. 1 Experimental

Il. 1.1 Materials

All chemicals such as Cab-0-Sil fumed silica, Cetyltrimethylammonium bromide (CTAB),
tetramethylammonium hydroxide (TMAOH 25%) and polyethylenimine (PEI) were obtained from
Sigma-Aldrich. Pure nitrogen and certified gas mixtures of CO, balance N, were supplied by Linde
Canada. All reagents and gases were used without further purification. The silica source used was
Cab-0-Sil fumed silica. Cetyltrimethylammonium bromide (CTAB) was used as stucture directing
agent and tetramethylammonium hydroxide (TMAOH 25%, balance water) fro pH adjustment.

Polyethylenimine (1200 MW) was used as the impregnating agent.

11.1.2 Synthesis

In the past, our research group successfully achieved the production of Pore-Expanded MCM-41
(PE-MCM-41) and developed an efficient method for the hydrothermal post synthesis pore-
expansion [Sayari et al., 1998; Sayari et al., 2000]. The basis behind the current study is that
synthesis procedure. In this experiment we used the same synthesis precedure with some
modifications according to the requirement and synthesized MCM-50 as described bellow. Figure
2.1 shows the schematic representation of the synthesis of lamellar and hexagonal silicatropic

liquid crystals (SLC) by using CTAB as the surfactant.
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In a Teflon container 37.1 g of water was mixed with 3.85 g of 25% solution of
tetramethylammonium hydroxide (TMAOH) in water and 5.5 g of cetyltrimethylammonium
bromide (CTAB) as the structure directing agent and stirred for 30 minutes. Then, 2 g of Cab-O-
Sil as the source of silicon was added to above and stirred another 1 h at room temperature. The
mixture was then autoclaved at 150 °C for 40 h and obtained material was washed with water
and acetone under vacuum in the fume hood. Washed material was transferred onto an

aluminium foil and left under the fume hood overnight to dry.

A Precursor solutions

IR ép. Al . 0
Micelles and isolated cationic  Inorganic silicate anions
surfactant molecules  (for example, D4R oligomers)

B lon exchange

amellar SLC

Figure 2.1 Schematic diagram of the coorporative organization of silicate-surfactant
mesophases. Reprinted with permission from ref. [Firouzi et al., 1995]. Copyright 1995 The

American Association for the advancement of Science.
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Three different adsorbents were prepared by impregnation of PEl in various amounts: 30, 40 and
50 wt%. In this preparation process required amount of PEl was dissolved in methanol and then
above synthesized silica was added in appropriate amounts followed by stirring until all solvent
evaporated at room temperature. The resulted samples were dried at 50 °C for 3 h under vacuum

pressure (< 600 mmHg). The adsorbents were designated as follows.

Calcined AS-421 - VB-6

AS-421 with 30 wt% PEI = VB-11

AS-421 with 40 wt% PEI - VB-12

AS-421 with 50 wt% PEI - VB-13

Partial extraction (50%) of cetyltrimethylammonium surfactant cation (CTMA) from CTAB, was
carried out by using organic solvent ethanol and HCI as proposed by Doghri et al, (2017). First
1.07 g of as-synthesized AS-421 was dispersed in 40 mL of ethanol and stirred for 15 min in a
multineck flask at 40 °C. To the resulting slurry, 1 mol/L HCl was added and stirred for another 1
h at the same temperature. The material was filtered under vacuum, washed with ethanol and
dried at 80 °C overnight. The added HCl volume depended on the required percentage of
surfactant to be removed (2.6 mL, 0.4 eq). The obtained material was named as VB-14. Then 50
wt% of PEl was impregnated in 0.5 g of VB-14 and resulting material called VB-15. Finally, 50 wt%

of PEl was impregnated in VB-6 and the output was VB-16.

11.1.3 Characterization techniques

Characterization of the synthesized materials is a necessary step to determine its composition,

and structural and chemical properties. Structural properties were analyzed by powder X-ray
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diffraction and scanning electron microscope (SEM). With respect to chemical properties, the
total content of organic matter was determined by thermogravimetric analysis. Each set of
characterization results provided new insights on the suitability of the recipe and clues on how

to improve subsequent reaction conditions.

The total content of organic material in the adsorbent was measured using TGA. Thermal
degradation of the sample occurred while heating it at a rate of 10 °C/min from ambient
temperature to 800 °Cin Nz, then to 1000 °Ciin air, with ca. 2 h equilibration at 110 °C. The weight
loss below 110 °C corresponded to the removal of any adsorbed moisture or CO,, and possibly
from loss of alcohol stemming from non-hydrolyzed alkoxy groups. The weight loss beyond 110 °C

was used to calculate the amine loading.

The TGA apparatus also permitted measurement of the CO; adsorption capacity for each sample.
Such analysis helped to determine whether further testing with a particular sample should be
pursued. The possibility to program several steps during measurements is available within the
TGA instrument’s software. Therefore, a program was developed for an automated analysis
involving activation of the adsorbent, adsorption of CO;, removal of CO; and thermal degradation
in a single experiment, as follows. A sample of as-synthesized material of ca. 30 mg was placed
in the platinum crucible of the TGA and pretreated under flowing nitrogen at 110 °C, since
impregnated PEIl can decompose above 120 °C. Below that temperature, any moisture or CO;
adsorbed from the environment was removed as well as other organics bound to the silica
surface. After pre-treatment, the temperature was decreased to 25 °C and the gas stream
switched to a mixture containing 15% CO; in nitrogen. Under such conditions, the adsorption

capacity is equivalent to the weight gain in the sample until no significant change is observed.
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11.1.4 Characterization

According to the powder X-ray diffraction patterns for AS-421, shown in Figure 2.2, it exhibits
lamellar structure. Because it showed multiple peaks (100, 200, 300) that are higher orders of
the first peak which is characteristic to lamellar phase as illustrated in Figure 1.5. The powder X-
ray shows the intensity of the diffraction peaks as a function of the diffraction angle 2 (in degrees).
This indicates that the synthesis process that we used was suitable for the MCM-50 lamellar silica
synthesis. The other peaks which are not corresponded to the lamellar structure are because of
the impurities in the sample. As described in the synthesis part VB-6 material was the calcined

version of AS-421 and the powder X-ray diffraction pattern is present in Figure 2.3.
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Figure 2.2 Powder X-Ray Diffraction pattern of as synthesized lamellar silica AS-421.
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The powder X-ray diffraction pattern for VB-6 does not show the pattern for lamellar silica. The
reason is the calcination. During the calcination process the structure directing agent (CTAB) was
eliminated from the material and hence the lamellar structure collapsed. This shows that
structure directing agent helps to maintain the silica layers in place, reflecting the lamellar nature

of the as-synthesized material.
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Figure 2.3 Powder X-Ray Diffraction pattern of calcined material VB-6.

Typical scanning electron microscopy (SEM) images with different magnifications for AS-421 are
shown in Figure 2.4 and 2.5. As seen in Figure 2.4, AS-421 forms agglomerates larger than 10 um.
Figure 2.5 reveals that the morphology of AS-421 consists of ca. 1 um spherical particles

aggregated into bundles.
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Figure 2.4 SEM image of as synthesized lamellar silica AS-421 as large agglomerates (x 1500).
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Figure 2.5 SEM image of as synthesized lamellar silica AS-421 as spheres (x 10000).
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lll. CO, ADSORPTION ON POLYETHYLENEIMINE-IMPREGNATED LAMELLAR

SILICA BY THERMOGRAVIMETRIC ANALYSIS (TGA)

11l.1 Introduction

Different investigations were carried out to evaluate the importance of pore size, pore volume,
temperature effect, effect of amine loading, molecular weight of the amine, effect of the
presence of water and the effect of surface alkyl chains on CO; adsorption [Heydari-Gorji et al.,
2011]. Typically, a decrease in the adsorption capacity was observed when using low molecular
weight amine such as diethanolamine impregnated materials [Belmabkhout and Sayari, 2009]
and tetraethylenepentamine due to evaporation [Chen et al., 2009; Gray et al., 2005; Liu et al.
2010] and as a result, recent works have focussed on using high molecular weight amines such
as polyethylenimine (PEIl) in the impregnation process [Heydari-Goriji et al., 2011]. Some other
reasons for PEl to be the most suitable include its high CO; uptake, high selectivity for CO; at even
low partial pressure, good stability, easy of regeneration, availability in different molecular
weights and low cost. Some findings for the effect of PEl loading, pore size and pore volume of
the material on CO; adsorption have been reported in the literature. For example, KIT-6
mesoporous silica with 6 nm pores and 50 wt% PEI loading adsorbed 135 mg/g in the presence
of a stream of 100% CO; at 75 °C, whereas under otherwise the same conditions, MCM-41 with
2.8 nm pores adsorbed 111 mg/g [Son et al., 2008]. Adsorption capacities of 160 and 210 mg/g
with 55 and 65 wt% PEI loading, respectively on silica monolith also reported by the same group
under same conditions [Ma et al., 2009]. Chen et al. (2009) achieved 184 mg/g adsorption

capacity, with 60 wt% PEIl loaded hexagonal mesoporous silica at 75 °C in the presence of pure
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CO,. Moreover, Qi et al. (2011) reported 231 and 250 mg/g capacity with 75 and 83.3 wt% PEI

loaded mesoporous hallow particles respectively, in the presence of pure CO; at 75 °C.

Almost all above materials showed optimum adsorption temperature at around 75 °C [Son et al.,
2008; Sanz et al., 2010; Qi et al., 2011; Ma et al., 2009; Chen et al., 2009]. There is little or no
adsorption at room temperature, because low temperature restricts mass transfer and decrease
diffusion of CO; into the pores. Diffusion resistance (the energy against diffusion) was one of the
major problems encountered in these experiments. Several interesting researches on CO;
capture from air, called direct CO, capture (DAC) were carried out over PEl supported
nanoporous silicas [Zhang et al., 2015; Sakwa-Novak et al., 2015; Goeppert et al., 2014], v-
alumina [Sakwa-Novak and Jones, 2014], activated carbon [Wang et al., 2015], and others
[Sehaqui et al., 2015; Wang et al., 2015; Chen et al., 2013] have been reported in the literature.
A wide range of adsorption capacities from approximately 2.0 to approximately 5.2 mmol/g PEI
under dry conditions and up to 6.3 mmol/g PEIl under humid conditions were recorded, in the
presence of typically 400 ppm CO;-containing gas mixtures. This capacity depends mostly on the
support, PEl content and molecular weight of PEI. Rather than CO; concentration, CO, uptake on
such materials is dominated by diffusion resistance, which tends to increase with increasing PEI
molecular weight and content and to decrease at increasing temperature. The chief importance
for DAC is mass-transport issues, because the adsorption process has to occur at ambient
temperature with very low driving force, i.e., CO2> concentration. Therefore, it is important to
strike a balance between CO; adsorption kinetics and the PEl loading, to obtain optimum
adsorption capacity within a reasonable cycling time. Because of the complexity of the

morphology of the PEI, within the pore channels of mesoporous silica [Holewinski et al., 2015],
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and the limited driving force in the presence of ultradilute CO; finding the conditions for

optimum adsorption capacity is not a straightforward task.

In order to mitigate the negative effect of diffusion resistance, researchers used supports with
enhanced structural properties such as larger surface areas, larger pores and pore volumes, and
increased pore connectivity [Aaron and Tsouris, 2005]. A study done by Heydari-Goriji et al. (2011)
reported a nanoporous support with very short pores (0.2 um) gave an adequately beneficial
effect on PEI efficiency as defined by the CO; uptake per gram of PEl or per mole of nitrogen as

the CO2/N ratio.

Another way to enhance CO; uptake is improving PEI dispersion to increase the accessibility of
adsorption sites. One possible strategy to enhance the uptake properties of supported PEl is to
mix them with surfactants, polymers or other additives [Sakwa-Novak et al., 2015; Wang et al.,
2015; Wang et al., 2015]. Therefore, to address this matter, a novel and successful approach has
been reported by Heydari-Gorji et al. (2011) that allowed more efficient CO; adsorption in PEI
supported PE-MCM-41 silica with a surface layer of long hydrophobic alkyl chains compared to
the corresponding calcined silica and all other PEIl supported materials reported in the literature,
even at low adsorption temperatures. A similar study was also reported by Sayari et al. (2016)
using 400 ppm CO; in the presence of 40 wt% PEl on PE-MCM-41 silica with a layer of
cetyltrimethylammonium species. This material adsorbed 7.31 mmol/g under humid conditions.

It was two to four times higher than that of the corresponding calcined material with PEI.
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111.2 Effect of additives on CO; uptake by PEIl supported materials

The amine efficiency (CO2/N) under dry conditions has been reported to be lower than the
theoretical maximum of 0.5. The reasons for this difference could be the amine groups are not
in close proximity to one another in low-loaded materials [Aziz et al., 2012; Harlick and Sayari,
2007; Brunelli et al., 2017] and the amine groups are not readily accessible, subject to diffusional
limitations in highly loaded materials [Bollini et al., 2012]. Incorporation of additive molecules
into polymeric amines such as PEl supported materials has been addressed during past few years

as a remediation to the issue.

The influence of 3 additives, namely cetyltrimethylammonium bromide (CTAB) and two
polyethylene glycols (PEG200, PEG1000) has been studied by Sakwa-Novak et al. (2015). The
results showed that addition of PEG200 increased the observed CO; uptake (~60% higher amine
efficiency) of the adsorbents, while the other additives showed weaker effects. Incorporation of
polyethylene glycol into amine supported materials was also found by other researchers to
enhance the CO; adsorption capacity [Wang et al., 2015; Satyapal et al., 2001; Arenillas et al.,
2005]. There are also reports that addition of PEG to PEl supported porous poly(methyl
methacrylate) (PMMA) promoted CO, capture from air in confined spaces such as spacecrafts
[Satyapal et al. 2001]. Another study recorded an increase in the CO, uptake from 68.7 mg/g to
77.1 mg/g in MCM-41 silica impregnated with PEG and PEI at a weight ratio of 2:3 g PEG/g PEIl by
using pure CO; at 75 °C [Xu et al., 2003]. The effects of a wide range of other additives
incorporated into PEl impregnated hierarchical porous silica monoliths were also investigated by

Wang et al. in 2012. The foregoing literature survey shows clearly that a number of additives
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increased the CO; uptake capacity of the sorbents compared to the corresponding pristine

sorbents.

Furthermore, as suggested to be the result of hydrogen bonding between the PEG and PEl, PEG
reduced oxidation ability of the supported amine which is a positive impact on CO; uptake
[Tanthana and Chuang, 2010; Srikanth and Chuang, 2012; Srikanth and Chuang, 2013]. Similar
studies were reported in the literature about incorporation of wide range of co-impregnated
surfactant molecules [Wang et al., 2012; Wang et al., 2013; Wang et al., 2015], including those
left from the template used during silica synthesis [Heydari-Goriji et al., 2011; Heydari-Gorji and
Sayari, 2011; Yue et al., 2006] as well as grafted and un-grafted silanes [Choi et al., 2011; Fauth

et al., 2012] and inorganics such as potassium carbonate [Wang and Song, 2014].

Different hypotheses were proposed to explain the promoting effect of additive incorporation,
including improved dispersion of impregnated PEI [Wang et al., 2012; Heydari-Goriji et al., 2011],
reduction in the PEIl viscosity [Meth et al., 2012], and increase in the theoretical amine efficiency
through the formation of bicarbonates [Xu et al., 2003]. It has also been reported that optimum
adsorption temperature decreased for samples with additives compared to additive-free

materials. This finding directly reflects the decrease of aforementioned diffusional resistance.

Most of the above-mentioned materials were based on periodic mesoporous silicas, which often
contain hexagonal pore structure. The current study is directed towards silicas with lamellar
structure. According to the best of our knowledge, much less work has been done in this area of

CO; adsorption by PEl impregnated lamellar silica, if any.
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11l.3 Experimental

111.3.1 Adsorption measurements

A thermogravimetric analyzer (Model Q500 from TA Instruments) with gas delivery manifold was
used for adsorption tests. A schematic representation of the TGA instrument is shown in Figure
3.1. Asample of ca. 30 mg of VB-13 was loaded in a platinum crucible with a depth of 5mm. Once
loaded, the sample was activated by heating at 10 °C min* up to 150 °C for calcined materials
and up to 110 °C for PEl-impregnated materials, under a flow of 100% nitrogen for 2 h. It was
then cooled to the required uptake temperature (i.e., 25, 50 or 75 °C) and then exposed to
flowing mixture of 15% CO; in N2 at 90 mL/min for 180 min. The same procedure was repeated
for all samples described earlier. The CO, adsorption capacity was calculated, based on the weight
gain of the sample during adsorption. All exeriments were repeated using 100% CO; for all

samples as well.

111.3.2 Decomposition

The total organic loading or PEl loading (amine content) was calculated based on the weight
change during the thermal decomposition carried out using the same TGA instrument. As
described earlier also known amount (30 mg) of material was loaded on to the platinum crucible
and carried out the pretreatment under a flow of pure nitrogen. Then cooled to the desired
temperature (i.e., 25, 50 or 75 °C) and exposed the material to the gaseous adsorbate (15% CO
in N2 at 90 mL/min for 180 min). then removed the gas phase adsorbate and weakly adsorbed
species using a flow of inert gas (100% N>). The reactor was heated under a flow of inert gas. The

temperature should increase at a constant rate T = at + b (T: temperature, t: time).
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Figure 3.1 Schematic presentation of TGA instrument. Reprinted with permission from ref.

[Akash et al., 2020]. Copyright 2020 Springer.

111.4 Results and Discussion

Table 3.1 shows the total organic loading and actual PEl loading on the as-synthesized materials,
calculated based on the thermal decomposition data. According to the calculations, VB-11, the
sample impregnated with 30 wt% PEI contained 30.2% of actual PEl loading. Likewise, VB-15, the
material which 50% CTMA-extracted and impregnated with 50 wt% PEI, also showed consistent
composition as it contained an actual PEl loading of 50 wt%. These findings showed the success
of the synthesized method we used. But some other materials, particularly VB-13 contained more
actual PEl than nominal PEl loading. This may be due to various reasons. One reason could be the

very sticky nature of PEl and hence difficulty to weight it and mix it with the support.

29



Table 3.1. Calculated data for organic loading for various samples.

Samples Nominal PEI Total organic Actual PEl loading
loading (wt%) loading (Wt%) (Wt%)

VB-6 0 0 0

AS-421 0 53.2 0

VB-11 30 67.4 30.2

VB-12 40 74.8 46.2

VB-13 50 83.6 64.8

VB-14 0 34.6 0

VB-15 50 68.6 51.9

Table 3.2 shows the CO; uptake in mmol per g of the adsorbents at 25, 50 and 75 °C temperatures

under a flow of pure COz and 15% CO; in Nz . These data will be discussed hereafter.

Table 3.2 CO; uptakes for at different temperatures and different CO, concentrations.

Samples CO; uptake (mmol/g)
15% CO; 100% CO>

25°C 50 °C 75°C 25°C 50 °C 75°C
VB-6 - - - 0.30 0.14 0.06
AS-421 | 0.22 0.14 0.05 0.32 0.17 0.06
VB-11 2.10 2.27 2.13 2.40 2.40 2.50
VB-12 1.17 1.71 2.11 1.90 2.30 2.90
VB-13 1.73 2.40 3.02 2.10 2.70 3.50
VB-14 0.25 0.14 0.55 0.27 0.14 0.03
VB-15 1.24 1.96 2.89 1.64 2.30 3.30
VB-16 0.76 1.50 2.27 0.80 1.65 2.50
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111.4.1 Effect of adsorption temperature

Figure 3.2 shows the CO uptake of PEI -containing materials after 180 min exposure to 15% CO>
at 25, 50 and 75 °C while Figure 3.3 shows adsorption in a stream of pure CO; under the same
conditions. As seen, under 15% CO;, 30 wt% PEl impregnated material showed maximum
adsorption at 50 °C, while 40 and 50 wt% PEIl loaded materials showed maximum uptake at 75 °C.
But in 100% CO,, all materials showed optimum adsorption at 75 °C and when the PEI loading

increases with the increasing temperature up to 75 °C, CO; uptake increases.
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Figure 3.2 CO; uptake for VB-11, 12 and 13 using 15% CO; at different temperatures.

This behaviour can be explained by diffusion-controlled process, when adsorbents are highly
loaded at temperatures below 75 °C, the pores are filled with PEl and as such there is limited

accessibility to amine sites [Heydari-Gorji and Sayari, 2011]. Also, at low temperature, it
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decreases the diffusion of CO; into pores. When the temperature increases, the CO; adsorption
capacity also increases except VB-11 (under 15% CO;) as a result of diminished diffusion
resistance, even though the actual adsorption is exothermic [Heydari-Gorji and Sayari, 2011]. This

behaviour is due to the increase of diffusion and mass transfer, when increasing the temperature.
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Figure 3.3 CO; uptake for VB-11 (30%), VB-12 (40%) and VB-13 (50%) using 100% CO; at

different temperatures.

Under 15% CO>, low PEI loaded material (30 wt%) showed the maximum uptake at 50 °C. Since
the amine loading is low, PEl is dispersed well and therefore it increased the accessibility to amine
groups. Here, CO; diffusion playing a limited role. The optimum temperature for CO; uptake over
these materials was found to be 75 °C as recorded for many other materials in the literature [Son

etal., 2008; Ma et al., 2009; Chen et al., 2009; Sanz et al., 2010].
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111.4.2 Effect of PEIl loading

The CO; adsorption capacity at 75 °C increased with increased PEI loading, with an equilibrium
capacity of 3.5 mmol/g for VB-13 adsorbent (50 wt% PEI). This behavior is due to the combination
of two reasons, decreasing diffusion resistance and increasing number of adsorption sites when
increasing PEIl content at higher temperature [Heydari-Gorji and Sayari, 2011]. But CO; uptake at

25 and 50 °C exhibited a complex behavior with increased PEI loading as shown in Figure 3.4.
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Figure 3.4 CO; uptake over adsorbents with different PEIl loadings (VB-11 (30%), VB-12 (40%)

and VB-13 (50%) at different temperatures in the presence of 15% CO,.

The CO; uptake at 25 °C, of 30 wt% PEl-loaded material (VB-11) mainly depended on the
accessibility to amine groups. As described earlier also, when amine loading is low at low
temperature, they dispersed well and hence increases the accessibility to amine sites. But when

increasing PEl loading at low temperature, because of the increasing diffusion resistance and
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decreasing the accessibility to amine sites, lower CO; uptake was recorded for 40 wt% PEl-loaded
material versus 30 wt% material. And again, CO; uptake increased slightly with 50 wt% of PElI,
probably because of the PEI deposition on the outer surface other than pores. This same reason
can be used to explain the results at 50 °C. The uptakes at 50 °C were higher than uptakes at

25 °C. This can be attributed to the decrease of diffusion resistance when increasing temperature.
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Figure 3.5 CO; uptake over adsorbents with different PEI loadings (VB-11 (30%), VB-12 (40%)

and VB-13 (50%) at different temperatures in the presence of 100% CO..

111.4.3 Effect of CO; partial pressure

To evaluate the effect of the CO, partial pressure on CO; uptake, we investigated adsorption
under pure CO; and 15% CO;in N». According to Figure 3.4 and 3.5, under both conditions VB-11,
12 and 13 showed similar temperature-dependent behaviors. The only difference was in the CO;

adsorption capacity, which was lower for the 15% CO; in N; feed. This capacity reduction is due
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to accumulation of N2in 15% CO, on the surface of the adsorbent which led to less CO; in the

boundary layer next to PEl and causing a concentration gradient [Heydari-Gorji and Sayari, 2011].

111.4.4 Effect of surface Alkyl chains

As synthesized AS-421 exhibits a lamellar structure containing layers of cetyltrimethylammonium
(CTMA) cations between the silica layers, with the ammonium groups interacting with the
interlayer wall surfaces and producing a highly hydrophobic silica. As mentioned earlier also,
following materials were considered in this part. VB-13 - AS-421 with 50 wt% PEI, VB-15 - 50%
CTMA extracted from AS-421 and 50 wt% PEIl, and VB-16 - calcined material (VB-6) with 50 wt%

PEl. The CO; uptakes of the materials are shown in Table 3.3.

Table 3.3 CO, uptake of 50 w% PEI impregnated materials.

Samples | wt% PEI CO uptake (mmol/g)
15% CO; 100% CO>
25°C 50 °C 75°C 25°C 50 °C 75°C
VB-13 50 1.73 2.4 3.02 2.1 2.7 3.5
VB-15 50 1.24 1.96 2.89 1.64 2.3 3.3
VB-16 50 0.76 15 2.27 0.8 1.65 25

As shown in Figure 3.6, VB-13 exhibits the highest adsorption capacity across all three
temperatures (25, 50 and 75 °C). The different behaviors of these materials may be associated
with the nature of pore wall surface. The surface of VB-13 is covered with a layer of long
hydrophobic hydrocarbon chains (CTMA), whereas VB-15 is populated only with 50% CTMA

chains compared with VB-13 and no hydrocarbon chain on the surface of VB-16. During
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impregnation, PEl + methanol solution penetrates the alkyl chain layer, enhancing the dispersion
of PEI, which translated into diminishing diffusion resistance. As a result, higher CO, adsorption
capacities were obtained [Heydari-Gorji et al., 2011]. Compared to VB-13, VB-15 does not exhibit
a consistent alkyl chain network and therefore, PEI deposited inconsistently, which is thought to
be responsible for the increased diffusion resistance and decrease of available amine sites for

CO; adsorption. Therefore, lower CO, uptake was recorded for VB-15 versus VB-13.
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Figure 3.6 CO; uptake for VB-13 (50%), VB-15 (50%) and VB-16 (50%) at different temperatures.

Compared to VB-13 and 15, VB-16 does not contain a CTMA layer, which may lead to the
destruction of lamellar pore structure. This might lead to increased diffusion resistance and
decreased accessibility to amine groups, because of PEl deposited agglomerates with low
dispersion. Therefore, VB-13 (50 wt% PEl on as synthesized AS-421) was found to exhibit the

highest CO; capacity in this study.
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111.5 Conclusion

This work has contributed towards the development of efficient amine-containing lamellar
structured silica adsorbents for CO, removal as the alarming effect of greenhouse gases on the
world climate requires the removal and sequestration of large quantities of anthropogenic
carbon dioxide. The CO; uptake of as synthesized (containing structure directing CTMA) lamellar
silica, and partially extracted lamellar silica with different PEI loadings was investigated at
different temperatures in the presence of different CO; partial pressures. The effects of PEI
loading, temperature, CO; partial pressure and surface alkyl chains were recorded. PEl seems to
be dispersed better in a consistent alkyl chain network leading to enhanced CO; uptake. VB-13,
the material with 50 wt% of PEl, recorded the highest CO; uptake at 75 °C, in the presence of
both 15% CO,/N2 and 100% CO> with values of 3.02 and 3.50 mmol/g respectively. The optimum
temperature for CO; uptake was found to be 75 °C for samples with high PEl loading. Moreover,

higher uptake was recorded in the presence of 100% CO> versus 15% CO,/N; for all temperatures.
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IV. COLUMN BREAKTHROUGH MEASUREMENTS OF CO2 UPTAKE UNDER DRY

CODITIONS

IV.1 Introduction

The use of a reliable method for the accurate measurements of CO, adsorption capacity, and by
inference the CO2/N ratio, should be used. In a number of studies reported in the literature, CO>
adsorption measurements were performed using gravimetric analysis assuming that any weight
change in the sample is the results of CO; uptake exclusively [Xu et al., 2002; Huang et al., 2003;
Kim et al., 2005; Liu et al., 2007; Wang et al., 2007]. Although this is a reasonable assumption
when CO; is adsorbed in its pure form or as a mixture with non-adsorbing gases such as N; or He,
it may not be so, when water vapour is present. In cases where adsorption of CO; from humid
streams was measured by gravimetry, a pre-humidification step at a fixed water partial pressure
was used. It was then assumed that the amount of water pre-adsorbed on the sample remains
constant by maintaining the same relative humidity (RH) in the gas feed throughout the test and
thus, any additional weight gain would correspond only to CO; adsorption [Knowles et al., 2005;
Knowles et al., 2006]. However, it is possible that some of the pre-adsorbed water will be
displaced by CO; in the presence of CO;-containing streams. Measurements using breakthrough
technique, for example, may allow for determination of the adsorption capacity for different
species [Hiyoshi et al., 2005], but it may also underestimate the total adsorption capacity if the

experimental parameters used do not permit strict equilibrium conditions to be reached.

Breakthrough measurements can be performed by using a setup as shown in Figure 4.1. Line “A”

is used to feed an inert gas, most commonly nitrogen, to activate the sample before actual
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adsorption measurements, while line “B” feeds the CO; mixture. A stainless-steel column is used
to pack the sample. Generally, samples in powder form are pressed into pellets using a hydraulic
pressure at 450 kgf/cm?, crushed then sieved with an appropriate mesh. Materials with a
particular particle size are used to fill the column. Notice that the pressure used was found to
afford pellets without altering the structural properties of the material [Serna-Guerrero and
Sayari, 2007]. Multiple species in the column effluent can be monitored simultaneously using a
mass spectrometer (MS), whose detection limit for CO; was estimated to be below 10 ppm. In a
typical experiment, the adsorbent was treated at 150 °C for 2 h under a nitrogen flow of 50
ml/min, then cooled to the specific temperature and exposed to the COz-containing mixture at
the same flow rate. The complete breakthrough of CO; and other species was indicated by the

downstream gas composition reaching that of the feed gas.
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Figure 4.1 Experimental setup for breakthrough measurements. Reprinted with permission

from ref. [Serna-Guerrero et al., 2010]. Copyright 2010 Elsevier.
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In a column-breathrough experiment, the adsorption capacity is estimated from the

breakthrough curves produced by the MS response using the following equation:

_ F oty
Nadsi = —w (4.1)

where nqgsi is the dynamic adsorption capacity of any gas i, F is the total molar flow, Co; is the
concentration of the gas i entering the column, W is the mass of adsorbent loaded in the column,
and tn is the stoichiometric time corresponding to gas i, which is estimated from the

breakthrough profile according to the following equation 4.2 [Geankoplis, 1993].

t
Cu:
tn = j[l —C—;“] dt (4.2)
L
0

where Coi and Ca; are the concentrations of any gas i upstream and downstream the column

respectively. In the current context, i is typically CO, or water.

IV. 2 Mathematical background

Another important factor is the adsorption capacity (g). This property represents the maximum
number of molecules that can be attached to the adsorbent surface under fixed temperature and
pressure. The adsorption capacity is extremely relevant in industrial processes since it is directly
related to the frequency for which regeneration of the adsorbent is required. The method that
can be used to determine the adsorption capacity is the generation of breakthrough curves under

controlled conditions for different environments. In the first one, the adsorption column can be
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fed with a dry CO; gas stream. The second environment involved the use of CO, and water

mixture in order to analyze the effects of humidity in the process of adsorption.

For the estimation of g, the experimental system has to be designed to send a continuous flow
of CO; in nitrogen at a known concentration while the column outlet is monitored by mass
spectrometry. It has been shown that the saturation of an adsorbent in a fixed bed column
system takes place progressively downstream the flow of adsorbate [Ruthven, 1984; Thomas and
Crittenden, 1998; Cooney, 1999]. Therefore, no traceable concentration of adsorbate is expected
at the column outlet until most of the adsorbent has reached saturation. By plotting the
adsorbate concentration versus time, a representative profile known as breakthrough curve is
generated, representing the saturation profile of the adsorbent in the column [Ruthven, 1984;
Thomas and Crittenden, 1998; Cooney, 1999]. A typical profile of a breakthrough curve is
exhibited in Figure 4.2. The breakthrough time marked as t, corresponds to the moment when
the concentration at the column exit starts to increase and is commonly known as breakthrough
time. It is of great interest in industry to know tp, since it indicates the time before which the
fixed bed can be operated without exceeding concentration standards downstream the column.
On the other hand, ts correspond to the moment where concentrations at the column inlet and

outlet are the same, representing a complete saturation of the adsorbent in the column.
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Figure 4.2 Typical breakthrough curve. Reprinted with permission from ref. [Hong et al., 2015].

Copyright 2015 Elsevier.

By definition, the adsorption capacity is the amount of adsorbate (typically in mol) adsorbed onto

a certain amount of adsorbent (typically in grams) at equilibrium, as represented in equation 4.3:
N,

= 4.3

1 w (43)

where, g is the adsorption capacity (expressed in mol of adsorbate per gram of adsorbent), Na is
the maximum amount of adsorbate adsorbed and W is the total mass of adsorbent in the column.
When a fixed bed column is used, the amount of adsorbent packed is constant at all times, and
thus Wis a variable easily determined by direct measurements. Additionally, if the volume of the
packed portion of the column Vis known, the volumetric capacity of adsorption can be expressed

as:
q =—= (4.4)

If a constant flow of gaseous mixture with a known concentration of adsorbate is sent through

the column, the adsorbate flow can be calculated by:
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F,=FY,

where, Fa is the molar flow of adsorbate in mol/min, F is the total flow of gases in mol/min and
Y4 is the molar fraction of adsorbate in the gaseous mixture. Since the flow of gas is commonly
measured in volumetric units, it can be transformed to molar flow making use of the ideal gas

equation as expressed in equation 4.6:

F=— (4.6)

where, v is the volumetric flow of gases, P is the total pressure of the system, R is the Universal

Gas Constant, and T is the absolute temperature.

For being gaseous species, the molar fraction of adsorbate can be expressed as a function of its

partial pressure:

P (4.7)
Y, = vap
P
where, Pygp is the vapor pressure of the adsorbate. Substituting 4.6 and 4.7:
F
— 4.8
Fi= == Poap (4.8)

Since the breakthrough curve represents the concentration of the column effluent from the
beginning of the experiment until complete saturation, the number of molecules adsorbed can
be deduced from the flow of adsorbate and the stoichiometric time t,; taken from the plots

generated experimentally:

NA = FA tq (49)
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Given that the area over the breakthrough curve is proportional to the moles adsorbed, t; is

calculated according to the equation 4.10 [Claudino et al., 2004]:

t
tg = f[l —g—ﬂ dt (4.10)
0

where, t is the time elapsed from the moment at which the flow of adsorbate was sent to the
column. The limits of the integral are set between times equal to zero up to t for the capacity at
breakthrough and up to ts for total capacity, in order to evaluate the amount adsorbed at
breakthrough and at complete saturation of the adsorbent. For practical purposes, tp is
considered as the time when Ca/Cp increases beyond 0.01, and t; as the moment when the
concentration at the column outlet is the same as the concentration of adsorbate entering the

column (Ca/Co= 1), as represented schematically in Figure 4.2.

Our objectives were (i) to duplicate the TGA data using the breakthrough technique in the
presence of dry 15% N»/CO; gas mixture, and (ii) to investigate the effect of water on CO; capture
using the same mixture with different relative humidity, by passing it through a water saturator
maintained at different sub-ambient temperatures. Nonetheless, due to recurrent technical
difficulties with the mass spectrometer and to the effects of COVID-19 pandemic, our work was
limited to the following (i) thorough understanding of the column-breakthrough technique and
associated data management, (ii) thorough understanding of the different effects of water on
amine-containing CO, adsorbents based on literature data and on prior work in Sayari’s
laboratory, (iii) sample preparation and column filling, including pressing, crushing and sieving of

the materials, and (iv) calibration of mass flowmeters, and familiarization with other system
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components such as electric oven for pre-treatment and adsorption temperature control,

automatic 4-way valve for gas selection).

IV.3 Experimental

IV.3.1 Sample preparation

Samples were synthesized in fine powder products as described earlier. Since fine powder
produces large pressure drops in packed-bed columns, pellets were produced as follows. The
powdered form of VB-13, VB-15 and VB-16 were loaded separately, in a die and compressed
under a load of 450 kgf/cm? using a hydraulic press. As reported earlier, such pressure did not
affect significantly the structural properties of the adsorbent [Serna-Guerrero et al., 2007]. The
particles thus produced were crushed and sieved between openings of 0.82 and 0.41 mm (i.e.,

20 and 40 mesh, respectively).

IV.3.2 Adsorption measurements

The experimental setup used for CO; adsorption studies in a packed bed column is represented
schematically in Figure 4.1. In this experiment, dry conditions were used. Samples of 1.0 g of VB-
13 with 20-40 mesh particle size were loaded in a stainless-steel column with inner diameter of
0.43 cm and 12 cm of packed height. Before each run, the adsorbent was activated for 2 h using
a flow of 50 mL/min of N2, while maintaining the column at 110 °C by using an electric oven with
temperature control. The temperature was then lowered to 25 °C, and the flow was switched to

a mixture of 15% CO; in nitrogen at 50, 30 or 15 mL/min. The column downstream was
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continuously monitored using a MSK mass spectrometer (MS). The experimental breakthrough
curves of CO, were obtained from the MS signal corresponding to 44 amu. The same procedure
was repeated with other samples; VB-15 and VB-16 and also at 50 and 75 °C, temperatures. In
the experimental setup we used, a two-position four-way valve was present. In this case line “A”
consisted of pure nitrogen used as carrier gas during the adsorbent regeneration stages. Line “B”
was used for CO2/N2 mixture. With such arrangement, when the valve is in Position 1, the mixture
of CO, with N3 flows directly into the venting stream while the pure nitrogen line enters the fixed
bed column. When the valve is switched to Position 2, the pure nitrogen stream goes to
ventilation while the CO; stream is continuously carried to the column, eventually saturating the

adsorbent.
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V. EFFECT OF WATER ON CO, ADSORPTION OVER SUPPORTED AMINES

V.1 Introduction

CO; scrubbing in aqueous amine solutions for CO; separation from gas mixtures has been
employed commercially over past several decades. Examples of this technology include natural
gas sweetening and hydrogen purification [Kohl and Nielsen, 1997]. The most widely used amine
solutions are, alkanolamine solutions such as monoethanolamine (MEA), diethanolamine (DEA),
and methyldiethanolamine (MDEA) for large-scale operations [Dutcher et al., 2015; Mumford et
al., 2015; Yu et al., 2012]. High energy consumption, excess foaming, corrosion, solvent loss,
amine degradation and toxic emission are the major problems facing this technology. The
regeneration stage of the CO; scrubbing process, where a relatively dilute aqueous solution is
heated with high heating capacity indicated that this process is highly energy demanding. These
drawbacks make the use of CO; scrubbing in large scale operations limited. However, a lot of
research work has been done to address some of these issues. The development of KS-1, a
proprietary sterically hindered amine with lower heat consumption and lower solvent circulation
flow rate than typical 30 wt% MEA solutions is one interesting finding [Kamijo et al., 2013; lijima
et al., 2011]. Also, KS-1 solvent has no corrosion issues and has better oxygen tolerance than
conventional MEA. As discussed previously, the shortcomings associated with amine solutions,
can be avoided with the amine immobilized on solid support for CO, capture via adsorption
[Sayarietal., 2011]. The energy for adsorbent regeneration of amine functionalized solid support

is significantly lower than for stripping amine solutions, because of the lower heat capacity of
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adsorbents compared to water (ca. 1.5 versus 4.1 kJ/kg/K) [Sjostorm and Krutka, 2010; Zhao et

al., 2014; Yu et al., 2017].

Researchers have reported the effect of moisture on the adsorption process by amine-containing
adsorbents in which, it boosts the CO, uptake by formation of bicarbonate rather than formation
of carbamate in dry conditions, which is explained by following equations [Sreenivasulu et al.,
2015]. In dry conditions CO, uptake by primary or secondary amine occurs primarily via

carbamate formation (eq 5.1),

2(RNHz) +CO, €5  RNHCO; RNH3* (5.1)

Whereas in the presence of moisture, the reaction between amine and CO;leads to formation of
bicarbonate and carbonate (eq 5.2) [Kamijo et al., 2013; lijima et al., 2011],
RNH;

RNH2 + CO; + H,0 ¢ RNH3* HCO3™ <:> 2RNH3* CO3*" (5.2)
Carbonate and bicarbonate can be formed in the presence of any type of amine, primary,
secondary or tertiary amines under humid condition, while carbamate forms only with primary
and secondary amines [Chowdhury et al., 2009; Chowdhury et al., 2013]. The maximum amine
efficiency, i.e., CO2/N ratio for the reaction between amine and CO; in the absence of humid
condition is 0.5 and under humid environment it is 1. Therefore, the presence of moisture
promotes the CO, uptake by supported amines through more favourable surface chemistry

[Serna-Guerrero et al., 2008].

As discussed previously also, there are two approaches to prepare amine supported materials; (i)

grafting of amino silanes on the surface of the material [D’Alessandro et al., 2010; Markewitz et
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al., 2012; Kenarsari et al., 2013], mostly on silica[Harlick and Sayari, 2007; Belmabkhout and
Sayari, 2009; Heydari-Gorji et al., 2011] but occasionally on alumina [Bali et al., 2014] and other
supports [ Su et al., 2011] ; and (ii) impregnation of amines on porous materials such as silica
[Heydari-Goriji et al., 2011; Quang et al., 2014; Wang et al., 2015], alumina [Lara and Romeo,
2017], activated carbon [Gibson et al., 2015], MOFs [Martinez et al., 2016], zeolites [Gibson et

al., 2017; Karka et al., 2019] and clays [GOmez-Pozuelo et al., 2019].

V.2 Amine-Impregnated Adsorbents

Impregnation technique has been widely used, because of its simplicity, low cost and the ability
to load large amount of amine [Lu and Hao, 2013]. Different investigations have been carried out
to find the importance of pore size, pore volume, temperature effect, effect of amine loading,
molecular weight of the amine, effect of moisture and the effect of the surface alkyl chains on
CO; adsorption [Lu and Hao, 2013]. It showed a decrease in the adsorption when using low
molecular weight amines such as diethanolamine (DEA) [Yuan et al., 2016] and
tetraethylenepentamine [Kolster et al., 2017; Otto et al., 2015; Oexmann et al., 2012]
impregnated materials and as a result, recent work has been focussing on using high molecular
weight amines such as polyethylenimine (PEl) in the impregnation process [Lu and Hao, 2013].
Impregnated PEl has been reported since nineteen eighties [Otsuji et al., 1987], but gained
attraction only since 2002, because of the “molecular basket” theory reported on CO; uptake
over PEl impregnated MCM-41 adsorbent by Song’s group [Xu et al., 2002]. According to their

findings, CO; uptake increased by 50%, in the presence of 7.5% CO2 in N; with ca. 38% relative
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humidity (RH), at 75°C which shows the great effect of water in the CO; adsorption process [Xu
et al., 2005]. As shown in Figure 5.1, when the CO; in the feed gas is reduced gradually as the
humidity level is increasing, the CO, adsorption increased significantly, which demonstrates the
positive impact of moisture in CO2 adsorption. In this experiment they used 14.9% C0O,/4.25%
02/N2 with 0 to 15.5 vol% H20 (up to 40% RH). An important factor is that there is no noticeable
increase in CO; adsorption, with any further increase in the moisture content beyond a certain

CO,/H-0 ratio, usually 1 (ca. 13 vol%) [Xu et al., 2005].
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Figure 5.1 Effect of water content in simulated flue gas on CO; uptake over 50% PEI-
impregnated MCM-41 at 75 °C. Reprinted with permission from ref. [Xu et al., 2005]. Copyright
2005 American Chemical Society.

There has been done a lot of research to confirm the positive effect of moisture on the CO;
adsorption by PEl impregnated materials. The effect of moisture on CO; uptake also depends on

factors like PEI content and molecular weight, porosity of the support, relative humidity and the

CO; concentration. Zhao et al. (2019) reported that there was an increment of CO; uptake from
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1.33 to 2.28 mmol/g at 90% RH, when using 55 wt% PEl-silica monolith (Mw 10,000) in the
presence of 0.5% CO,/N; at 25 °C due to the presence of water and hence the formation of
bicarbonate. Another similar finding where Chen et al. (2009) reported CO; uptake, in the
presence of pure CO; at 60 °C by PElI impregnated hierarchical silica monolith was increased to

5.9 from 4.8 mmol/g with the addition of 10 vol% H,0 (ca. 50% RH) to the feed stream.

Gray et al. (2009) found that the presence of humidity could promote CO; adsorption by ca. 45%,
from about 2.55 to 3.65 mmol/g, in the presence of 10% CO>/He at 45 °C, when using PEl on
CARIACT silica or polymethylmethacrylate, under humid conditions (RH = 73%). The effect of
water on CO; uptake was investigated by Zhang et al. (2017) also by using a series of linear (LPEI)
and branched (BPEI) PEI on hydrophobic and hydrophilic silica at 25 to 100 °C where they were
pre humidified in N2 with specific humidity up to 17.2 mg H,0/g, then exposed to 10% CO2/N; at

the same humidity.

In this study the authors have used specific humidity instead of more common relative humidity
and it was found that the moisture effect on adsorption was most pronounced at 25°C, when the
largest amount of water was adsorbed. There was a little promoting effect of moisture on 45 wt%

PEI on fumed silica beyond 50 °C according to Figure 5.2.
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Figure 5.2 Effect of temperature on CO; uptake over 44.5 wt% linear PEI (LPEI) over hydrophilic
silica in the presence of humid 10% CO,/N,. Reprinted with permission from ref. [Zhang et al.
2017]. Copyright 2017 Elsevier.

Notice that at low specific humidity, the uptake versus temperature exhibits the usual bell shape,
indicating that at low temperature, adsorption is kinetically controlled by excessive diffusion
limitation. The uptake decreased over the whole temperature range, at high specific humidity,

which indicates that water facilitates the diffusion of CO..

When using humid gas mixture, 15% C0O2/3% H,0/N2, 41% RH, instead of dry condition it was
found that CO, uptake increased from 2.44 to 3.84 mmol/g in 50 wt% PEl-impregnated
macroporous silica at 40°C. These results are considered to be the effect of CO; diffusion/amine

accessibility which is directed towards bicarbonate formation [Min et al., 2017].

A study records an increment in CO; uptake from 139 to 258 mmol/g [Monazam et al., 2017] in
the presence of 10% CO,/N; with the same RH as the pre-treatment N, at 60°C on the materials

pre-hydrated with humid N2 up to 16 wt% moisture. This enhancement was associated with
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hydrolysis of carbamate, in addition to direct bicarbonate formation by the reaction between PEl,
CO; and water. Another contribution from the Abu-Zahra group [D. V. Quang et al., 2014] has
recorded CO; uptake of 3.2, 3.4 and 3.0 mmol/g in the presence of 15% CO2/N2 (30% RH) at 70°C
of 60 wt% PEl-impregnated SiO; with 3, 10 and 15% pre-adsorbed water respectively. For the
same material, under same conditions they recorded CO; uptake of 3.1 mmol/g for the dry
material. The decrease of CO; adsorption when increasing moisture from 10 to 15% could be
attributed to PEl-impregnated particles sticking together and hence limiting the accessibility of
CO; to the amine groups. 20% increase in CO2 uptake of PEl-impregnated clays, in the presence
of 15% C0O2/5%0,/N; feed gas mixed with 5% H20 (53% RH) at 45°C was found in a study done by

Serrana group (2019) which could be a result of bicarbonate formation.

Another interesting approach is that of Chen’s group [Liu et al., 2018] who studied molecularly
imprinted unsupported PEI referred to as MIP-PEls prepared by bubbling CO; through aqueous
PEI solution to obtain bicarbonate loaded PEI as shown in Figure 5.3, followed by crosslinking
reaction between PEI chains using glycol diglycidyl ether and finally CO, desorption at 90°C. It
was recorded 0.28 mmol/g of CO, uptake over dry material under 10% CO2/N2, while pre-
hydrated material showed much higher uptake as 6.68 mmol/g in the presence of humid 10%
CO2/N2. This greater extent of uptake was found to be due to swelling of MIP-PEls (Figure 5.3),
facilitating the diffusion of CO, deeper into the material in wet conditions, whereas PEI chains
were extensively coiled, in dry conditions thus limiting the reaction of CO; with surface amine

groups.
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Figure 5.3 Synthesis process for molecularly imprinted solid amine adsorbent. Reprinted with
permission from ref. [Liu et al., 2018]. Copyright 2018 Royal Society of Chemistry.

There was an increase in direct CO; capture from 0.5 to 2.2 mmol/g, in the 44% PEl-impregnated
nano-fibrillated cellulose (NFC), when increasing relative humidity from 20 to 80%, which was
due to PEI dispersion and easy accessibility of CO; to active amine sites at higher RH as recorded

by Sehaqui et al. (2015).

A novel method for enhancing CO; uptake via improving amine efficiency was reported by Sayari
group (2016) through high dispersion of PEl in a large pore silica, whose internal surface area is
covered by long carbon chains. Such materials have achieved greater CO; uptake as 7.3 mmol/g
PEI, in the presence of 400 ppm CO, with 64% RH, which was 33% higher than in the dry
conditions. It was also found that when using 420 ppm CO2/N2 with 2 vol% H,0 (11 to 42% RH) at
58, 46, and 33°C on 70 wt% PEI (Mw = 1200) over mesoporous cellular silica foam (MCF) for DAC,
CO; uptake was increased by 20, 30, and 53% respectively. This increment could be attributed to

the improved accessibility of the active amine sites via decreasing diffusion resistance and/or to
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the formation of bicarbonate. Wang et al. (2015) investigated the effect of humidity on CO;
uptake over 55 wt% PEI-impregnated mesoporous carbon using 400 and 5000 ppm CO; under
dry and humid (80% RH) conditions. Humidity increased the CO uptake from 2.25to 2.58 mmol/g,

and from 3.34 to 4.05 mmol/g for 400 and 5000 ppm, respectively.

According to all of these reported findings in the literature, the general perspective is that there
is a positive impact of humidity on CO; uptake in DAC. But at higher humidity levels or in the
presence of high amine loading on the adsorbents, water can act as a negative factor upon the

CO; uptake.

V.3 Amine-Grafted Adsorbents

CO; uptake over amine grafted mesoporous silica has been reported since few decades ago [Leal
et al., 1995; Tsuda and Fujiwara, 1992]. Propylamine grafted amorphous silica was used for CO;
adsorption under dry and humid conditions and has been linked to formation of carbamate and
bicarbonate accordingly by Leal et al. (1995). In the presence of 100% CO,, they recorded CO;
uptake of 0.41 and 0.89 mmol/g under dry and humid conditions (100% RH) respectively. Huang
et al. (2003) investigated propylamine grafted MCM-48 silica in which amine content was 2.3
mmol/g in the presence of 5% CO2/N; at 25°C and has recorded 1.14 mmol/g of CO, adsorption,
which corresponded to the quantitative formation of ammonium carbamate (CO2/N = 0.5). CO;
adsorption was doubled (CO2/N = 1) under humid conditions (100% RH) consistent with the

quantitative formation of ammonium bicarbonate and/or carbonate. The temperature of CO;
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desorption was enhanced by 10 °C, in the presence of moisture which shows the greater bond

strength of CO; and amine under humid conditions [Huang et al., 2003].

Well accepted CO; adsorption mechanisms are i) intermolecular mechanism and ii) water
assisted pathways. By DFT calculations, Cho et al. (2018) revealed another CO; adsorption
mechanism known as surface hydroxyl group assisted mechanism or surface mechanism (Figure
5.4), where silanol groups on the surface of the silica support facilitate proton transfer reaction.
The activation energy of the surface mechanism was lower (8.1 kcal/mol) than activation energy
for the intermolecular mechanism (12.7 kcal/mol) under dry conditions which happen to
promote the new mechanism over old one. But in the water assisted mechanism, where water
acts as proton acceptor (Brgnsted base), the activation energy was lower (6.0 kcal/mol) than
previous surface mechanism (shown in Figure 5.5). So, as suggested both water-assisted and

surface mechanisms can occur in the presence of moisture.
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Figure 5.4 Different reaction mechanisms between amine and CO, on amine-grafted silica.
Reprinted with permission from ref. [Cho et al., 2018]. Copyright 2018 Royal Society of
Chemistry.
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Figure 5.5 Activation energy during CO; adsorption over amine-grafted silica for different
mechanisms. Reprinted with permission from ref. [Cho et al., 2018]. Copyright 2018 Royal

Society of Chemistry.

Sayari group also have been heavily investigating the promoting effect of moisture on CO, uptake
on amine functionalized silica. In order to show the promoting effect of water on amine
containing materials and that they do not required pre-dried feed gas [Franchi et al., 2005] they
studied diethanolamine (DEA) grafted pore expanded MCM-41 (PE-MCM-41) in the presence of
dry and humid (27% RH) feeds containing 5% CO; in N2. An important factor is that the
physisorption was negligible at 5% CO; and any effect on CO2/N ratio corresponds to actual
changes in amine-CO; interactions [Serna-Guerrero et al., 2008] which account to chemisorption.
In the previous study the amine efficiency was enhanced from 0.33 to 0.37 and the uptake was
increased from 2.65 to 2.94 mmol/g at 25°C which proves that water vapor is not only tolerated,

but promotes CO; adsorption [Harlick and Sayari, 2007].
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V.4 Experimental

V.4.1 Sample preparation

Samples were synthesized as mentioned previously and they are fine powder products. Since fine
powder produces large pressure drops in packed bed columns, pellets were produced as follows.
The powdered form of VB-13, VB-15 and VB-16 were loaded separately, in a die and compressed
under a load of 450 kgf/cm? using a hydraulic press. As reported earlier, such pressure did not
affect significantly the structural properties of the adsorbent [Serna-Guerrero et al., 2007]. The
particles thus produced were crushed and sieved between openings of 0.82 and 0.41 mm (i.e.,

20 and 40 mesh, respectively).

V.4.2 Adsorption measurements

The experimental setup used for CO; adsorption studies in a packed bed column is represented
schematically in Figure 4.1 as discussed in the previously. In this experiment water saturator was
used to get humid conditions. Samples of 1.0 g of VB-13 with 20-40 mesh particle size was loaded
in a stainless-steel column with inner diameter of 0.43 cm and 12 cm of packed height. Before
each run, the adsorbent was activated for 2 h using a flow of 50 mL/min of N2, while maintaining
the column at 110 °C by using an electric oven with temperature control. The temperature was
then lowered to 25 °C, and the flow was switched to a mixture of 15% CO; in nitrogen at 50, 30
or 15 mL/min. The column downstream was continuously monitored using MSK mass
spectrometer (MS). The experimental breakthrough curves of CO, were obtained from the MS
signal corresponding to 44 amu. The same procedure was repeated to other samples; VB-15 and

VB-16 and also at 50 and 75 °C, temperatures. To control the relative humidity (RH) in the stream,
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the mixture of CO; in N2 was bubbled through a glass saturator containing distilled deionized
water located in a temperature-controlled cooling bath before entering the column. The flow of
15% CO/N2 mixture was maintained for at least 16 h to ensure that equilibrium was attained. By
changing the temperature of the water bath, the relative humidity can be decided. In the
experimental setup we used, a two-position four-way valve was present. In this case line “A”
consists of pure nitrogen used as carrier gas during the adsorbent regeneration stages. Line “B”
is for CO2 /N2 mixture. With such arrangement, when the valve is in Position 1, the mixture of CO>
with N2 flows directly into the venting stream while the pure nitrogen line enters the fixed bed
column. When the valve is switched to Position 2, the pure nitrogen stream goes to ventilation

while the CO; stream is continuously carried to the column, eventually saturating the adsorbent.
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