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ABSTRACT
Global climate change due to the increasing CO2 concentration in the atmosphere

is primarily associated with anthropogenic CO2 emissions. CO2 capture technologies using
adsorbents have not been implemented commercially due to lack of scalable, practical and
cost-effective strategies and are still under development. Moreover, the use of conventional
configurations such as pellets and beads for the removal of CO2 from enclosed
environments have been shown to impose limitations to the removal efficiency and system
performance. In this dissertation, engineering of advanced and efficient structured
adsorbents for practical and scalable CO2 capture technologies and their use in CO:2
removal from enclosed environments and flue gas streams are reported.

Additive manufacturing (3D printing) technique in fabrication of adsorbents have
not been explored. Herein, various adsorbents such as zeolites, aminosilicas and metal-
organic frameworks (MOFs) have been formulated in monolithic form using 3D printing
technique. In order to yield a robust structure with high adsorbent capacity, the composition
and printing conditions were optimized accordingly. After characterizing the structural and
physical properties of 3D-printed monolithic adsorbents, their equilibrium and dynamic
CO2 adsorption performance were evaluated by various techniques. This investigation has
shown that 3D printing technique offers an alternative, cost-effective and facile approach
to fabricate monolithic adsorbents with tunable structural, physical and mechanical
properties.

In addition to the 3D-printed monoliths, several cost-effective zeolite-based
adsorbents were synthesized from abundant and inexpensive kaolin clay. To enhance the
adsorption capacity, the materials were then impregnated with aminopolymer and

evaluated for CO2 capture from air.
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SECTION
1. INTRODUCTION
1.1. NECESSITY OF CAPTURING CO2

Carbon dioxide is one of the primary reasons for the global warming due to its
continuous emissions into the atmosphere. The demand of energy increasing with human
population is resulting in global climate change associated with the continuous CO:2
emissions from large point sources such as coal power plants, cement plants steel
industries, oil refineries, as examples. In addition, the small distributed sources such as the
human respiratory system, vehicular exhaust and deforestation contribute majorly in rising
CO:2 concentration level in the atmosphere. As a result, the CO2 concentration level in the
atmosphere has substantially increased to 403 ppm which was reported by National
Oceanic and Atmospheric Administration (NOAA), as depicted in Figure 1.1.1 Thus, the
cause for concern of rising CO2 emission level that has called for urgent cuts in the emission
of greenhouse gases, especially CO:s.

There are number of routes such as pre-combustion, during combustion and post-
combustion have been taken into consideration to capture COz2 efficiently from large point
sources. Although CO:2 can be captured productively during pre-combustion and
combustion processes, complexity and high cost still hamper the commercialization. These
factors have led researchers to investigate and develop technologies for CO2 capture from
post-combustion process. Since CO2 capture from large point sources can only control the
emissions, an alternative concept of lowering the CO2 concentration from the atmosphere
called “direct air capture (DAC)” or “negative carbon” was introduced by Lackner et al.?

DAC technique offers to dispose stored CO2 from one point source to another, where it has



the least impact on the environment and human activities or close to the CO2 recycling

centers.
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Figure 1.1. Recent monthly mean CO2 at Mauna Loa by NOAA.!

A continuous release of CO: deteriorates indoor air quality (IAQ) in offices,
conventional buildings and such closed habitats. Ground-Gas Solutions Limited (GGS)
reported daily carbon dioxide concentrations between 1000 to 1400 ppm during day time
working hours.® Also, similar CO2 concentration level was monitored in enclosed
environments mentioned by Environmental Protection Administration (EPA), Taiwan,
R.0.C.* Concentration above 1000 ppm indicate poor air quality leading to health
problems.

In addition to capture CO2 from post-combustion flue gas and air, it is essential to
sequestrate CO2 from enclosed environments such as submarines, space shuttles and air
planes. The report by Wisconsin Department of Health Services demonstrated that the

diffused carbon dioxide in the body is carried by blood in chemical combination with



3
hemoglobin.® According to Occupational Safety and Health Administration (OSHA), long-
term exposure to CO2 in a sealed environment increases COz partial pressure in body which
can result in immediate increase of carbon dioxide tension of blood leading to severe health
problems such as headaches, dizziness, restlessness, needles feeling, difficulty breathing,
sweating, fatigue, tiredness, elevated blood pressure, asphyxia and malaise, as shown in
Figure 1.2.%7 These problems associate with elevated CO2 concentration in enclosed
environments are mainly because of inadequate ventilation and inefficient system. As a
result, removal of CO2 in enclosed environment is also gaining importance among

researchers.
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Figure 1.2. Schematic of health risks associated with long term CO2 exposure.’

In sealed environments such as submarine and space shuttles, a moderated high indoor
concentration of CO2 (~3500 ppm) can directly impact decision making performance.

Based on the study conducted in Lawrence Berkeley National Laboratory by Mendell and
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his co-worker® , concentration level above 2500 ppm can significantly reduce productive
decision making performance up to ~65% considering all activities, as shown in Figure
1.3. Therefore, continuous replacement of sorbent, efficient ventilation and maintenance

are required in sealed environments to prevent unproductivity and health risks.
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1.2. CURRENT CO, CAPTURE TECHNOLOGY

The post-combustion CO2 capture technology adopted commercially is mainly based
on absorption using aqueous amine solutions such as monoethanolamine (MEA),
diaethanolamine (DEA) and methyldiaethanolamine (MDEA). Although absorption
technology has been the commercially, it entails major drawbacks such as amine
regeneration, corrosive properties of aqueous solutions and most importantly the loss of
amines. Therefore, development of alternative CO2 capture technologies have been

suggested prevent the issues associated with absorption technology.



1.3. UPCOMING CO,; CAPTURE TECHNOLOGIES

Several alternative processes such as membrane separation, chemical looping and
adsorption have been developed for CO2 capture to circumvent problems associated with
absorption technology.®'® Membrane technology for CO2 gas separation application has
recently gained considerable attention due to its high selectivity, economic feasibility, and
compatibility with the environment. Composite hollow fibers, a combination of polymers
and adsorbents, have been developed for large scale CO: adsorption strategies.!' In
addition, silica supported hollow fiber membranes have been functionalized with
polyethylenamine (PEI) and aminosilane (APS) and investigated for CO2 capture. !t
Significant separation can be achieved in pre-combustion or during combustion processes,
while post-combustion separation using membranes is very challenging due to poor
selectivity of CO2. Chemical looping has proven to be an efficient process in which a
fluidized bed is composed of metal oxide and continuously supplied with oxygen. As a
result, two discrete flue gas streams, one with N2 and Oz whereas another stream of CO2
and H20 from flue gas are obtained. Although significant separation can be achieved with
a suitable oxygen carrier, chemical looping technology is still not favored because of high
cost of the air separation unit to obtained pure oxygen.
1.4. ADSORPTION-BASED CO, CAPTURE

The adsorption technologies have found to provide significant CO2 capture capacity
using promising adsorbents such as hydrotalcites, alkali or alkaline-earth oxides, calcium
oxides, alkali silicates and zirconates, and double salts, at high temperatures
(chemisorbents) whereas low temperatures (physisorbents) adsorbents cover metal oxides,

porous polymer networks (PPNSs) activated carbon, covalent organic frameworks (COFs),
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amine based sorbents, zeolites, and metal-organic frameworks (MOFs).X° In general, CO>
capture from flue gas, ambient air and enclosed environments is performed at ambient
temperature, with zeolites, amine based sorbents and MOFs as the most widely investigated
adsorbents. The key properties of promising adsorbents are high porosity, tunable
morphology, high surface area, significant capture capacity, regenerability and high
stability.’® Also, adsorption based cyclic processes such as pressure swing adsorption
(PSA) and temperature swing adsorption (TSA) offer superior CO:2 separation
strategies.1%’

Zeolites are crystalline microporous materials with well define structure mainly
composed of aluminosilicate (AIO*-SiO*) tetrahedral coordination framed with cations or
protons within the cavities or channels.!®!® Based on various three dimensional
frameworks, each zeolite are assigned with unique framework types/codes. For example,
MFI for ZSM-5, FAU for zeolite Y, CHA for SAPO-34 or SSZ-13, LTA for zeolite X as
shown in Figure 1.4.2° Because of their different uniform crystalline structures with unique
properties, zeolites are extensively used in various applications such as gas adsorption and
separations, catalysis, water softening and purifications, petrochemical cracking, as
examples.?-24

Zeolites have proven to be a potential candidate for DAC, CO:2 capture from enclosed
environments and CO2 capture from flue gases due to its porous crystalline structure.
However, developing cost-effective strategies cannot be achieved if conventionally
produced zeolites are used. Therefore, zeolites have been synthesized using various routes
such as microwave synthesis, organo-template and/or solvent free zeolites, and from

inexpensive natural clays.?>?® The optimum route to synthesize zeolites has found to be
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from natural clays such as bentonite clay, kaolin clay, Indian clays, South African clays, as
examples, due to its abundant occurrence.?”?® The conversion of zeolites from clay have

been studied extensively for catalysis and adsorption. 262831

CHA structure LTA structure

Figure 1.4. Chemical structures of various zeolite frameworks.?

Amine-based adsorbents have been extensively investigated for carbon capture as
adsorbents supported with amines exhibit high affinity towards CO2 molecules in dry as
well as humid environments due to chemisorption.®233 As a result, amine based adsorbents
have gained considerable attraction for CO2 removal process.®>#?> Therefore, numerous
solid supports incorporated with monoamines and/or polyamines with various types of

amines (primary, secondary, tertiary) have been extensively studied for CO2 capture. In
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accordance with their physical and chemical features, amine incorporation have been
categorized into three classes: impregnation, grafting, and in situ polymerization.**4* In
class 1, amines such as alkyl chains and polyamines are impregnated (physically, van der
Waals bond) into the pores of solid supports. Amines such as alkoxysilane grafted
(chemically bonded, co-valent bond) on the surface of solid supports is considered as class
2 whereas class 3 consist of in situ polymerization of amine monomers in the pores of solid

supports.

g, AOM

¥ o
H,dobde

M.(dobdc) (M = Ni, Co, Mg) Zn,0(bde)y Cuylbic), Cu,fadip)
MOF-74 MOF-5 HKUST-1 PCN-14

Figure 1.5. Chemical structures of metal organic frameworks.*®

Metal-organic frameworks (MOFs) have proven to be a potential candidate for
numerous applications such as gas adsorption, storage, separation, catalysis,
photocatalysis, supercapacitors, and energy conversion due to their unique properties such
as ultrahigh porosity and surface area, controllable pore size, tunable topology, crystalline
nature with uniform structures. Another reason of being considered in many active research
areas among all the materials is their straightforward design and synthesis which involves

of varied metal clusters/ions and organic ligands resulting in various frameworks, as shown
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in Figure 1.5.%° Various MOFs such as MIL-101, HKUST-1, MOF-74, MOF-5, MOF-177,
UTSA-16, as example, have been investigated extensively for aforementioned
applications.'82>2846-61 Recently, MOFs conversion from metal oxide or double salts have
gained considerable attention due to its rapid synthesis process.525
1.5. CO2 REMOVAL FROM AIR

In addition to post-combustion capture, adsorption technology can also be employed
for DAC. To capture CO2 from ultra-dilute concentrations (400 ppm) using adsorbents is
very challenging and requires a system with superior CO2 capture strategies with additional
considerations to energy consumption and human health.5* Chemisorbents such as Alkali
hydroxides®, bare and impregnated alkali carbonates®®®’, and most importantly amine-
based sorbents®237%8-70 are highly favored for DAC technologies since physisorbents
exhibit poor capture capacity at low CO: partial pressure. For continuous DAC process,
large scale applications using chemisorbents are still limited by energy intensive
regeneration processes. Therefore, development of DAC technologies using physisorbents
have been taken into consideration. Kumar et al.”* investigated the effect of water vapor
on CO2 capture from air using physisorbent materials such as zeolite-13X, MOF-74(Mg),
HKUST-1, SIFSIX-3(Ni) and TEPA-SBA-15. The authors demonstrated that all
adsorbents exhibited high CO2 capacity, however, influence of water vapor diminished
CO2 uptake. Although capturing CO2 from air have undergone extensive studies, more
investigation is required to develop technologies with more practical and scalable

approach.
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1.6. CO,REMOVAL FROM ENCLOSED ENVIRONMENTS

In sealed environments, an energy-efficient system using promising adsorbents such as
amine based sorbents, zeolites and MOFs is highly favored for CO2 capture.”>"* Briefly,
the current-state of art of CO2 removal technologies in NASA’s International Space Station
(ISS) and submarines consist of solid amine-based system using multiple beds. In
particular, COz is first adsorbed in the adsorber bed while the removal of COz2 is achieved
in the other bed via supplying heat or vacuum. A multi-level optimization for design of
solid amine was investigated by Rong et al.”* for closed systems. The continuous process
of CO2 removal from closed breathing environments requires an efficient technology
consisting of promising adsorbents with significant CO2 sorption capacity, high stability
and regenerability. Solid sorbents such as zeolite 13X and zeolite 5A have proven to be
potential candidates, however, drawbacks such as particle attrition, corrosion, pressure
drop have hampered their implementation onboard.
1.7. STRUCTURED ADSORBENTS FOR CO, CAPTURE APPLICATION

Adsorbents that are commonly produced in traditional configuration (powder form),
when implemented into practical and scalable COz2 capture technology, result in issues such
as attrition, high pressure drop and slow mass transfer. In turn, all promising adsorbents
such as zeolites, amine based sorbents and MOFs have been shaped into traditional
configurations such as beads, granules, pellets and laminates.’®”>"® However, the
implementation of traditional configurations to large scale applications have failed to
deliver superior CO2 adsorption strategies due to associated issues such as particle attrition,

pressure drop, low diffusivity and poor heat and mass transfer and loss of adsorbents
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because of dusting which have led researchers to investigate other shaping strategies for
the development of practical and scalable CO2 capture technology.’

For example, the primary CO2 removal system, Carbon Dioxide Removal Assembly
(CDRA) for international space station (ISS) consists of duel-bed filled with pellets of
zeolite where one bed (adsorbent bed) adsorbs CO2 from the cabin air while the other bed
(desiccant bed) desorbs previously accumulated CO2 to space vacuum. The cabin air is first
flowed through desiccant bed to avoid moisture exposure to zeolite. The moisture free air
then flowed through the motive blower into zeolite bed. This dual-bed system requires high
maintenance due to zeolite pellets attrition increases pressure drop in the fixed bed indicate
the poorer performance of traditional packing system.”

To address the issues associated with traditional packing system, an engineered
geometry termed as ‘monolith’ with uniform channels has gained a great deal of attention
due to its configuration consisting of parallel flow channels that allow even flow
distribution throughout the system resulting in lower pressure drop and better heat and
mass transfer. Also, the additives used in monolith preparation can often enhance the
mechanical strength of the monoliths which can eventually prevent attrition and dusting
issues commonly encountered in traditional packing systems such as pellets and beads.

Critical aspects of developing robust monolithic contactors fall into formulation by
considering factors such as wall thickness, cell density (measured in terms of cells per
square inch, cpsi) and cell spacing that influence the processing requirements.® For
example, combination of wall thickness with appropriate cell density and shape (round,
oval etc.) can result in a superior and constructive system with very high mechanical

strength, less attrition, rapid heat and mass transfer, low diffusivity resistance and less
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pressure drop when compared to traditional packing system. These factors influencing
process requirements result in constructive and superior CO:2 capture strategies for
industrial-scale applications.

1.8. PREPARATION OF MONOLITHIC ADSORBENTS

Traditional preparation of commonly used monoliths in adsorption and catalysis
processes is performed via two methods, namely, coating and self-standing.”® In coating
method, the bare monolithic substrate (mostly cordierite) is coated with an active adsorbent
using various well developed coating methods such as wash coating®-#2, in situ coating®?,
layer by layer (LBL) coating® or hydrothermal coating.8>® Most recently, Rezaei et al.®’
evaluated CO2 adsorption performance of cordierite monoliths coated with MOF-74(Ni)
and UTSA-16(Co) and demonstrated that monoliths with MOF loading as high as 52 and
55 wt. % on cordierite exhibited high affinity towards CO: relative to N2. Moreover,
Lawson et al.®8 enhanced MOF-74(Ni) and UTSA-16(Co) loading up to 73 and 80 wt. %,
respectively, on cordierite by impregnating a polymer on the support and achieved higher
CO2 capacity. A limitation in adsorption capacity from coated monoliths was observed as
the substrate does not contribute to CO2 adsorption capacity and eventually results in very
low CO2 uptake. High loading of active components on the support also lead to poor heat
and mass transfer and pressure drop. In addition, adhesion of active component while
transportation is a major problem associated with coated monoliths.

To address the known issues associated with coated monoliths, manufacturing of self-
standing monoliths using extrusion technique have been extensively studied over two
decades. An extrusion technique is a continuous process where an adsorbent is introduced

with additives such as binder and plasticizer materials to obtain monolithic form with
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desired structural, mechanical and physical properties. In particular, binders are used for
binding the adsorbent particles whereas adhesion is carried out by plasticizer between
binder and adsorbent particle. Appropriate solvent is also used to obtain homogeneity of
the paste while monolith preparation. Upon achieving the homogeneity, the paste is forced
through constrained spaces or custom made dies. Large volume of monoliths with channels
can be manufactured using extrusion technique. Despite their precise fabrication, extrusion
technique entails major drawbacks such as swelling of die, energy intensive, availability of
complex parts and limitation of certain cross-sectional shape or product limitations. Hence,
it is difficult to fabricate monoliths with various channel size, wall thickness and density.
1.9. 3D-PRINTING TECHNIQUE FOR MONOLITH PREPARATION

3D printing or robocasting (additive manufacturing) technique has gained immense
importance in energy and environmental applications over extrusion technique to fabricate
solid materials.®-* Robust monoliths with desired wall thickness, channel size and density
can be precisely fabricated by varying and optimizing the additives using 3D printing
technique, as shown in Figure 1.6. Particularly, an external parametric diameter with
appropriate cell density and shape (round, oval etc.) can be set for monolith preparations.
In addition, channel size and wall thickness can be modified by using various sizes of
extruding syringe (from 2 pum to 50 um). To fabricate adsorbent monoliths in large size (10
cm x 10 cm), different tube sizes ranging from 3 mL to 50 mL, could be used. Moreover,
the extrusion is carried out by supplement of air, which can be controlled using air flow
controller, by varying force from 1 bar to 5 bar depending on the viscosity of the paste.
Therefore, channel size and wall thickness can be altered by adjusting air flow. Various

shapes can also be easily designed by AUTOCAD software which is required to code via



14

(Slic3r) software. In short, the Robocasting or 3D printing technique found to be a facile

approach to fabricate monoliths with controlled channel size, wall thickness and density.

(@) (b) (c)

Figure 1.6. Image of (a) Geeetech Prusa 13 3D printer (b) paste extrusion using 3D
printing in monolithic geometry (c) cross-sectional of 3D printed monoliths.
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2. RESEARCH OBJECTIVES

The overall objective of this work is to engineer advanced gas-solid contactors for use

in CO2 capture processes. The specific objective are as follows:

1) Develop and optimize monolithic structures from zeolite, aminosilica, and MOF

adsorbents using 3D printing technique.

2) Assess the structural, physical, and mechanical properties of 3D-printed monolithic

adsorbents by various characterization techniques.

3) Evaluate adsorption performance of monolithic adsorbents and compare with their

corresponding powders using equilibrium and dynamic adsorption techniques.

4) Develop cost-effective adsorbents from bentonite clay and post-functionalize them

with amines for use in CO2 capture.
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ABSTRACT

Structured adsorbents especially in the form of monolithic contactors offer an excellent
gas-solid contacting strategy for development of practical and scalable CO: capture
technologies. In this study, the fabrication of 3D-printed 13X and 5A zeolite monoliths with
novel structures and their use in CO2 removal from air are reported. The physical and
structural properties of these printed monoliths are evaluated and compared with their
powder counterparts. Our results indicate that 3D-printed monoliths with zeolite loading as
high as 90 wt% exhibit comparable adsorption uptake to powder sorbents. The adsorption
capacities of 5A and 13X monoliths were found to be 1.59 and 1.60 mmol/g, respectively
using 5000 ppm (0.5%) COz2 in nitrogen at room temperature. The dynamic CO2/N:
breakthrough experiments show relatively fast dynamics for monolithic structures. In
addition, the printed zeolite monoliths show reasonably good mechanical stability that can
eventually prevent attrition and dusting issues commonly encountered in traditional pellets
and beads packing systems. The 3D printing technique offers an alternative cost-effective

and facile approach to fabricate structured adsorbents with tunable structural, chemical and

mechanical properties for use in gas separation processes.
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1. INTRODUCTION

In enclosed environments such as spacecraft or submarine cabins, COz2 level should be
below 0.5% as long-term exposure to CO2 of higher than this level can cause severe health
problems such as fatigue, listlessness, malaise, mood changes and headache.!? Therefore,
removal of CO2 from cabin atmosphere is a critical function of any spacecraft’s or
submarine’s life support system.® In addition, the removal of CO2 from indoor air in
commercial buildings is gaining significant attention among researchers primarily due to
the health risks associated with high CO2 concentration level as a results of inadequate
ventilation.*®

The removal of ultra-dilute CO2 (ppm level) from enclosed atmosphere is more
challenging and energy-intensive than CO2 capture from other industrial gas streams in
which COz2 concentration is typically above 5 vol%. This is due to the low concentration-
gradient driving force for adsorption at extremely dilute conditions. Moreover, additional
considerations related to human health should be taken into account when developing
technologies for CO2 capture from enclosed environments. This is particularly important
for spacecraft or space stations where attrition of the adsorbent particles or the release of
some toxic chemicals from can pose serious health problems to astronauts.®”’

The current state-of-the-art systems for cabin CO2 removal in such systems utilize fixed
beds of adsorbent pellets or beads. These adsorbents are mainly zeolite 13X or 5A
molecular sieves which are commonly used as benchmark adsorbents for CO2 capture from

flue gas streams.®® As a result of high particle attrition rate, pressure drop builds up in the
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fixed bed which increases the blower power required to maintain flow and eventually
requiring highly undesirable system maintenance. Dust fines generated from the attrition
propagate downstream and can accelerate failure rates in downstream components.® To
reduce flow resistance through the fixed bed, pelletization of adsorbent particles with clay
binder (or binderless pellets) is required. Such pellets are highly porous structures allowing
rapid mass transfer through the pellet. However, this open composite structure tends to
have low resistance to attrition and may be weakened by humidity and/or large temperature
excursions. Moreover, dusting due to the particles attrition in enclosed environments can
lead to human health problems such as pneumoconiosis.® To improve CO2 removal system
efficiency and reliability, more robust and highly efficient adsorbent structures are
required.

To overcome the limitations associated with the traditional configurations, adsorbent
particles could be shaped into other configurations such as monolithic structures that offer
substantial advantages compared to conventional packing systems like pellets, beads or
granules.*™™ Such well-designed robust contactors have been shown to improve the
overall performance in terms of pressure drop and mass and heat transfer characteristics
that eventually translate into a low-cost and more efficient capture technology while
addressing the drawbacks of conventional packing systems. Monoliths are structured
materials with parallel gas flow channels in which the shape and the diameter of the parallel
channels and their density per cross sectional area of the monolith are controllable. A
particularly challenging aspect to shape adsorbents into monolithic contactors is the trade-
off between key design parameters such as active adsorbent loading, mass and heat transfer

properties, and cell density (cpsi). While higher adsorbent content per unit volume is
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desirable to achieve higher uptake, the kinetics of adsorption tends to become slower as a
result of limited accessibility to adsorption sites in thicker walls. In addition, high cell
density monoliths that maximize active adsorbent loading and surface area are preferred
but pressure drop through the narrow channels is substantially higher than through low cell
density monoliths.'*

In recent years, monolithic adsorbents made of activated carbon, zeolites, and metal-
organic frameworks (MOFs) have received considerable attention for use in adsorption
systems.'®>2% More specifically, cordierite monoliths washcoated with a thin layer of 13X
zeolite have been investigated experimentally and numerically for CO2 capture from flue
gas.!11427.28 For these coated substrates, although the mechanical strength is reasonably
good, the ceramic support does not contribute to CO2 adsorption, hence limiting the active
adsorbent amount per unit volume. On the other hand, self-standing supports for which the
active adsorbent constitutes the major portion of the structure have also been
investigated.?®3! For these structures, the adsorbent is mixed with a binder and small
amount of plasticizer or other additives to form the monolith. Hasan et al.*° reported the
development of 5A zeolite monoliths with zeolite loading of 92 wt% for use in CO2 capture
applications. The authors used a custom made die to fabricate monoliths with hierarchical
pore network. Ojuva et al.3! prepared NaA zeolite monoliths by freeze-casting suspension
of method and evaluated their CO2 adsorption performance and mechanical stability. The
lamellar structure of the freeze-casted monoliths exhibited sharp CO2 breakthrough fronts.

Literature data on the application of monolithic adsorbents in CO2 removal from air are
very scarce. A process level and economic analysis of the application of amine-modified

honeycomb monoliths for direct capture of CO2 from air was performed by Kulkarni and
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Sholl.®2 Most recently, Sakwa-Novak et al.®® reported the impregnation of
poly(ethylenimine) (PEI) into monolithic alumina honeycombs and their use for CO2
capture from air. A volumetric capacity of 350 mol CO2/m3-monolith was reported for the
removal of 400 ppm COz2 in N2.

Traditionally, monoliths are fabricated using the conventional extrusion process. Most
recently, 3D printing techniques are in-demand for fabricating complex geometries with
unique mechanical and structural properties. Notably, these techniques allow for precisely
fabricating three-dimensional devices with desired configurations and optimized
properties, as opposed to conventional extrusion processes.®* High productivity and low
fabrication cost are other noticeable advantages of these methods. By employing 3D
printing technique, it is possible to fabricate monoliths with various cross-sections, channel
sizes, and wall thicknesses. More importantly, the fabrication parameters could be tuned to
obtain parts with high mechanical properties. Most recently, the 3D printing technique was
used to fabricate heterogeneous Cu/Al203 catalysts for different Ullmann reactions.® The
3D-printed catalysts showed high catalytic efficacy and good recyclability.

This proof-of-concept study describes fabrication of 3D-printed 5A and 13X zeolite
monoliths and their use in CO2 removal from air. The printed structures were physically
and structurally characterized and then evaluated for equilibrium and dynamic CO2 capture
from air. We hypothesize that the 3D-printed zeolite monoliths exhibit excellent
mechanical and adsorption properties that render them as suitable candidates for not only
CO2 removal from enclosed environments but also for other adsorption and separation

processes.
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2. EXPERIMENTAL SECTION
2.1. PREPARATION OF ZEOLITE MONOLITHS

Self-standing zeolite monoliths were prepared from zeolite 13X and 5A powders
(UOP), bentonite clay (Sigma Aldrich) as a binder, methyl cellulose (Thermo Fisher), as a
plasticizing organic binder, and poly(vinyl) alcohol (PVA, Sigma-Aldrich) as a co-binder.
Methy! cellulose contains hydroxyl groups that contributes to additional particles cohesion
while playing an important role in the monolith strength. A desired amounts of these
powders were first mixed using a high-performance dispersing instrument IKA-R25 at
2500 rpm. After obtaining a homogeneous powder mixture, a sufficient amount of distilled
water was added and mixed rigorously using the IKA-R25 at 2500 rpm until a homogenous
aqueous paste with suitable viscosity was produced. The paste was loaded into a syringe
(3 mL, Norson EFD, USA) attached to a nozzle with a 0.60 mm diameter. In the next step,
the paste was extruded through the moving nozzle in a Robocasting 3D printer (3D Inks,
Stilwater, USA). In this method, the printed product was first designed by the software
RoboCAD 4.2 that controlled the printer motion and then the paste was deposited in a layer
by layer fashion with layers having perpendicular to each other.®® The well-defined
structures with uniform channels and layers thickness could be obtained by this technique.
Figure 1 shows the cylindrical zeolite monoliths with square channels and smooth surfaces

fabricated by the 3D printer.
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Figure 1. Self-standing zeolite 13X monoliths extruded by Robocasting 3D printer.

After the monolithic structures were printed, they were initially dried at room
temperature to partially remove water content. The pieces were then placed into an oven
and heated at 100 °C to remove the rest of water and allow the polymer linker (PVA) and
methy! cellulose to quickly build up high strength and avoid skin cracking. After drying in
the oven, the monoliths were calcined (sintered) at 700 °C at the rate of 20 °C/min in a
temperature-controlled furnace for 2-4 h in order to decompose and remove the co-binders,
methyl cellulose and PVA. This calcination step removes the organic content and results
in increasing the mesoporosity in addition to enhancing the mechanical strength of the final
calcined monolith. To investigate the mechanical stability and CO2 adsorption performance
of monolithic structures, zeolite 13X and 5A monoliths were prepared by varying the

zeolite to binder weight ratio, co-binder and plasticizer concentrations, as listed in Table 1.

Table 1. Compositions of the fabricated 3D-printed 13X and 5A zeolite monoliths.

Zeolite Bentonite clay Methyl cellulose PVA

Monolith

(wt %0) (wt %0) (wt %0) (wt %0)
R2 80 15 35 15
R3 85 10 35 15

R4 90 7 2.0 1.0
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2.2. CHARACTERIZATION OF ZEOLITE MONOLITHS
N2 physisoprtion isotherms were collected at 77 K using a Micromeritics 3Flex gas

analyzer to investigate the textural properties of the zeolites in both powder and monolith
forms. All samples were first degassed on a Micromeritics PreVac at 350 °C for 8 h before
measurement. The obtained isotherms were used to evaluate the surface area pore volumes,
and pore size distribution (PSD). The X-ray diffraction (XRD) measurements were
conducted using PANalytical X’Pert Multipurpose X-ray Diffractometer with scan step
size of 0.02%step at the rate of 147.4 s/step. Structural morphology was studied by Hitachi
S4700 Field Emission Scanning Electron Microscopy (SEM). In order to obtain cross
sectional view in SEM, monolith structures were placed horizontally on the sampler holder
and their height was adjusted accordingly. To measure the residual binder content that
remains in the monolith after calcination, TGA-DSC was carried out from 25 to 700 °C at

the rate of 20 °C/min using TGA (Q500, TA Instruments).

2.3. MECHANICAL TESTING

Mechanical testing was carried out using an Instron 3369 (Instron, Norwood, USA)
mechanical testing device. Initially, monoliths were polished with a 3M surface smoothing
sand paper to prevent uncertain surface and to avoid cracks on the surface for achieving
effective results. After polishing, the monolith was placed between two metal plates and
compressed with 500 N load cell at 2.5 mm/min while the applied load and piston
movement was recorded, following the ASTM D4179-01 (standard test method for single
pellet crush strength of formed catalyst shapes) procedure.®” The compressive force was

applied until the monolith broke.



24

2.4. ADSORPTION CAPACITY MEASUREMENTS
TGA (Q500, TA Instruments) was utilized to measure CO2 capacity under ultra-dilute

capture conditions. To drive off the pre-adsorbed gases, moisture or any other impurities,
commercial powders and synthesized monoliths were first degassed at 400 °C under N2
with the flow rate of 40 mL/min. CO2 capture uptake measurements were then carried out
at room temperature by exposing the samples to 0.5% CO2in N2. In addition, the CO2 and
N2 adsorption isotherms for R4 monoliths and their powder counterparts were measured

by 3Flex at 25 °C.

2.5. CO2, BREAKTHROUGH EXPERIMENTS

The breakthrough experiments were performed in a small-scale fixed-bed column
coupled with a BEL-Mass spectrometer (MS). The schematic of the setup could be found
in our previous publication.® The feed stream with the composition of 0.5% CO2/N2 was
fed into the column at the flow rate of 60 mL/min. Prior to each sorption experiment, the
bed was heated to 400 °C under flowing N2 at 60 mL/min for 2 h to desorb adventitious
CO:2and water, then cooled to 25 °C and exposed to CO:2 for the experimental sorption run.
The effluent composition exiting the column was transiently measured by the MS and after
reaching the inlet concentration, desorption step was started by flowing N2 to the column
at the same flowrate (i.e., 60 mL/min).

3. RESULTS AND DISCUSSION

3.1. PHYSICAL PROPERTIES OF 3D-PRINTED MONOLITHS
N2 physisorption isotherms and the corresponding pore size distribution curves,

displayed in Figure 2, were used to assess the porosity of the monoliths and their powder
analogues. For monolithic sample, the isotherms show an initial steep uptake at low partial

pressures (P/Po) between 0.0 and 0.05 corresponding to the adsorption in the micropores,
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followed by a gradual increase with hysteresis at high P/Po indicative of capillary
condensation in mesopores.?? The N2 isotherms for 3D-printed 13X and 5A monoliths

are of type IV isotherm shape while the powder zeolites displayed a typical type | isotherm

shape characteristic of microporous materials.*’
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Figure 2. N2 physisorption isotherms and pore size distribution for of 3D printed monoliths
and powders for (a-b) 13X and (c-d) 5A zeolites, respectively. Pore size distribution
derived from the DFT method using the desorption branch of the N2 isotherm.

The size of the micropores calculated using the DFT method was 1.06 nm for 13X-R4

and 1.07 nm for 5A-R4 monoliths (Table 2). For all materials, the first peak appears in the
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range from 0.5 to 2 nm which corresponds to micropore range. For 13X-R2 and 13X-R3
zeolite monoliths, the meso-sized pores were obtained in the range of 150-170 nm and 100-
120 nm, respectively. This difference in the mesopore size distribution may be attributed
to short heating and stirring time.?> As expected, shaping zeolite particles into a self-
standing monolith configuration using 3D printing method introduces mesoporosity into
the structure. In addition, the formed mesopores in the monolith R2 monoliths are bigger
in size than in the R3 and R4 monoliths mainly due to the smaller amounts of binder and
plasticizer in the later samples.

Table 2 summarizes the BET surface area, micropore and mesopore volumes, and the
corresponding diameters of 3D-printed monoliths and zeolite powders. The BET surface
areas of 13X-R4 and 5A-R4 monoliths were found to be 635 and 543 m?/g, respectively
whereas the micropore volumes (at P/Po = 0.99) were calculated to be 0.24 and 0.25 cm®/g,
respectively, all of these values were relatively lower than those for zeolite 13X and 5A in
the powder form, as expected as a result of lower zeolite content. The data presented in
Table 2 show that the characteristics of the 13X and 5A monoliths were very similar.
Although increasing the binder content resulted in reduced BET surface area and micropore
volume, the mesopore volume increased with binder content. Notably, the mesopore
volume of 13X monolith was higher than that of 5A monolith with similar composition
(0.05 compared to 0.06 cm®/g). It should be noted here that for the rest of our analysis we
only focused on the monoliths with highest zeolite loading (R4) and compared their

characteristics with their powder counterparts.
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Table 2. N2 physisorption data for 3D-printed monoliths and zeolite powders.

Seer® Vo) Ymeo” gmicroo{ .
Sample (m?lg) (cm*/g) §cm /9 - (nm)
Powder zeolite 13X 770 0.31 - 1.06 -
Monolith 13X-R2 498 0.22 0.020 1.06 25,4,6.3,7.8
Monolith 13X-R3 517 0.25 0.018 1.06 2.8,3,3.6,4.2,6.8
Monolith 13X-R4 571 0.26 0.012 1.06 4.3
Powder zeolite 5A 705 0.29 - 1.07 -
Monolith 5A-R2 395 0.18 0.014 1.07 23 3 38 4
Monolith 5A-R3 504 0.23 0.012 1.07 2.8,3.6
Monolith 5A-R4 543 0.25 0.009 1.07 2.5,3.2

[a] Obtained at P/Py in the range of 0.05-0.3. [b] Estimated by t-plot. [c] Estimated by subtracting Vmicro
from the total volume at P/Py = 0.99. [d] Estimated using Horvath—Kawazoe method.

After forming paste, the function of plasticizer is no longer necessary and to achieve

better mass transfer and the formation of secondary pore structure, removal of plasticizer

is processed by calcination. Upon calcination, the organic content of the monolith (i.e.,

methyl cellulose and PVA) was removed rendering the calcined monoliths containing

zeolite and binder particles only. To verify this, the amounts of zeolite and bentonite clay

were quantified by TGA. Figure 3 displays the mass degradation of as-synthesized

(uncalcined) and calcined zeolite monoliths (highly loaded R4) obtained from TGA-DSC.

The TGA data of methyl cellulose and PVA shown in Figure 3c, d, display a weight loss

step at 360°C and 275°C, respectively. On the basis of these profiles, we believe that the

weight losses below 200 °C correspond to moisture desorption. For uncalcined monoliths,

the other weight losses appearing between 200 °C and 700 °C are associated with the




28

0.16 0.16
100 o I ]
160°C Monolith 13X-R4-uncalcined Monolith 5A-R4-uncalcined
L 0.12 L 0.12
1 0.08
330°C 0.08 _ !
= 370°C L
S 80+ Food 5 37 0.04
172 o w U
] o =2 g,
= 0.00 = - 0.00 @
£ 1004 145°C ) ) 2 £ 1004 130°C
g, 100 Monolith 13X-R4-calcined a '% . Monolith 5A-R4-calcined =
Fo.12 ; 185°C F0.12 O
=
904 [0.08 90 [-0.08
[0.04 [-0.04
80 804
T T T T T Y 0.00 T T T T T T 0.00
100 200 300 400 500 600 700 100 200 - 300 ‘ 400 oc 500 600 700
mperatur
Temperature (°C) emperature (°C)
(a) (b)
100 T T T T T . 100 T T T T T T y
2.5 )
F1.2
80 80 4
2.0 o)
S S L 1.0
S @ -
@ 604 55 8 604 F080
° e = )
2 2 5 L0.6 \g
=) )
‘T 40 1.0 40 4
§ % = Lo4O
L 0.5 0.2
20 4 20
0.0
= 0.0
O T T T T T T 0 T T T T T T '02
100 200 300 400 0 500 600 700 100 200 300 400 0 500 600 700
Temperature ("C) Temperature ("C)
(©) (d)

Figure 3. Thermogravimetry and differential thermogravimetry curves for uncalcined and
calcined (a) 13X-R4, (b) 5A-R4 zeolite monoliths, (c), methyl cellulose and (d) PVA.

decomposition of organic additives, whereas for calcined samples, small weigh losses
could be attributed to the loss of organic compounds that had been trapped in the pore
network during sintering process and still existed in the structure after calcination. The total
weight loss between 200 °C and 700 °C was 10 wt% and 8 wt% for uncalcined 13X-R4
and 5A-R4 calcined monoliths, respectively, while both samples exhibited ~4 wt% weight
loss after calcination. The later implies that the total weight of zeolite and permanent binder

(bentonite clay) in the final monoliths is ~96 wt% which is close to the nominal weight

fractions used in the preparation step (see Table 1).
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3.2. STRUCTURAL PROPERTIES OF 3D-PRINTED MONOLITHS

Figure 4 displays the XRD patterns of 13X-R4 and 5A-R4 zeolite monoliths after
calcination along with their powder counterparts. As shown in this Figure, the good
crystallinity of the zeolites was retained although slight differences in the peak intensities

can be observed in the XRD patterns of 3D-printed monoliths with 90 wt% zeolite loading.
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Figure 4. (a) XRD patterns of the calcined 3D printed monoliths and powders for (a) 13X,
(b) 5A zeolite, and (c) bare bentonite clay (permanent binder).
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This could be attributed to the presence of the binder (bentonite clay) or the change in the
size of zeolite particles as a result of sintering during calcination process. In addition, these
patterns reveal that the diffraction peaks of FAU and LTA frameworks were retained in the
monolithic structures. The presence of peaks at 2 = 6.2°, 15.6° and 30.9° in Figure 4a
correspond to (111), (331), and (715) planes in FAU framework, respectively whereas the
reflections at 2 = 7.2°, 16.1°, and 27.1°in Figure 4b are related to (200), (420), and (642)
planes in LTA framework.% It is worth mentioning that the low intensity diffractions peaks
of bentonite clay appeared at 2 ~ 20 and 27° (Figure 4c) were overlapped with those of
zeolites at the same angle.

Low and high magnification SEM images of 13X-R4 and 5A-R4 monoliths prepared by
3D printing technique are presented in Figure 5a-h. The low magnification SEM images
shown in Figures 5a and 5e reveal the uniform square channel cross-section of the structures
with the wall thickness of ~0.65 mm and channel width of ~0.4 mm for both cases. The
magnified views of the channel structures shown in Figures 5b-d and 5f-h clearly illustrate
the macroporous nature of the walls with pores on the order of 5-50 um. These images
indicate that the 3D-printed monoliths retained their porous morphology and that the

particles sintered together to form a porous network with voids having sizes on the scale of
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Figure 5. SEM images of (a-d) 13X-R4 and (e-h) 5A-R4 3D-printed monoliths.

micrometers. Moreover, it is apparent from these images that the particles distribution was
not adversely affected by the paste preparation and printing conditions, and no particles

agglomeration could be observed.
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3.3. MECHANICAL STRENGTH OF 3D-PRINTED MONOLITHS
The mechanical strength and deformation of the samples was also assessed by
compression test and the compressive strength of monoliths as a function of zeolite loading
is presented in Figure 6. In addition, the corresponding compressive strength and the
average Young’s modulus values extracted from these data are presented in Table 3. The
trend in Figure 6a suggests the proportional relationship between zeolite loading and
compressive strength and also the displacement between particles that the material tend to
retain upon loading, relative to the length of the monolith. The 13X-R4 that contains
highest zeolite loading (90 wt %) showed maximum compressive strength (0.69 MPa)
before catastrophic failure which can be attributed to its porosity and microporous
texture.®4% Previously, Martin and Brown demonstrated the decrease in compressive
strength with porosity for carbonated hydroxyapatite monoliths.** Since lower amount of
binder and additives were used for preparation of 13X-R4, this monolith is denser than the
13X-R3 and 13X-R2 and its microporous texture requires high compressive force to
deform micropore walls as compared to 13X-R3 and 13X-R2. In contrast, 13X-R2
exhibited the lowest compressive strength (0.3 MPa) as a result of higher mesopore volume

than other monoliths.
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Figure 6. Compressive strength versus zeolite loading (wt %) of (a) 13X and (b) 5A 3D-
printed monoliths, respectively. Stress-strain curves of 3D-printed monoliths of (c) 13X
and (d) bA.

Figure 6b illustrates the compressive strength of 5A-R2, 5A-R3 and 5A-R4 monoliths.
Compressive strength shows similar increasing trend with zeolite loading as for 13X

monoliths. However, compressive strength of 5A monoliths were much lower than that of

13X monoliths with the same zeolite loading which could be linked to their less dense
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structure. Maximum compressive stress of 0.35, 0.15 and 0.5 MPa were recorded for 5A-
R4, 5A-R3 and 5A-R2, respectively (see Table 3). The corresponding stress-strain curves
are also shown in Figure 6c¢, d. Comparing the crush strength of the monoliths with that of
SA pellets used in NASA’s CO2 removal system revealed that the 3D monoliths have
higher crush strength than the pellets.*>* It should be however noted that the single pellet
crush tests on the NASA’s 5A pellets were performed under humid conditions which could

be a reason for having lower strength.

Table 3. Mechanical testing data for 3D-printed monoliths.

Sample Compression strength Young’s modulus
(MPa) (MPa)
Monolith 13X-R2 0.30 7.50
Monolith 13X-R3 0.45 10.0
Monolith 13X-R4 0.69 15.0
Monolith 5A-R2 0.05 1.65
Monolith 5A-R3 0.17 5.75
Monolith 5A-R4 0.35 9.45

3.4. EQUILIBRIUM ADSORPTION MEASUREMENTS
The CO: adsorption capacity of 3D-printed monoliths was determined by TGA

experiments at 25 °C and two different concentrations, namely 0.3 and 0.5% relevant to the
COz2 partial pressure in enclosed environments. The adsorption capacities are displayed in
Figure 7. It is evident from this Figure that the zeolite monoliths prepared by 3D printing
technique display comparable capacity to the powder zeolites. In particular, for 0.5%
CO2/Nz2, 13X-R4 showed a CO2 uptake of 1.39 mmol/g which is 87% of that of 13X zeolite
in the powder form, whereas, 5A-R4 exhibited 89% of the capacity of the 5A powder (1.43

mmol/g). Moreover, as can be seen from these results, increasing the zeolite/binder weight
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ratio resulted in the increased CO: adsorption capacity. This expected proportional CO2
adsorption to zeolite loading in monolithic adsorbents could be attributed to the fact that
equilibrium adsorption mainly takes place in micropores of the monoliths. Analyzing the
micropore volumes of monoliths obtained from N2 physisoprtion (Table 2) and CO:2
adsorption capacities (Figure 7), it follows that the difference in adsorption uptake of
monoliths are proportional to the difference in their micropore volumes. For instance, the
adsorption capacity of 5A-R4 was 1.12 times higher than that of 5A-R3 while its micopore

volume was 1.10 higher.
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Figure 7. CO2 adsorption capacities for 3D-printed monoliths and zeolite powders
obtained at 25 °C using 0.3% and 0.5% CO2 in Na.

In addition to single point adsorption measurements, pure CO2 and N2 adsorption
isotherms were obtained at 25 °C and 1 bar and the results are presented in Figure 8. The
monoliths exhibited similar behavior to their powder counterparts displaying high affinity
towards CO2 with negligible N2 adsorption. Consistent with TGA tests, the COz2 isotherms
for 3D-printed monoliths were comparable to those for zeolite powders. The monoliths
13X-R4 and 5A-R4 displayed a sharp CO2 uptake at low pressures reaching 88% and 75%

of their equilibrium capacities at 0.2 bar, respectively, followed by gradual increase until
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full equilibrium at higher pressures. Compared to other self-standing zeolite monoliths

prepared by Hassan et al.,*® our 3D-printed monolith shows higher CO2 uptake at room

temperature.
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Figure 8. (a-b) CO2 and (c-d) N2 adsorption isotherms for 13X-R4 and 5A-R4 3D-printed

monoliths and powders obtained at 25 °C.

3.5. CO2 BREAKTHROUGH EXPERIMENTS
The dynamic adsorption performance of zeolite monoliths and powders were evaluated

at 25 °C and atmospheric pressure using a feed gas containing 0.5% CO2 in N2 with the flow
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rate of 60 mL/min and the corresponding CO2 breakthrough profiles are presented in Figure
9. For both 13X and 5A, the zeolite powders retained CO2 longer and exhibited longer
breakthrough times than their monolithic counterparts. However, the concentration fronts
of 13X-R4 and 5A-R4 monoliths were sharper than those of powders with the breakthrough
width of 36 min and 61 min, respectively (compared to 40 min and 75 min, for 13X and

5A powders, respectively) indicating less mass transfer resistance in monolithic beds. Here

Table 4. Dynamic adsorption data for 3D-printed monoliths and zeolite powders.

teo teoo foro Breakthrough
Sample (Er-)n/ci)n) E?n/;n) ??n/;n) width
(min)
Powder zeolite 13X 13 23 53 40
Monolith 13X-R4 9 19 48 36
Powder zeolite 5A 15 44 90 75
Monolith 5A-R4 9 36 70 61
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Figure 9. Breakthrough curves for (a) 13X-R4 and (b) 5A-R4 3D-printed monoliths and
zeolite powders obtained at 25 °C and 1 bar.
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breakthrough width is defined as the difference between the time to reach 5% and 95% of
the final composition.** Table 4 tabulates the breakthrough times for the samples along with
times to reach 50% and 95% of final concentration. Importantly, the dynamic capacities
could be correlated to the zeolite loading and hence equilibrium adsorption capacity of the
monoliths. The 13X powder attained 50% of the final concentration at 23 min which was
1.2 times longer than the time for 13X-R4 (23 min). This can be attributed to the difference
in zeolite loading of the samples with 13X powder having 1.1 higher loading than the 13X
monolith (see Table 1). The same trend could be realized for 5A samples.

4. CONCLUSIONS

In summary, the first example of 13X and 5A zeolite monoliths fabricated by 3D
printing technique with high zeolite content is reported. The monolith walls consisted of a
network of interconnected micro, meso, and macropores of zeolite and binder particles. The
3D-printed 5A and 13X monoliths with high zeolite loading (90 wt %) showed comparable
CO2 adsorption to their powder counterparts. More importantly, these novel structures gave
rise to improved adsorption capacity and mechanical stability. By using 3D printing
technique, it is possible to systematically tune the porosity, zeolite loading, and mechanical
strength of monolithic structures. Our preliminary results demonstrate that the 3D printing
technique offers an alternative approach for fabricating adsorbent materials in any
configurations that can be used for various adsorptive-based separation processes.
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ABSTRACT

Amine-based materials have represented themselves as a promising class of CO:2
adsorbents; however, their large-scale implementation requires their formulation into
suitable structures. In this study, we report formulation of aminosilica adsorbents into
monolithic structures through 3D printing technique. In particular, 3D-printed monoliths
were fabricated using pre-synthesized silica-supported tetraethylenepentamine (TEPA)
and poly(ethylenimine) (PEI) adsorbents using three different approaches. In addition, a
3D-printed bare silica monolith was prepared and post-functionalized with 3-
aminopropyltrimethoxysilane (APS). Characterization of the obtained monoliths indicated
that aminosilica materials retained their characteristics after being extruded into 3D-printed
configurations. Adsorptive performance of amine-based structured adsorbents was also
investigated in CO2 capture. Our results indicated that aminosilica materials retain their
structural, physical, and chemical properties in the monoliths. In addition, the aminosilica
monoliths exhibited adsorptive characteristics comparable to their corresponding powders.
This work highlights the importance of adsorbent materials formulations into practical
contactors such as monoliths, as the scalabale technology platform, that could facilitate
rapid deployment of adsorption-based CO2 capture processes on commercial scales.
Keywords:

3D printing technique, aminosilica adsorbents, monoliths, CO2 capture, functionalization
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1. INTRODUCTION

Despite significant advances in development of novel adsorbents and adsorption
processes, adsorption-based CO2 capture processes have yet to become commercially
available on an industrial scale.? Part of the reason for that lies in the fact that most of the
current body of research largely overlook development of scalable gas-solid contactors that
not only exhibit high capture efficiency but also address the large-scale operational
problems associated with traditional packing systems.® Such structured adsorbents,
especially in the form of monolithic structures, have been shown to demonstrate superior
mass and heat transfer characteristics than the corresponding pellets and beads while at the
same time, dramatically reduce attrition and pressure drop of the adsorption column,
resulting in a more cost-effective capture process.>°

Various adsorbents have been investigated for CO2 capture so far including carbon-
based materials, zeolites, metal-organic frameworks (MOFs), organic-inorganic materials,
and metal oxides.**° Among them, amine-based adsorbents offer a great potential for large-
scale implementation of capture processes mainly due to their superior advantages such as
high adsorption capacity, relatively low regeneration energy requirement, long-term
stability, and enhanced CO: uptake in the presence of water.!! Most of the studies
conducted on these materials often focus on evaluating their adsorption properties in the
form of powders.

Most recently, several attempts have been undertaken to formulate this fascinating class
of materials into practical configurations. For example, impregnation of pelletized
mesoporous silica (MCM-41, MCM-48, and SBA-15) with PEI was demonstrated by

Sharma et al.'? The authors found that the PEl-impregnated pellets containing methyl
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cellulose and activated carbon (as plasticizers) display higher CO2 adsorption capacity than
the impregnated powders and attributed this enhancement to the presence of activated
carbon that is responsible for pore expansion in pelletized adsorbents. Klinthong et al.*®
used a binder solution containing 3 wt% polyallylamine (PAA) and 2 wt% NaOH to form
pellets from powdered PEI-functionalized MCM-41. It was reported that the pellets
prepared by this binder formula exhibit the CO2 adsorption capacity slightly lower than the
powdered adsorbent. In another study, porous silica gel beads were used as supports for
several amines and a CO2 adsorption capacity of 1.16 mmol/g at 50 °C was reported for
silica gel beads modified with 15 wt% PEL* Bisone et al.®® immobalized several
aminopolymers into spherical Al203 pellets and studied them for postcombustion CO2
adsorption. More recently, pelletization of aminosilica materials was investigated by
Rezaei et al.'® through mechanical pressing of the powders. The authors demonstrated that
shaping solid supported amine adsorbents into binderless pellets requires pressing the
powders at low pressures (< 1000 psig) to ensure the materials retain their adsorption
efficiency. In recent studies by Wilfong and co-workers®"® pelletization of TEPA-silica
adsorbents was demonstrated through utilization of various additives and plasticizers such
as fly ash, poly(vinyl chloride)(PVC), and poly(chloroprene)(PC). On the basis of
mechanical strength and CO2 adsorption performance, the authors concluded that pellets
containing fly ash and PC show better adsorptive behavior and are more mechanically
robust than PVC-based pellets.

The above examples focus mainly on formulation of aminosilica materials into
pellets/beads while comparatively little work has been done on considering other

geometries. In a recent study by Sakwa-Novak et al.'® alumina honeycomb structures were
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functionalized by PEI and studied for COz2 capture from air. The PEI-impregnated alumina
monoliths achieved a volumetric capacity of 350 mol CO2/m3monolith for 400 ppm COz in
N2. Apart from this post-functionalization study, to the best of our knowledge, formulation
of aminosilica materials into monolithic adsorbents has not been investigated in the past.

In our previous work, we fabricated zeolite 13X and 5A monoliths with high zeolite
loadings (90 wt%) using a novel 3D printing technique.?® In addition to high adsorption
capacity and relatively fast kinetics, highly robust zeolite monoliths were obtained with
tunable structural, chemical, and mechanical properties for use in gas separation processes.
The 3D printing technique has recently gained immense interest in adsorption and catalysis
due to its substantial benefits compared to conventional extrusion technique, including the
possibility of precisely fabricating three-dimensional adsorbents/catalysts into desired
configurations with controllable channel size, wall thickness, and density.?%-22

Motivated by our previous work, the goal of this study was to employ the 3D printing
method to fabricate novel aminosilica monoliths that could be used in CO:2 capture
processes. We followed various formulation and paste preparation approaches to produce
structures that exhibit comparable adsorptive characteristics to their powders counterparts.
In the first approach, a bare silica monolith was fabricated first and then grafted by APS
while in the next three approaches described in the following section, the pre-synthesized
PEI- and TEPA-impregnated silica materials were used to fabricate the structures after
mixing with a binder and an additive. The performance of the 3D-printed monoliths were

then investigated in COz2 capture.
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2. EXPERIMENTAL SECTION

2.1. MATERIALS

Silica PD-09024 (PQ Corporation) was used to synthesize amine-functionalized
powders as well as 3D-printed silica monoliths. Bentonite clay (Sigma-Aldrich) was used
as a binder to achieve a desired mechanical strength required to prevent cracks on channels
or external perimeter of the structure. Methyl cellulose (Thermo Fisher) was used as a
plasticizer to adhere the binder and adsorbent particles. The aminopolymers (TEPA and
PEI) were obtained from Sigma-Aldrich while aminosilane APS was purchased from

Gelest. Ultra-high purity gases used in this study were all obtained from Airgas.

2.2. AMINOSILICA POWDERS PREPARATION

The PEI- and TEPA-impregnated and APS-grafted silica powders were synthesized
according to the well-established synthesis procedures in the literature.?®?* Briefly, using
the wet impregnation process, amine-impregnated samples were synthesized by first
dissolving a desired amount of amine in methanol, then adding degassed silica to the
solution and letting it stir for 16-24 h at room temperature. Finally, the product was
recovered by removing methanol using a rotary evaporator (rotovap), followed by drying
at 105 °C overnight under vacuum. Grafting APS on silica surface was carried out by first
mixing desired amounts of toluene and degassed silica, followed by adding a desired
amount of APS to the mixture, stirring for 16-24 h at 85 °C, and finally vacuum filtering
the solution and rinsing with toluene and ethanol before vacuum drying at 105 °C

overnight.
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2.3. AMINOSILICA MONOLITHS PREPARATION
2.3.1. Approach-1 (AP-1). In the first approach, bare 3D silica monoliths were printed

by first mixing PD-silica, bentonite clay, and methyl cellulose with the weight ratios of
90:7:3 wt% using an IKA RW20 mixer at 250 rpm until a homogeneous powder mixture
was obtained. DI water was then gradually added while mixing to form an extrudable paste.
After that, the paste was loaded into a tube (10 cc, Norson EFD, USA) and the tube was

tightened on the sampler holder of Aluminum Prusa I3 A Pro 3D Printer (Geeetech). The

paste was extruded through 0.6 mm diameter nozzle (Tecchon) and well-defined structures
with uniform channels were printed by depositing paste with external perimeter and infill
density (50% of the diameter) in a layer-by-layer fashion. The fresh 3D-printed silica
monoliths were then dried at 80 °C for 2-3 h to prevent development of cracks in the
structure and then calcined at 550 °C to remove methyl cellulose. The 3D-printed
monoliths were then functionalized with aminopolymers and aminosilane in a similar way

as the silica powder, (see section 2.2).

2.3.2. Approach-2 (AP-2). In this approach, the pre-synthesized aminosilica materials
were mixed with bentonite clay and methyl cellulose with the weight ratios of 90:7:3 wt%
for 20 min to obtain a homogeneous powder mixture. Methanol was then added dropwise
to the solid mixture until it formed a paste. This paste was then stirred for 30 min to obtain
a homogeneous paste with a suitable viscosity. Then the paste was fed into the tube and
extruded using the 3D printer. Finally, the obtained 3D-printed aminosilica monoliths were
dried at 80 °C for 2-3 h. Calcination was not performed in this approach because of the

degradation of amine moieties at high temperatures.
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2.3.3. Approach-3 (AP-3). In approach-3, we adopted a procedure developed by
Wilfong et al.l” for pelletizing aminosilica adsorbents. According to this procedure,
methanol and amine (PEI or TEPA, 1 wt%) were first mixed and allowed to stir for 30 min.
Methyl cellulose (3 wt%) was then added gradually while heating the solution in an oil
bath at 50 °C for 8 h until the methyl cellulose was dissolved. In the next step, pre-
synthesized aminosilica and bentonite clay with the ratios of 90:7 wt% were mixed for 20
min and then the solution was poured into the powder mixture while stirring. To form the
paste, extra methanol droplets were added to adjust the viscosity of the paste. Further steps

in this procedure are the same as AP-2.

2.3.4. Approach-4 (AP-4). In approach-4, two different solutions were prepared. In the
first solution, a mixture of amine (PEI or TEPA, 1 wt %), methyl cellulose (3 wt %), and
methanol was formed and stirred in the oil bath at 50 °C for 8 h, whereas the second
solution was obtained by mixing pre-synthesized aminosilica (90 wt %), bentonite clay (7
wt %), and methanol for 2 h at room temperature. In the next step, both solutions were
combined and mixed for 45 min to form a homogenous paste. The remaining steps in this

procedure are the same as AP-2.

Figure 1 visually illustrates the 3D-printed aminosilica monoliths obtained from our
3D printer. It should be pointed out here that the samples obtained from the above
approaches look visually the same and are not distinguishable. APS-grafted silica
monoliths were prepared only by AP-1 through post-functionalization of silica monoliths
and the other approaches were not considered for this aminosilica material mainly because
of the failure in paste preparation from a pre-synthesized APS-silica powder, despite

several attempts in varying the paste composition or the type of solvent. On the other hand,
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post-functionalization of 3D-printed silica monolith with PEI and TEPA failed to yield
impregnated monoliths with high CO2 adsorption capacity (>1 mmol/g), thus throughout
this work, we only focused on characterizing and testing aminopolymer monoliths prepared

by Approaches 2-4.

Figure 1. 3D-printed aminosilica monoliths.

2.4. CHARACTERIZATION OF AMINOSILICA MONOLITHS

To investigate the physical properties of the samples, N2 physisorption isotherms were
collected at 77 K using Micromeritics 3Flex gas analyzer. Micromeritics Prevac was
utilized to outgas samples at 110 °C for 3 h prior to analyses. Surface area of all samples
were evaluated by Brunauer—Emmett-Teller (BET) method whereas pore volume and pore
size distribution values were derived using Hovarth-Kowazoe and Barrett-Joyner-Halenda
(BJH) methods, respectively. To determine the successful incorporation of amine groups
into the silica structure, FTIR spectra of the aminosilica powders and monoliths were
obtained using a Nicolet-FTIR Model 750 Spectrometer. Moreover, structural morphology

of the samples was studied by Hitachi S4700 Field Emission Scanning Electron
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Microscopy (SEM). Elemental analysis was also conducted by a PerkinElmer elemental
analyzer (Model 2400) to determine the amine loadings of the samples.
2.5. CO, ADSORPTION CAPACITY MEASUREMENTS

CO2 capture capacity was measured via TGA (Q500, TA Instruments). All the amine-
based powder and monolith adsorbents were degassed under N2 with the flow rate of 40
mL/min at 110 °C prior to adsorption. Then samples were exposed to 10% COz in N2 with
the flow rate of 60 mL/min at 25 °C under dry conditions. The CO2 uptake over several
samples was also measured at 50 and 75 °C. Moreover, to determine the stability of 3D-
printed aminosilica monoliths, five consecutive adsorption-desorption cycles were
performed on TGA with 30 min cycle time. Adsorption runs were conducted at 25 °C while

desorption runs were carried out at 110 °C.

2.6. CO, BREAKTHROUGH EXPERIMENTS

The breakthrough experiments were performed in a fixed-bed column coupled with a
BEL-Mass spectrometer (MS) using 10% CO2/N2gas mixture. The schematic of the setup
could be found in our previous publications.?%?-27 Initially, N2 was fed into the column at
60 mL/min for 2 h at 100 °C to drive off the moisture and pre-adsorbed gas molecules and
then the bed was cooled down to 25 °C. For dry runs, after stabilizing the temperature,
monoliths were exposed to 10% CO2/N2 with the flow rate of 60 mL/min until the materials
reached their semi-equilibrium capacity. In addition, humid runs were carried out by first
saturating the bed with water vapor for 30 min through passing a stream of humidified N2
from a water saturator and then flowing the humidified 10% CO2/N2 gas mixture into the
bed at 25 °C. This prehydrated mode experiment was performed to ensure the bed is

saturated with water and it was then assumed that the amount of water preadsorbed in the
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bed remained constant by flowing wet flue gas with RH 100% throughout the CO:2
adsorption test.?

3. RESULTS AND DISCUSSION
3.1. CHARACTERIZATION OF AMINOSILICA MONOLITHS

N2 physisorption at 77 K experiments revealed typical type IV isotherms that showed
H1-type hysteresis loops for aminosilica monoliths and their corresponding mesoporous
powders, as presented in Figure 2a-f. The similarity between the shape of the isotherms for
monoliths and related powders confirms the mesoporous nature of the aminosilica
monoliths. The calcined 3D-printed silica monolith with surface area and pore volume of
312 m?/g and 0.95 cm®/g, respectively exhibited properties close to those of the bare silica
powder (344 m?/g and 1.04 cm?®/g, respectively), whereas for the uncalcined silica monolith
both values were lower (i.e., 203 m?/g and 0.65 cm®/g, respectively), more likely due to the
presence of methyl cellulose. The associated textural properties extracted from the
isotherms are presented in Table 1. As a general trend, after amine functionalization, the
N2 uptake decreased dramatically compared to the bare silica, with the decrease being more
pronounced for aminopolymer materials. Moreover, comparing the N2 physisorption
profiles of the powders and the corresponding monoliths, it follows that the uptake is lower
for the monoliths which could be attributed to the presence of additives used in preparing
the paste such as bentonite clay and methyl cellulose. Notably, the reduction in N2 uptake
was more pronounced in monoliths prepared by approaches 2-4, which could be justified
by unclacined nature of these monoliths that still have methyl cellulose in their structure

compared to the monoliths prepared by AP-1.
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Figure 2. N2 physisorption isotherms and pore size distribution curves for (a-b) PD-APS,
(c-d) PD-PELI, and (e-f) PD-TEPA 3D-printed monoliths and their corresponding powders.

Corresponding pore size distribution (PSD) curves shown in Figure 2b, d, f reveal a

uniform pore size in the structure of all 3D-printed monoliths with sizes similar to those of
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powders, although the pore volumes were smaller. An average pore size ranging from 8 to
16 nm was estimated for the three types of aminosilica monoliths. Furthermore, as the data
in Table 1 suggest, various approaches gave rise to nearly identical pore volumes and

similar surface areas.

Table 1: Textural properties of aminosilica monoliths and corresponding powders.

Sample SgeT Viotal Pore width
(m?/g) (cm¥/g) (nm)
PD-silica Powder 344 1.04 11
PD-silica Monolith-uncalcined 203 0.65 9
PD-silica Monolith-calcined 312 0.95 10
PD-APS Powder 103 0.32 10
PD-APS Monolith (AP-1) 62 0.22 8
PD-PEI Powder 22 0.13 18
PD-PEI Monolith (AP-2) 10 0.04 14
PD-PEI Monolith (AP-3) 9 0.04 16
PD-PEI Monolith (AP-4) 8 0.03 12
PD-TEPA Powder 35 0.17 14
PD-TEPA Monolith (AP-2) 18 0.07 13
PD-TEPA Monolith (AP-3) 11 0.06 16
PD-TEPA Monolith (AP-4) 13 0.07 15

Figure 3 compares the FTIR spectra of the powder adsorbents and the monoliths
prepared from various approaches. In the FTIR spectra of the samples, all the major bands
that appeared in the spectra of the powders were essentially replicated for the monoliths,
with the location of the peaks remaining unchanged. The strong absorption band near 1100
cmt in all spectra was attributed to Si-O-Si asymmetric stretching vibrations whereas the
bands between 2800 and 3000 cm™ were associated with C-H stretching vibrations. In
addition, the peaks of N-H and C-N bonds appeared in the range between 1400 and 1700

cm?, respectively. The presence of an extra peak near 3700 cm™ in the spectra of
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monolithic samples could be attributed to OH stretching band of the bentonite clay, as can

be observed in the FTIR spectra of pure bentonite clay shown in Figure 3d.
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Figure 3. FTIR spectra of (a) PD-APS, (b) PD-PEI, and (c) PD-TEPA 3D-printed
monoliths and their powder analogues (d) pristine powders.

SEM images illustrated in Figure 4a-d show the morphology of the 3D-printed aminosilica
monoliths. Samples were mounted horizontally on the stubs and scope was operated at 5
KV accelerated voltage to achieve high resolution micrographs. High (5 pm) and low (1
mm) magnification micrographs were captured to determine the channel size and
morphology of the aminosilica monoliths. As evident from Figure 4a and 4c, uniform

channels with wall thickness and channel width of 0.7 and 0.90 mm for the bare silica and
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0.75 and 0.85 mm for the aminosilica monoliths were obtained, respectively. A porous
structure could be inferred from Figure 4b and 4c, with voids having sizes on the scale of
micrometer. Figure 4b shows the agglomeration of the silica particles to form large
aggregates due to particle sintering during calcination process, whereas the SEM image of

uncalcined aminosilica monolith shown in Figure 4d reveals less degree of agglomeration

while the monolith retained a relatively dense and porous structure.

Figure 4. SEM images of (a,b) bare silica, and (c,d) aminosilica 3D-printed monoliths.
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3.2. CO, ADSORPTION CAPACITY MEASUREMENTS

Equilibrium adsorption capacities of PD-silica, PD-APS, PD-PEI, and PD-TEPA 3D-
printed monoliths and the corresponding powders, obtained at 25 °C are presented in Figure
5. Whereas the bare PD silica did not display any appreciable CO2 capacity in both forms,
the 3D-printed silica monolith grafted with APS (AP-1) showed a capacity almost the same
as the PD-APS powder (1.13 mmol/g compared to 1.14 mmol/g, respectively), indicating
their similar physical structure, as confirmed by textural properties shown in Table 1. On
the other hand, PD-PEI and PD-TEPA monoliths showed some degree of capacity loss
compared to their powder analogues. PD-PEI monolith (AP-4) exhibited 79% of the
capacity of the PD-PEI powder reaching 1.22 mmol/g, whereas, the capacity of PD-TEPA
monolith (AP-4) reached 2.23 mmol/g, corresponding to 87% of the capacity of its powder
analogue. For both aminopolymers, the monoliths prepared by AP-4 showed the highest
capacity, although the values were very close to one another for different approaches. The
use of additional amine moieties (1 wt%) in AP-3 and AP-4 is responsible for higher amine
loading of the monoliths prepared by these methods than those prepared by AP-2. Also,
the higher uptake for AP-4 monoliths could be due to the fact that the pre-synthesized
aminosilica dissolved in the methanol solution can allow the amine from another solution
to impregnate the vacant pores of the silica, hence a higher amine loading and adsorption
capacity compared to AP-3 in which pre-synthesized asdsorbent is not in the solution form.
It should be noted here that the amount of additional amine (either PEI or TEPA) in AP-3
and AP-4 was varied from 1 to 5 wt% and an amount of 1 wt% was found to be an optimum
concentration. The reduction in CO2 uptake over impregnated monoliths compared to

powders stems from the fact that the monolith is comprised of only 90 wt% and the
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remaining 10 wt% of active adsorbent is binder and plasticizer which do not contribute to

CO2 capture.
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Figure 5. CO2 adsorption capacities of (a) PD-silica and PD-APS, and (b) PD-PEI and PD-
TEPA monoliths and corresponding powders obtained at 25 °C and 1 bar using 10% CO2
in Na.

Here, note that for the rest of our analysis, we have focused only on PD-APS (AP-1),
PD-PEI (AP-4), and PD-TEPA (AP-4) monoliths and compared their characteristics with
their powder counterparts since they exhibited the highest CO2 capacities among all other
monoliths. Table 2 lists the amine loading values obtained by elemental analysis for the
adsorbents and as can be observed, the monoliths display slightly lower amine content to
that of powders. This lower amine loading could be justified by considering the amine
loading of 90 wt% in the 3D-printed monolithic structures prepared by AP-4. The
calculated amine efficiencies (defined as the mmol of CO2 captured per mmol of N) further
confirm this observation. For APS-based adsorbents, both the amine loadings and amine
efficiencies were quite similar for powder and monoliths samples. Notably, the amine

efficiency of PEI-based samples was very low despite high amine content which could be
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attributed to non-uniform distribution of the PEI in the pores of silica, as will be discussed

later.

Table 2. Amine loading of aminosilica samples and CO2 capacities obtained at 25 °C and
1 bar using 10% CO2 in Na.

Sample Amine content CO- capacity  Amine efficiency
(mmol N/qg) (mmol/g) (mmol COz/mmol N)
PD-APS Powder 4.95 1.14 0.23
PD-APS Monolith (AP-1) 4.83 1.13 0.24
PD-PEI Powder 14.5 1.55 0.11
PD-PEI Monolith (AP-4) 13.2 1.22 0.10
PD-TEPA Powder 12.8 2.56 0.20
PD-TEPA Monolith (AP-4) 11.5 2.23 0.19

In the literature, the competing thermodynamic (temperature dependence of CO:2
adsorption) and diffusional (CO: diffusion and/or aminopolymer chain mobility) effects
have been reported for amine-impregnated adsorbents.?®! To investigate this trade-off,
the adsorption capacities of the 3D-printed monoliths were measured at 25, 50 and 75 °C
and as can be inferred from Figure 6, for PD-APS monolith (AP-1), the adsorption
capacities decreased with increasing temperature implying no trade-off in this type of
adsorbent which is expected for small monomers of APS grafted on the surface of silica
support where diffusional effects play no significant roles. On the contrary, both TEPA and
PEI experienced an increase in capacity upon temperature rise. PD-PEI monolith (AP-4)
exhibited 34% increase in capacity when temperature raised to 50 °C and 85% increase
upon further temperature increase to 75 °C, reaching 2.26 mmol/g, whereas for PD-TEPA
monolith (AP-4), the capacity first exhibited a 14% rise to 2.55 mmol/g before a second

increase to 3.14 mmol/g. This behavior could be attributed to the predominant diffusional



60
effects in amine-impregnated silica monoliths (PEI and TEPA monoliths) as a result of
improved accessibility of amine sites due to enhanced chain mobility of PEI/TEPA at
elevated temperatures. This further implies that the PEI/TEPA is not well dispersed in the
support whereby chain mobility is highly restricted, in accordance with their low amine

efficiency.
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Figure 6. CO2 adsorption capacities of 3D-printed aminosilica monoliths as a function of
temperature.
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Cyclic measurements were performed to ensure the regenerability of 3D-printed
aminosilica monoliths and the results are shown in Figure 7. It can be found that PD-APS
monolith retained its CO2 capacity and no considerable capacity loss was observed after
the fifth cycle while aminopolymeric materials in both powder and monolith forms
experienced some degree of capacity loss. PD-PEI powder and monolith samples lost 3
and 5% of their initial capacity, respectively while for PD-TEPA powder and monolith

samples, 4 and 6% capacity loss was observed, respectively. These findings are consistent
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with previous studies which attributed this weight loss to both aminopolymer volatilization
and oxidative degradation.3?-3
3.3. CO2 BREAKTHROUGH EXPERIMENTS

CO2 breakthrough experiments were performed to investigate dynamic adsorption

performance of the 3D-printed aminosilica monoliths. The corresponding concentration
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Figure 8. Breakthrough curves for (a) PD-APS, (b) PD-PEI, and (c) PD-TEPA 3D-
printed monoliths obtained at 25 °C and 1 bar using dry and humid gas.

fronts for 3D aminosilica monoliths under dry and humid conditions are presented in Figure

8. As expected, due to the promotional effect of water on CO2 adsorption of aminosilica
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materials, the CO2 breakthrough occurred at a longer time under humid condition than
under dry condition implying higher uptake in the presence of water, similar to aminosilica
powders.

The breakthrough width associated with each concentration front is estimated and
presented in Table 3. The breakthrough width of PD-APS monolith in humid mode is 10
min which is longer than that of its dry mode analogue. Similarly, for PD-PEI and PD-
TEPA monoliths, 75% and 17% increase in the breakthrough width were observed in the
presence of water in comparison to dry conditions. In addition, the pseudo-equilibrium
capacity, gpe, defined as the capacity of the material at tose estimated from breakthrough
profiles is listed in Table 3 for both dry and humid modes. Notably, the capacity of PD-
APS (AP-1) increased from 1.09 to 1.61 mmol/g, whereas qpe increased from 1.21 to 1.96

mmol/g for PD-PEI (AP-4) and from 2.23 to 3.12 mmol/g for PD-PEI (AP-4).

Table 3. Dynamic adsorption data for 3D-printed monoliths under dry and humid
conditions.

Breakthrough
T596 5006 o959 . g Gpe

Sample (min) (min)  (min) iy (mg;ol/
PD-APS Monolith (AP-1)-dry 7 10 12 5 1.09
PD-APS Monolith (AP-1)-humid 8 13 18 10 1.61
PD-PEI Monolith (AP-4)-dry 9 10 14 4 1.21
PD-PEI Monolith (AP-4)-humid 15 18 22 7 1.96
PD-TEPA Monolith (AP-4)-dry 19 22 25 6 2.23
PD-TEPA Monolith (AP-4)-humid 28 31 35 7 3.12

4. CONCLUSION
We presented the formulation of aminosilica adsorbents into monolithic structures

using the novel 3D-printing method. Various formulations were evaluated for three types
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of amine-based adsorbents and their characteristics and adsorptive performance were
systematically evaluated. Our results indicated that the 3D-printed aminosilica adsorbents
exhibited characteristics similar to those of their powder counterparts. Additionally, their
CO2 adsorptive behavior was found to be very similar to their corresponding powders. For
aminopolymers investigated here (i.e., PElI and TEPA), direct extrusion of the premade
materials into monolith was found to be the best way to formulate these adsorbents, while
for aminosilanes (APS), post-functionalization of bare silica monolith was a viable strategy
for their formulation. More work needs to be done in order to further optimize the paste
and printing conditions for this class of materials. Overall, on the basis of our findings, the
3D-printing technique appears to be a promising method for shaping amine-based
adsorbents into practical contactors such as monoliths that could be easily applied to large-
scale gas separation processes.
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ABSTRACT

Metal-Organic Frameworks (MOFs) have shown promising performance in separation,
adsorption, reaction and storage of various industrial gases, however, their large-scale
applications have been hampered by the lack of a proper strategy to formulate them into
scalable gas-solid contactors. Herein, we report fabrication of MOF monoliths using 3D
printing technique and evaluation of their adsorptive performance in CO2 removal from
air. The 3D-printed MOF-74(Ni) and UTSA-16(Co) monoliths with MOF loadings as high
as 80 and 85 wt %, respectively were developed and their physical and structural properties
were characterized and compared with those of MOF powders. Our adsorption experiments
showed that upon exposure to 5,000 ppm (0.5%) CO2 at 25 °C, the MOF-74(Ni) and UTSA-
16(Co) monoliths can adsorb CO2 with the uptake capacity of 1.35 and 1.31 mmol/g,
respectively, which are 79 and 87% of the capacity of their MOF analogues under the same
conditions. Furthermore, a stable performance was obtained for self-standing 3D-printed
monolithic structures with relatively good adsorption kinetics. The preliminary findings
reported in this investigation highlight the advantage of robocasting (3D printing)
technique for shaping MOF materials into practical configurations that are suitable for
various gas separation applications.

Keywords:
3D printing, self-standing monolith, MOF-74(Ni), UTSA-16(Co), CO2 capture
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1. INTRODUCTION

Formulation of solid materials into practical contactors that could be easily applied
to large-scale processes offers numerous advantages in various fields relevant to
separation, adsorption, reaction, and storage of a wide variety of gaseous streams.
Traditionally, the adsorbents and catalysts have been shaped into beads or pellets for their
large-scale implementation, however, the occurrence of frequent problems such as high
pressure drop, poor mass and transfer requirements and loss of material due to attrition and
dusting has led the researchers to consider devising other configurations that could address
these issues.m? In that regard, monolithic structures have gained a great deal of attention
because the uniform flow pattern through their channels facilitates a lower pressure drop
specially at higher gas throughputs while offering better mass and heat transfer
characteristics due to their thin walls. These structures have long been used as three-way
catalytic convertors for SOx/NOx removal from automotive exhaust and the removal of
VOCs from various gas streams.*

The conventional extrusion technique is commonly used to manufacture monolithic
structures, however, this method is costly and offers less flexibility in the design of
structures with tailored geometry. Additive manufacturing (3D printing or robocasting) on
the other hand, has been shown to offer a cost-effective solution to the limitations of the
extrusion. Robust monoliths with desired wall thickness, channel size and density can be
precisely obtained using 3D printing. This technique has been recently used by various
researchers to develop structured adsorbents, catalysts and membranes.>® Tubio et al.?
developed heterogeneous Cu/Al203 catalysts using 3D printing technique and reported

high catalytic efficiency and good recyclability for their printed monoliths. In our previous
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works,”® we applied the 3D printing technique to manufacture zeolites (13X and 5A) and
aminosilica (PEI-, TEPA- and APS-silica) monoliths with high adsorbent loading (ca. 90
wt %) and applied them to CO2 removal from air and flue gas. Our 3D-printed monoliths
displayed comparable adsorption performance to their powders analogues. Most recently,
Denayer and co-workers reported fabrication of ZSM-5° and SAPO-34%° monoliths for
separation of CO2, CH4 and N2 and demonstrated excellent separation performance for
their printed zeolite monoliths.

Metal-Organic Frameworks (MOFs) with tunable physical, structural and chemical
properties have shown outstanding performance as adsorbents, membranes, and
catalysts.’~13 To enable their industrial gas separation use, they should be properly shaped
into suitable contactors. Formulation of several MOFs such as MOF-5, UTSA-16 and
MOF-74 into pellets or granules has been demonstrated by various research groups.*-¢ In
addition, incorporation of MOFs into hollow fibers through conversion of hydroxyl double
salt directly into the MOF without the use of any aqueous solution has been also attempted
recently.!” Growing MOF crystals on the walls of monolithic supports has been shown as
a facile approach to shape this commonly studied class of adsorbents.’®2* In our recent
works, 2?2 we grew MOF-74(Ni) and UTSA-16(Co) films onto the wall of cordierite
monoliths using various techniques and although a fairly high MOF loading (73 and 80 wt
%, respectively) was obtained, the MOF-coated monoliths failed to exhibit a comparable
CO:2 capture capacity to the MOF powders.

In general, such coating approach does not provide high adsorbent loading per unit
volume of the bed and hence it is difficult to match the performance of coated monoliths

with that of their powders counterparts. To address this issue, self-standing monoliths that
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consist of a large weight fraction of MOF powder (> 80 wt%) mixed with a suitable binder
and other additives have been developed.?®?® For example, Kusgens et al.?> fabricated
HKUST (Cus(BTC)2) monoliths with 80 wt % MOF loading using a two-step extrusion
method. In another study, manufacturing of highly porous MIL-101(Cr) monoliths with
high loading of 75 wt % was prepared by Hong et al.? and the authors reported enhanced
CO2 adsorption capacity at higher pressure and reduced temperature for their self-standing
MOF monolith. Another approach was reported by Moitra et al.?” by which macro-meso-
microporous HKUST-1 monoliths were obtained by direct conversion of Cu(OH)2-based
monoliths while preserving the characteristic macroporous structure for application in
continuous flow reactors. To the best of our knowledge, there are no reports on the
fabrication of 3D-printed MOF monoliths.

Inspired by our earlier works on development of 3D-printed monolithic adsorbents
and the advantages offered by 3D printing technology in general, we fabricated two types
of 3D-printed MOF monoliths from MOF-74(Ni) and UTSA-16(Co), in this work. The
obtained structures were physically and structurally characterized and compared with the
MOF powders. In addition, we demonstrated their use in gas adsorption processes, in
particular, in the removal of CO2 from enclosed environments by performing equilibrium
and dynamic adsorption experiments.

2. EXPERIMENTAL SECTION
2.1. MOF POWDERS AND 3D-PRINTED MOF MONOLITHS PREPARATION

Both MOF-74(Ni) and UTSA-16(Co) powders were synthesized, activated and

evacuated according to the well-established procedures in the literature.?%° The 3D-

printed MOF monoliths were fabricated according to a two-solution based procedure
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depicted in Figure 1. Briefly, the first solution was prepared by dissolving MOF powders
and bentonite clay (as a binder) in ethanol. The mixture was then allowed to stir for 2 h to
obtain a homogeneous solution. The second solution was obtained by dissolving
Poly(vinyl) alcohol (PVA)(as a plasticizer) in DI water and ethanol and mixing for 0.5 h at
room temperature followed by sonication for 30 min. In the next step, both solutions were
combined and mixed using an IKA RW20 mixer at 250 rpm for 2-3 h until an extrudable
paste was obtained. The paste was then loaded into a syringe (3 cc, Norson EFD, USA)
and extruded from a 0.85 mm diameter nozzle (Tecchon) by pressurizing (2-5 psig) air into
the syringe. Well-defined monolithic configurations (designed by AutoCAD software)
with uniform channels were printed in a layer-by-layer manner. The 3D-printed MOF
structures with 1.5 cm height and 1.5 cm diameter were obtained and transferred to a
conventional oven for heating at 100 °C to prevent the development of cracks.

The weight ratios of the materials used in the solutions are reported in Table 1. It is
important to note that the compositional ratios of binder and plasticizer to the MOF were
varied and optimized to achieve a viscous and extrudable paste. Maximum MOF contents
we used were 80 and 85 wt % for MOF-74(Ni) and UTSA-16(Co), respectively, since
weight ratios larger than these amounts failed to yield either an extrudable paste or

monoliths with good mechanical strength.

Table 1. Compositional ratio of 3D-printed MOF monoliths.

Monolith MOF Bentonite Clay PVA DI Water : Ethanol
(wt %) (wt %) (wt %) (vol %)

MOF-74(Ni) 80 15 5 5:95

UTSA-16(Co) 85 10 5 2:98
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Figure 1. Schematic of 3D-printed MOF monoliths preparation procedure.

2.2. 3D-PRINTED MOF MONOLITHS CHARACTERIZATION

To probe the crystal structure of MOFs in the printed monoliths, X-ray diffraction
(XRD) measurements were conducted using PANalytical X’ Pert Multipurpose X-ray
Diffractometer with a scan step size of 0.02°/step at the rate of 147.4 s/step. To investigate
the textural properties of the samples, N2 physisorption measurements were performed at
77 K on a Micromeritics 3Flex instrument. MOF-74(Ni) and UTSA-16(Co) samples in
both powder and monolith forms were first outgassed on a Micromeritics PreVac at 250
°C and 110 °C for 6 h, respectively before the measurements. The total pore volume and
pore size distribution (PSD) were estimated by Barrett-Joyner-Halenda (BJH) desorption
method at a relative pressure of 0.99 while the surface area was calculated using the

Brunauer—Emmet-Teller (BET) method. Field-emission scanning electron microscopy
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(SEM) (Hitachi, Model S4700) was utilized to examine the structural morphology of the
obtained monoliths. To quantify the amount of PVA and binder residual in the monoliths,
thermogravimetric analysis (TGA) was carried out from 25 °C to 900 °C, at a rate of 20
°C/min under N2 using TGA (Model Q500, TA Instruments).
2.3. MECHANICAL TESTING
An Instron 3369 mechanical testing instrument (Instron, Norwood, USA) was used to
assess the mechanical integrity of the 3D-printed MOF monoliths. To prevent the
development of cracks on the surface, the monoliths were polished with a 3M surface
smoothing sand paper prior to tests. After polishing, they were placed between to metal
plates and compressed with 500 N load cell at 2.5 mm/min while recording the applied
load and piston movement. The compressive force was applied in axial direction until the

monoliths broke.

2.4. CO, ADSORPTION EXPERIMENTS

To measure the CO2 adsorption capacity of the MOF materials, TGA (Model Q500,
TA Instruments) was utilized. First, MOF-74(Ni) and UTSA-16(Co) samples were
outgassed at a rate of 10 °C/min to 250 °C and 110 °C, respectively under N2 with flow
rate of 40 mL/min to drive off pre-adsorbed moisture or any other impurities. To measure
the CO2 uptake, samples were cooled down to 25 °C and exposed to 5,000 ppm (0.5%)
COz2 in N2 with flow rate of 60 mL/min. To determine the stability of the 3D printed MOF
monoliths, cyclic runs with five consecutive adsorption-desorption cycles were performed
on TGA with cycle time of 60 min under the same conditions. The CO2 adsorption

isotherms were also measured at 25, 50 and 75 °C on the 3Flex. Prior to adsorption
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isotherms analysis, all samples were degassed at corresponding temperatures on PreVac
(Micromeritics).

The breakthrough experiments were also conducted to determine the dynamic
adsorption performance of 3D-printed MOF monoliths and their corresponding powders.
The runs were carried out in a fixed bed column connected to a mass spectrometer
(BELMass). The schematic of the experiment can be found in our previous publication.3!
Prior to breakthrough analysis, the column was loaded with 0.65 g of 3D-printed monoliths
and powders counterparts and heated to their aforementioned temperatures under N2 to
remove moisture or any other adsorbed gases. After cooling down to 25 °C, the samples
were exposed to 0.5% CO2/N2 with the flow rate of 40 mL/min and concentration data
were recorded by the mass spectrometer.

3. RESULTS AND DISCUSSION

3.1. PHYSICAL AND STRUCTURAL PROPERTIES OF 3D-PRINTED MOF
MONOLITHS

The XRD patterns of the MOF powders and monoliths are presented in Figure 2a-b.
For the 3D-printed MOF-74(Ni) monolith, the X-ray reflections from planes (110) and
(300) with diffraction peaks at 26 = 7° and 12° confirm the MOF-74(Ni) crystal structure
(Figure 2a). Similarly, as can be seen from Figure 2b, prominent diffraction peaks
associated with the MOF structure were obtained in the spectrum of 3D-printed UTSA-
16(Co) monolith when compared to the powder spectrum. As evident from these XRD
patterns, high degree of crystallinity was retained for both MOF-74(Ni) and UTSA-16(Co)
MOFs after extruding them into the monolith form although slight differences in the peak
intensity were observed which could be attributed to the presence of binder and plasticizer

in the monolith structure. Moreover, the diffraction peaks of bentonite clay (26 = 20°, 27°)
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and PVA (19.5°, 22°) with low intensity were overlapped with the peaks of the MOFs and
thus not visible in these spectra. The XRD patterns of both bentonite clay and PVA are

presented in Figure 2c, d.
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Figure 2: XRD patterns for 3D-printed monoliths with their powder counterparts (a) MOF-
74(Ni), (b) UTSA-16(Co), bare powders (c) bentonite clay, and (d) PVA.

The N2 physisorption isotherms and PSD curves of both monoliths and corresponding
powders are shown in Figure 3a-d. As Figure 3a illustrates, MOF-74(Ni) in both powder

and monolith form displayed type | isotherm indicative of microporous nature of the
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material with smaller N2 uptake for the monolith than the powder. In addition, comparison
of the PSD profiles shown in Figure 3b confirms the uniform pore structure of the 3D-
printed MOF-74(Ni) monolith, similar to the MOF powder with the pores having sizes in
the range of 1-4 nm, but with smaller pore volume. For 3D-printed UTSA-16(Co)
monolith, a hysteresis loop was appeared in the N2 isotherms shown in Figure 3c, as
opposed to the MOF powder, implying that some mesopores were formed in the MOF
structure during printing. This could be attributed to the effect of water added while
preparing the paste. According to previously reported results,'®3? reaction of hydroxyl
groups of water with citrate units of UTSA-16(Co) that consisted of -COOH groups opens
the straight channels along the x-axis, hence resulting in the formation of larger pores. This
however, was not the case for MOF-74 (Ni) monolith. The PSD profile of the UTSA-
16(Co) monolith in Figure 3d reveals the mesoporous nature of this 3D-printed monolith
with the mesopores having sizes on the order of ~20-25 nm.

Table 2 summarizes the corresponding surface area, pore volume and pore sizes of
all MOF samples. The reduced surface area of 3D-printed monoliths up to 38% (from 1180
to 737 m?/g) for MOF-74(Ni) and 30% (from 631 to 444 m?/g) and UTSA-16(Co), can be
attributed to the presence of additives (bentonite clay and PVA) used to shape the printed
monoliths. The loss of porosity could also be due to the contact with water while preparing
the paste. The decreased surface area of MOF-74(Ni) and UTSA-16(Co) monoliths found

to be proportional to MOF loading (see Table 1).
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Figure 3. Nitrogen physisorption isotherms and pore size distribution curves for 3D printed
MOF monoliths (a, b) MOF-74(Ni), and (c, d) UTSA-16(Co) and their corresponding
powders.

The uniform pore sizes of 1.17 and 1.18 nm for MOF-74(Ni) and UTSA-16(Co),
respectively were found for both forms. In addition, the pore volume of MOF-74(Ni) and
UTSA-16(Co) monoliths were calculated to be 0.31 and 0.19 cm®/g, respectively, which
were found to be lower than that of their corresponding powders as a result of lower MOF
content. We previously observed a similar trend for 3D-printed zeolite and aminosilica
monoliths.”® For 3D-printed UTSA-16(Co), the mesopore volume was calculated to be

0.06 cm®/g monolith.
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Table 2. Textural properties of 3D-printed MOF monoliths and their powder
counterparts.

[a] - o[b] [c] oo [d] [d]
R I I )
MOF-74(Ni)-Powder 1180 0.51 - 1.17 -
MOF-74(Ni)-Monolith 737 0.32 - 1.17 -
UTSA-16(Co)-Powder 127 0.29 - 1.18 -
UTSA-16(Co)-Monolith 568 0.23 0.06 1.18 25
[a] Obtained at P/Pq in the range of 0.05-0.3. [b] Estimated by t-plot. [c] Estimated by subtracting Vmicro
from the total volume at P/P; = 0.99. [d] Estimated using Horvath—Kawazoe method.

The SEM images of the powder and monolith samples are illustrated in Figure 4a-f.
The low magnification SEM images (1 mm) in Figure 4a and 4d depict the cross sectional
area with wall thickness and channel width of 0.4 and 0.7 mm respectively, for MOF-
74(Ni) monolith and 0.8 and 1.1 mm respectively, for UTSA-16(Co) monolith. The reason
for printing monoliths with different sizes was that the viscosity of the pastes were different
for the two MOFs; for UTSA-16(Co) with higher viscosity (1659 kg/m?),% a less viscous
paste was prepared to avoid blockage and enhance extrusion. This was led to the expansion
while depositing layers which eventually resulted in larger wall thickness and channel size
for this MOF than for MOF-74 (Ni) with lower density (909 kg/m®).3* The high
magnification SEM images of 3D-printed MOF-74(Ni) monolith captured at 5 and 1 pum
resolution (Figure 4b and 4c) reveal the uniform distribution of MOF crystals with
dimensions in the nano to micro size range. Similarly, the morphological investigation of
the 3D-printed UTSA-16(Co) monolith revealed a porous structure with uniform
distribution of MOF crystals and with voids and crystals having sizes on the micro-meso

scale (Figure 4e and 4f).
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Figure 4. SEM images of 3D-printed (a-c) MOF-?(Ni) an (d-) UTSA-16(0
monoliths.

To measure and verify the amount of incorporated additives, thermogravimetric
analysis experiments were conducted on TGA and the corresponding profiles are displayed
in Figure 5a-b. The derivative weight (DW) peaks below 150 °C in both Figures are
assigned to the removal of moisture from all the samples. The differential peaks centered

at 310-350 °C in the curves of 3D-printed MOF monoliths are associated with the PVA
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mass decomposition, as also evident from the profiles of pure PVA in Figure 5c. The

weight loss in this range was about 5%, which is close to the nominal amount of PVA in
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Figure 5. Thermogravimetry and differential thermogravimetry curves for 3D-printed (a)
MOF-74(Ni) (b) UTSA-16(CO) monoliths and their corresponding powders and (c) PVA.

the printed monoliths. The other intensive peaks at 450-470 and 380-390 °C are attributed
to the thermal decomposition of MOF-74(Ni) and UTSA-16(Co) structures, respectively.
At temperatures above 600 °C, the difference in mass between the powders and 3D printed

monoliths was found to be ~13% and ~8% in MOF-74(Ni) and UTSA-16(Co),
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respectively, which was close to the nominal weight fractions of the binder used in

preparation step (see Table 1).
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Figure 6. Comparison of stress-strain curves for (a) MOF-74(Ni) and (b) UTSA-16(Co)
3D-printed monoliths.

The mechanical testing results of 3D-printed monoliths are displayed in Figure 6 and
the corresponding Young’s modulus data calculated from the compressive strength-strain

curves are tabulated in Table 3. As can be seen, the recorded compressive strengths before

Table 3. Mechanical testing data for 3D-printed MOF monoliths.

Sample Compression strength Young’s modulus
(MPa) (MPa)

MOF-74(Ni)-Monolith 0.48 12

UTSA-16(Co)-Monolith 0.55 25

catastrophic failure were found to be ~0.48 MPa (Figure 6a) and ~0.56 MPa (Figure 6b)
for 3D-printed MOF-74(Ni) and UTSA-16(Co) monoliths, respectively. The higher
strength of UTSA-16(Co) monolith could be associated with the dense nature of UTSA-

16(Co) powder in comparison to the MOF-74(Ni), while its earlier fracture could be
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attributed to its mesopore nature (see Table 2) that was generated due to the reaction of

hydroxyl groups of water with the citrate units of UTSA-16(Co), as mentioned earlier.

3.2. CO, ADSORPTION PERFORMANCE OF 3D-PRINTED MOF MONOLITHS

The equilibrium CO2 adsorption capacities of 3D-printed MOF monoliths and their
corresponding powders were measured using TGA at 25 °C and 1 bar at two different
concentrations, namely 3,000 (0.3%) and 5,000 (0.5%) ppm COz2 in N2 to mimic the lower
and upper bound levels of CO2 in enclosed environments.” As Figure 7a-b shows, both 3D-
printed MOF monoliths exhibited comparable capacities to their powder counterparts at
both CO2 concentrations. The COz uptake of 3D-printed MOF-74(Ni) and UTSA-16(Co)
monoliths were found to be 1.35 and 1.31 mmol/g, respectively at 0.5% CO2/N2, which
were about 79% and 87% of that of MOF powders, consistent with the MOF loading of the
monolith in both cases. The change in the porosity of the 3D-printed UTSA-16(Co)
monolith did not influence its capture capacity which is in agreement with the results

obtained by Masala et al.®® under dry and wet conditions.

Furthermore, we assessed the stability of the 3D-printed MOF monoliths along with
their powder analogues by performing cyclic tests at 25 °C and 1 bar under pure COz using
TGA. The calculated capacities at five consecutive cycles are presented in Figure 8a-b. As
can be clearly seen from this figure, like their powder analogues, both 3D-printed MOF-
74(Ni) and UTSA-16(Co) monoliths retained their capacities with no considerable capacity
loss after the fifth cycle. Although, rigorous tests should be conducted to analyze the
stability of the MOF monoliths under realistic conditions (e.g. humid feed, more cycles,
etc.) we believe that these preliminary results are indicative of stability of the printed

monoliths.
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Figure 8. CO2 Cyclic capacities of 3D-printed (a) MOF-74(Ni) and (b) UTSA-16(Co)
monoliths with their corresponding powders at 25°C and 1 bar.

In addition to single point capacity measurements, the CO2 adsorption isotherms of
3D-printed MOF monoliths and powders were also measured at 25 °C, as shown in Figure
9a-b. Similar to the MOF powders, a relatively sharp uptake was observed at low partial
pressures up to 0.15 bar followed by a gradual increase from 0.15 to 1.1 bar, which
resembles the typical trend of CO2z adsorption over microporous materials. Moreover, over

the entire pressure range studied, both monoliths exhibited comparable capacity to their
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Figure 9. CO2 adsorption isotherms of 3D-printed (a) MOF-74(Ni) and (b) UTSA-16(Co)
monoliths and corresponding powders at 25°C. CO2 adsorption isotherms of 3D-printed
(c) MOF-74(Ni) and (d) UTSA-16(Co) monoliths at 25, 50 and 75 °C. Symbols show the
experimental data and solid lines represent the fitted isotherms with average relative error
(ARE).
corresponding powders. At 1.1 bar, a CO2 uptake of 4.0 and 3.0 mmol/g was obtained for
3D-printed MOF-74(Ni) and UTSA-16(Co) monoliths, respectively in comparison to 4.7
and 3.5 mmol/g obtained for the powder analogues.

The CO:2 adsorption isotherms of printed monoliths measured at two other
temperatures (50 and 75 °C) are presented in Figure 9c-d. As expected, a decreasing trend
in the quantity adsorbed with temperature was observed, while the isotherms stretched out

more at higher temperatures. In addition, the single-site Langmuir model was used to fit

the isotherms and the corresponding fitting parameters are listed in Table 4. As can be seen
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from Figure 9c-d, relatively good fits with average relative error (ARE) of 0.45%, 0.04%
and 0.03% were obtained for 3D-printed MOF-74(Ni) monolith isotherms and 0.33%,

0.29% and 0.06% for 3D-printed UTSA-16(Co) monolith at 25, 50 and 75 °C, respectively.

Table 4. The fitting parameters of single-site Langmuir isotherm equation.

Temperature ) b
Adsorbent ?o C) (mn?ol /9) (bar})
25 4.41 7.63
MOF-74(Ni)-Monolith 50 4.05 3.46
75 3.74 1.52
25 3.77 6.53
UTSA-16(Co)-Monolith 50 3.37 3.11
75 2.64 1.12

Comparing the saturated capacity values (q) of the self-standing MOF monoliths
with those of MOF-coated cordierite monoliths reported previously,?> much higher values
were obtained for our 3D-printed monoliths which further confirms their superior
advantage. Furthermore, the isosteric heat of CO2 adsorption (Qst) was calculated using
Van’t Hoff equation from the fitting parameters and the corresponding curves are presented
in Figure 10. As can be seen, for both cases, the Qst shows a downward trend with CO2
loading, consistent with previously published results. For 3D-printed MOF-74(Ni)
monolith, Qst was estimated to be in the range of 31-35 kJ/mol, while higher values of
isosteric heats of adsorption have been previously reported for this MOF(38-43 ki/mol).*
For 3D-printed UTSA-16(Co) monolith, the estimated Qst values varied from 29 to 33

kJ/mol which was slightly lower than previously reported values (38-40 kd/mol).*?
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Figure 10. Isosteric heats of adsorption of CO2 in 3D-printed MOF-74 (Ni) and UTSA-
16(Co) monoliths.

The dynamic adsorption performance of 3D-printed UTSA-16(Co) monolith was
investigated using 5,000 ppm CO2/N2 at 25 °C and compared with its powder analogue.
The corresponding breakthrough profiles are shown in Figure 11. A sharper front was
obtained for 3D-printed UTSA-16(Co) monolith than the MOF powder under the same
conditions. Additionally, an earlier CO2 breakthrough time over the monolith (42 min) than
over the MOF powder (57 min) was the result of its lower capacity, as discussed before.
Table 5 tabulates the breakthrough times at 5, 50 and 95% normalized outlet concentration
(CICo), breakthrough width and pseudo adsorption capacity (Qpseudo) €stimated at 95% C/Co.
As evident from the data, the smaller breakthrough width (10 min) of the 3D-printed
UTSA-16(Co) monolith indicates a faster adsorption kinetics than the corresponding
powder (15 min). Moreover, the calculated Qpseudo Values were found to be close to the

equilibrium adsorption capacities (see Figure 7b).
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Figure 11. Breakthrough profiles of 3D-printed UTSA-16(Co) monolith and its
corresponding powder using 5,000 ppm/N2 at 25 °C.

Table 5. Dynamic adsorption data for 3D-printed UTSA-16(Co) monolith and powder.

Breakthrough
Sample ts00 t5006 tos9% width Qpseudo
(min)  (min)  (min) (min) (min)
UTSA-16(Co)-Powder 57 62 72 15 1.48
UTSA-16(Co)-Monolith 42 46 52 10 1.25

4. CONCLUSION

In this preliminary investigation, the application of 3D printing technique to
formulate MOF adsorbents into monolithic contactors that could eventually be applied to
large-scale applications was investigated. The 3D-printed MOF-74(Ni) and UTSA-16(Co)
monoliths with MOF loadings as high as 80 and 85 wt %, respectively, were fabricated
using our lab-scale 3D printer and investigated for CO2 removal from air. The physical,
structural and mechanical properties of 3D printed monoliths were evaluated and compared
to their powder counterparts. The obtained results reveal that the monoliths fabricated by

3D printing technique retain their physical properties and mechanical integrity. In addition,
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3D-printed MOF-74(Ni) and UTSA-16(Co) monoliths exhibited comparable CO2 capture
capacity to the MOF powders with stable performance and relatively faster adsorption
kinetics. Although more work needs to be done to optimize the formulation and fine-tune
the characteristics of the monoliths, we believe this work provides a new proof-of-concept
prospect for fabricating MOF monoliths that can be used for various adsorptive-based
separation processes.
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ABSTRACT

In this study, we developed several inexpensive zeolites such as ZSM-5 (MFI), zeolite
Y (FAU) and SAPO-34 (CHA) from kaolin clay and applied them for CO2 capture from
air. These molecular sieves were functionalized with tetraethylenepentamine (TEPA) to
further improve their CO2 capacity. The obtained kaolin-based zeolites exhibited similar
properties than those of zeolites prepared with other sources. They also exhibited a bimodal
pore network consisting of both micropores and mesopores. The effect of amine loading
on COz2 capture was investigated and our results demonstrated that TEPA-modified zeolite
Y with 10 wt% TEPA exhibited higher capacity than other zeolites due to its larger
mesopore volume. The presence of mesopores in zeolite Y framework facilitated a better

accessibility of CO2 molecules to the amine sites.

Keywords: Kaolin-based zeolites, TEPA impregnation, CO2 capture from air
1. INTRODUCTION

Direct extraction of CO2 from air, commonly referred to as air capture, offers a viable
option for reducing greenhouse gas levels. This “negative carbon” technology that focuses
essentially on removing CO2 from air has been shown to provide potential advantages over
conventional COz capture strategies that focus primarily on lowering the rate of emissions

to the atmosphere.l'#1 Air capture process can be implemented using either aqueous
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hydroxides such as calcium hydroxide solution, NaOH and KOH solutions, or solid
adsorbents such as alkali and alkali-supported carbonates, anionic-exchange resins, amine-
functionalized metal oxides, and metal-organic frameworks (MOFs).l571

In particular, supported amine adosrbents, mainly aminosilica materials, have been
shown as promising candidates for removing ultra-low CO2 concentration from air.[81% |n
addition, with the aim of combining the advantages of supported amines and zeolites,
several attempts have been undertaken to develop hybrid adsorbents by incorporating
amine moieties into the framework of zeolites.[** For example, Jadhav et al.*? synthesized
monoethanol amine (MEA)-modified 13X zeolite for CO2 capture and the authors reported
improvements in adsorption capacity (by a factor of 1.6 at 30 °C. In another investigation,
Lee et al.®! developed a series of amine-impregnated zeolite Y and evaluated them for
CO2 removal from indoor air. More recently, Xu et al.'l incorporated MEA into B-zeolite
and evaluated it for separation of CO2, CH4, and N2. It was shown that the introduction of
MEA significantly improved the selectivity of both CO2/CHs and CO2/N2. In another
study,[**! mesoporous SAPO-34 grafted with 3-aminopropyltrimethoxysilane (APS) was
used for CO2 capture and it was shown that although the capacity of NH2-SAPO-34 was
lowered compared to the bare mesoporous SAPO-34 (1.77 mmol/g compared to 3.2
mmol/g at 298 K and 1 bar), it exhibited a sharper breakthrough front.

The successful incorporation of amine moieties into the zeolite crystal structure and
hence the subsequent improvement in capture capacity depends largely on the pore network
and pore size in the zeolite framework. Modifying a microporous zeolite with amines likely
results in blockage of most of the pores and hence reduction in available surface area for

adsorption, whereas mesoporous zeolites with larger pore dimension can be readily
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modified with amines with less degree of pore blockage and good amine distribution. In
addition to zeolite pore structure, amine loading should be optimized to ensure high
accessibility of CO2 molecules to both zeolite and amine sites. High amine loading usually
increases the diffusion limitations and pore blockage of mesoporous supports while low
amine loading does not contribute to enhanced adsorption capacity that much.[¢]
Moreover, the amine structure (i.e. primary, secondary, tertiary) may affect the ultradilute
CO2 capture on modified zeolites, as it has been previously shown for aminosilica
adsorbents. ]

In a typical synthesis of zeolites, two different templates (i.e., triethylamine and
tetraethylammoniumhydroxide,) and an additional source of silica (i.e.,
tetraethoxysilane) are generally used. A simpler and more environmentally friendly
synthesis route that employs less chemicals appears to be an economic approach. In that
regard, the synthesis of zeolites from kaolin has been shown to employ only a single
template with no additional silica source.

Typical synthesis of zeolites requires sources of silicon (e.g. tetraethyl orthosilicate;
TEOS) and aluminum (e.g. aluminium isopropoxide; Al(O-i-Pr)s), organic molecules as
templating agent such as tetrapropyl ammonium bromide (TPA-Br), tetrapropyl
ammonium hydroxide (TPA-OH), trimethylamine (TEA) and a mineralizer (e.g. OH or F
).138-221 Unfortunately, these template agents are rather expensive. In recent years, efforts
have also been undertaken to identify low cost sources of SiO2 and Al20s3 to synthesize less
expensive zeolites and kaolin clay has been identified as a suitable and an inexpensive

sources of silica and alumina. Another advantage of using kaolin as the synthesis source is
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that unlike traditional synthesis methods, only a single template with no additional source
of silica is required.[?2-2]

In this study, we developed several zeolites, namely ZSM-5 (MFI), zeolite Y (FAU),
and SAPO-34 (CHA) from kaolin clay and further impregnated with
tetraethylenepentamine (TEPA). The structural, physical, and chemical properties of the
amine-modified zeolites were characterized and the effect of amine loading on CO:2
adsorption capacity was investigated. Moreover, the dynamic performance and stability of
the impregnated adsorbents were evaluated and compared with that of the bare zeolites.
The novelty of the present work lies in the development of kaolin-based zeolites with
bimodal pore structure that could be functionalized with aminopolymers to enhance their
adsorption performance.

2. EXPERIMENTAL SECTION

2.1. SYNTHESIS OF KAOLIN-BASED ZEOLITES
ZSM-5: ZSM-5 was synthesized according to a procedure developed by Mohiuddin et

al.[?61 Kaolin (Sigma Aldrich) was first calcined at 750 °C for 2 h at the rate of 5-8 °C/min
in a Thermo Scientific Thermolyne furnace in order to achieve a meta-kaolin phase. The
meta-kaolin was then leached by mixing with hydrochloric acid (37 wt % HCL, Sigma
Aldrich) with weight ratio of 1:17 solid to acid for 2.5 h at 115 °C. After washing and
filtrating, the material was dried in the oven at 100 °C overnight. In the next step, gel
formation was conducted by aging the mixture of leached meta-kaolin, N-butyl amine
(NBA, Sigma Aldrich), distilled water, and NaOH (Sigma Aldrich) with molar ratios of
Na20/SiO2 = 0.18, SiO2/Al203 = 33, SiO2/NBA = 7, and H20/SiO2 = 30 for 24 h at room
temperature. During hydrothermal treatment, the gel was transferred into the stainless steel

autoclave and heated at 165 °C for 24 h in an oil bath. After the hydrothermal reaction, a



97
solid cake was recovered from the slurry by filtration and washed with distilled water. A
crystalline product was obtained by drying the solid cake at 120 °C in air for 2 h followed
by calcination at 550 °C for 2 h to remove the template (NBA). H-type ZSM-5 zeolite was
prepared through the ion exchange of the calcined product with agueous ammonium nitrate
(NH4NO:3) at 80 °C followed by filtration, drying and calcination at 550 °C for 2 h.

Zeolite Y: Zeolite Y (ZY) was prepared from kaolin by following a previously reported
procedure.?”] Briefly, the kaolin was calcined at 900 °C for 1 h to obtain a meta-kaolin
phase. Then, desired amounts of NaOH and sodium silicate were mixed with the 1 g of
meta-kaolin to obtain a reaction mixture with different molar ratios: SiO2/Al203 = 5-15,
Na20/SiO2 = 0.5-1, and H20/Na20 = 20-30. It was observed that ageing is essential to
achieve a pure phase ZY. As the aging time was increased from 1 to 10 days, the
crystallinity was found to increase and a highly crystalline ZY was obtained. The mixture
was then transferred into a stainless steel autoclave and heated at 95-105 °C for 16 h in an
oil bath. Then, the cake was filtered, washed and dried at 100 °C overnight. Finally, the ion
exchange step was carried out by mixing NH4sNOs with zeolite NaY with 1:10 weight ratio
of solid to liquid at 95 °C on reflux.

SAPO-34: In the typical synthesis of the zeolite SAPO-34, pretreated kaolin clay
(10.9 g, calcined at 750 °C for 2 h) and triethylamine (18.7 g, TEA, 99 wt%, as the
micropore template) were mixed with orthophosphoric acid (18.6 g, HsPO,4, 85 wt%).
Then, deionized water (50 g) was added to the mixture. After stirring for 2-4 h and aging
for 24 h at room temperature, the mixture was transferred into a stainless-steel autoclave

and heated at 185 °C for 72 h under autogenous pressure. In the next step, the product
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was filtrated, washed, and dried at 110 °C. Then, the sample was calcined at 600 °C for
4.5 h to remove the template.[?3%

2.2. AMINE FUNCTIONALIZATION

Amine impregnation of kaolin-based zeolites was carried by the wet impregnation
method according to the literature.[*”?°! Briefly, about 1 g of zeolite sample was degassed
at 250 °C overnight and then a desired amount of TEPA was dissolved into methanol for 2
h at room temperature. Then, the degassed zeolite was added to the methanol-amine
solution and was allowed to stir for 24 h. The solution was then transferred to rotary-
evaporator to extract methanol, followed by drying at 80 °C under vacuum overnight. The

amine amount was varied from 5 to 20 wt% to evaluate its effect on CO2 capture capacity.

2.3. CHARACTERIZATION OF KAOLIN-BASED ZEOLITES

XRD analysis was carried out using PANalytical X’Pert Multipurpose X-ray
Diffractometer. The diffraction patterns of the bare and amine-modified samples were
collected to assess their crystal structure using Cu Ko (1.540598 A) radiation in the 20
range from 5° to 50°. To confirm successful impregnation of TEPA, FTIR spectra were
obtained on Nicolet Nexus 470 spectrometers. Nitrogen physisorption measurements were
performed at 77 K on a Micromeritics 3Flex gas analyzer to investigate the physical
properties of the kaolin-based molecular sieves. Preparation of amine functionalized
zeolite samples was accomplished by degassing samples at 80 °C for 2-3 h. The obtained
isotherms were used to evaluate the micro and mesopore volumes, surface area, and pore
size distribution (PSD). The total pore volume was estimated at a relative pressure of 0.99,
while the surface area was calculated using the Brunauer—Emmet-Teller (BET). To

determine amine loading and evaluate amine efficiency, thermogravimetric analysis was
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carried on TGA (Q500, TA Instruments) by varying temperature from 25 °C until 700 °C
at the rate of 10 °C/min. The recorded weight loss was then used to calculate the amine
loading.

2.4. CO, ADSORPTION MEASUREMENTS

To examine the efficacy of functionalized zeolites for capture of CO2 from air,
adsorption capacity measurements were performed on TGA (TA instrument, TGA Q500)
by exposing the materials to 5,000 ppm COz2 in dry N2 (0.5% CO2/N2) at room temperature.
The samples were first outgassed at 100 °C for 1 h in pure N2 to remove pre-adsorbed
molecules, moisture, and volatile compounds from the adsorbents. Temperature was then
decreased to 25 °C and stabilized for 30 min prior to adsorption step. To check the stability
of the materials, cyclic capacity measurements were also performed over five consecutive
adsorption-desorption cycles by swinging the temperature between room temperature

during adsorption and 100 °C during desorption.

2.5. CO; BREAKTHROUGH MEASUREMENTS

The dynamic performance of TEPA-impregnated zeolites was evaluated by performing
breakthrough experiments in a fixed-bed column connected to a mass spectrometer
(BELMASS Japan Inc.). The schematic of the breakthrough setup can be found in our
previous publications.?%31 About 0.5 g of the adsorbent was placed into a 2 cm x 30 cm
glass column and outgassed at 100 °C for 2 h in N2 with the flow rate of 40 mL min to
remove pre-adsorbed impurities. After this step, the adsorbent was exposed to 0.5%

CO2/N2 with a flow rate of 40 mL min at 25 °C and 1 bar.
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3. RESULTS AND DISCUSSION

3.1. EFFECT OF TEPA CONTENT ON CO, ADSORPTION CAPACITY

Figure 1 shows normalized CO2 adsorption capacity (obtained by dividing the capacity
values by the highest capacity for each zeolite) as a function of TEPA loading for the three
clay-based zeolites. As can be seen, for ZSM-5 and SAPO-34, the CO2 adsorption capacity
decreased with increasing amine loading from 5 to 20 wt%, whereas for ZY, a completely
opposite trend was observed where the capacity increased with TEPA content. This
observation could be correlated to the porosity of bare zeolites and as Table 1 shows, both
ZSM-5 and SAPO-34 were essentially micoporous while ZY had a bimodal pore network
consisting of both micro and mesopores. Increasing amine loading in the former zeolites
resulted in pore blockage and subsequent decrease in CO2 capacity, on the contrary, the

presence of mesopores with larger mesopore volumes facilitated the TEPA impregnation
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Figure 1. Normalized CO: adsorption capacity of ZSM-5, ZY, and SAPO-34 synthesized
from kaolin as a function of amine loading at 25 °C using 5000 ppm CO2/Nz.

and better distribution of TEPA polymer chains in the pores. Further increase in amine

loading can eventually fill the micropores and decrease the CO2 uptake for this zeolite.
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Based on these screening results, we selected 10 wt% TEPA-zeolite adsorbents for the rest

of analyses.

3.2. CHARACTERIZATION OF BARE AND TEPA-ZEOLITES

Figure 2 displays the XRD patterns of kaolin-based zeolites. These XRD patterns reveal
that all the characteristics peaks of the three zeolites were replicated confirming the
successful formation of ZSM-5, ZY and SAPO-34 from kaolin. The peaks at 20 = 7.9°,
8.99, 23.3°, 24.5° and 26.8° which correspond to the planes (101), (200), (301), (501) (303),
and (503) respectively, were associated with the ZSM-5 (MFI) framework.2l Crystal
structure of ZY consisted of planes (111), (220), (331), and (533) which were confirmed
by peaks at 129, 17°, 22°, and 26° as the characteristic peaks in FAU framework.®! Low
intensity peaks near 20 = 21°, 26°, and 32° observed in the XRD spectrum of ZY were
associated with zeolite P. The formation of zeolite P as an impurity in the zeolite Y can be
attributed to insufficient aging time.’*l Diffraction pattern for SAPO-34 with
corresponding planes (100), (101), (111), (201), (202), (301), and (311) represented the
CHA zeolite structure when compared to the XRD pattern of SAPO-34 obtained from
calcined kaolin microsphere.?®l The lower intensity of the XRD peaks of SAPO-34 could

be associated with prolonged heating or stirring time.
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Figure 2. XRD patterns of ZSM-5, ZY, and SAPO-34 zeolites synthesized from kaolin
clay.

Figure 3. SEM images of (a) ZSM-5, (b) ZY, and (c) SAPO-34 zeolites synthesized from
kaolin clay.

Figure 3 displays the SEM images of bare zeolites synthesized from kaolin clay. For
all three cases, particles with uniform size were obtained. Further, the morphology of the
obtained zeolite particles was found to be similar to that of zeolites prepared from other
sources.[*>*537] These SEM images further confirm the successful synthesis of zeolites for

kaolin clay.
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FTIR spectra of brae and TEPA-functionalized zeolites synthesized from kaolin are

shown in Figure 4. The transmittance bands appeared in the range of 1400 to 1750 cm™

were attributed to N-H and C-N stretching vibrations, respectively. In addition, a broad

Transmittance (%)

4000

Transmittance (%)

T T
2500 2000
Wavenumber (cm)

T T
3500 3000

T
1500

T
1000 500

SAPO-34

TEPA-SAPO-34

1700 1300 1100

4000 35

s I N —

T T
2500 2000
Wavenumber (cm?)

T
0 3000

T
1500

T T
1000 500

3600 3250
I

Transmittance (%)

1700 1490 1100
ZY 1 1 1

I
I I
I 1 [
I 1 [
I 1 i
I 1 '
I P '
d TEPA-ZY '
)

T
4000 3500

T
3000

T T
2500 2000
Wavenumber (cm)

T T T
1500 1000 500

(d)

3620 3425

Transmittance (%)

1030 790
' '

P
4000 3500

T
3000

T T
2500 2000

" L
T T T
1500 1000 500

Wavenumber (cm™)

Figure 4. FTIR spectra of bare and TEPA-functionalized (a) ZSM-5, (b) ZY, (c) SAPO-34
synthesized from kaolin and (d) bare kaolin.

band at 2700-3800 cm could also be attributed to the NHs* stretching vibration.[*®! The

appearance of these bands at 1400-1750 and 2700-3800 cm™ clearly confirmed the

successful incorporation of TEPA into the zeolites framework since they do not appear in

the spectra of bare zeolites or pristine kaolin (Figure 4d). Moreover, the peak at ~1700 cm’

! corresponded to — NHsz + O-Si/NH2 + O-Si while peaks between 3250 cm™ and 3600 cm?
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were associated with silanol and hydroxyl groups, respectively and could be attributed to
physisorbed moisture. Overall, by comparing the FTIR spectra of the bare and
functionalized zeolites it is apparent that the amine moieties were indeed incorporatd into
the pores of kaolin-based zeolites.

To determine the physical properties of zeolites synthesized from kaolin, N2
physisorption was carried out on 3Flex (Micromeritics) at 77 K. Figure 5 displays
adsorption and desorption isotherms which were of type IV for all zeolite samples
indicating the occurrence of capillary condensation inside the mesopores.%4% |nitially, at
low relative pressures (P/Po) up to 0.4, microporous nature of all zeolite samples was
observed whereas gradual increase in N2 uptake at higher partial pressures confirmed the
presence of mesopores in the framework as a result of decomposition of surfactant during
calcination process. Moreover, pore size distribution (PSD) curves presented in Figure 5
confirmed that the bimodal nature of the pores and structural and physical properties of
TEPA-functionalized zeolites were retained. The first peak appeared in the range of 1-4
nm which revealed the microporous nature of all samples and also provides evidence of
mesopores close to the range of micropores whereas the peak in the range of 40 nm clearly
displayed mesoporousity in all samples. Moreover, the TEPA-functionalized zeolites
displayed lower intensive peaks which can be associated with reduced pore size after amine

impregnation.
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Figure 5. N2 physisorption isotherms and PSD for bare and amine functionalized (a-b)
ZSM-5, (c-d) ZY, and (e-f) SAPO-34. The isotherms of bare ZSM-5, ZY, and SAPO-34
have been lowered on the y-axis by 70, 60, and 120, respectively.

The corresponding surface area and pore volume values for the bare and functionalized
zeolites are listed in Table 1. The slightly lower surface area of bare kaolin-based samples

in comparison to the commercial zeolites (which is typically in the range 400 — 600 m?/g)

may be attributed to the presence of non-porous phases in kaolin structure that are not
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decomposed completely during calcination of kaolin.[*] The mesopore volume of bare ZY
(Vmeso) was comparable to its micropore volume (0.10 vs 0.11 cm®g), whereas for ZSM-5
and SAPO-34 Vmeso Was significantly lower than Vmicro (22% and 21%, respectively).
Textural properties shown in Table 1 describe a general decreasing trend for surface area
and pore volume after TEPA impregnation of TEPA, in accordance with filling the pores
by polymer chains of the TEPA and in agreement with previously reported
observations.'’42441 Notably, ZY partially retained its mesoporosity after TEPA

impregnation.

Table 1: Textural properties of bare and functionalized kaolin-based zeolites.

SBET'Sl Vmicrob VmesoC dmicrod dmesod
Sample

(m?fg)  (cm¥g)  (cm*g) (nm) (nm)
ZSM-5 275 0.18 0.04 1.7 3,25,42
TEPA-ZSM-5 22 0.16 0.01 1.1 4,6,8,17,31,48
Y 335 0.11 0.10 1.2 3,8,15,23,32
TEPA-ZY 18 0.10 0.05 1.0 3,5,9,14,28
SAPO-34 449 0.19 0.04 1.6 3,6,10,16,38
TEPA-SAPO-34 35 0.12 0.03 1.1 5,16,26,33,49
(a) Obtained at P/Po values in the range of 0.05-0.3; (b) Estimated by t-plot.; (c)
Estimated by subtracting Vmicro from total pore volume; (d) Estimated using the
Howarth-Kowazoe method.

Table 2 presents the calculated amine efficiencies (defined as mmol CO2 per mmol N)
obtained by TGA analysis. As can be seen, a higher amine loading was observed in zeolite
Y (FAU) than in other zeolites which could be associated with its higher mesopore volume,

as shown in Table 1, thus leading to uniform impregnation of TEPA into the mesopores.
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As a result, a higher CO2 capacity (1.12 mmol/g) and hence amine efficiency (0.21 mmol
CO2/mmol N) was obtained for TEPA-ZY. On the contrary, TEPA-ZSM-5 and TEPA-
SAPO-34 exhibited very low amine efficiency, despite comparable amine loadings to
TEPA-ZY, mainly due to their low mesopore volume which resulted in filling and blocking
most of the micropores during TEPA impregnation, thus giving rise to less accessibility of

both amine and zeolite sites for CO2 molecules.

Table 2. Amine loading of TEPA-impregnated zeolites and CO: capacities obtained at 25
°C using 5000 ppm CO2/Nz.

Sample Amine content CO; capacity ~ Amine efficiency
(mmol N/g) (mmol/g) (mmol CO2/mmol N)
TEPA-ZSM-5 4.83 0.15 0.03
TEPA-ZY 5.27 1.12 0.21
TEPA-SAPO-34 4.13 0.45 0.10

Figure 6 presents the comparison between the CO2 adsorption capacity of bare and
functionalized clay-based zeolites when exposed to 5,000 ppm CO2/N2 at 25 °C. Notably,
the capacity of ZY zeolite increased 22% after incorporation of 10 wt% TEPA (from 0.9
to 1.1 mmol/g) whereas the other two zeolites showed an opposite trend whereby a 50%
and 25% capacity loss was observed for ZSM-5 and SAPO-34, respectively after TEPA
incorporation with the same weight loading (i.e. 10 wt%). As mentioned previously, such
capacity loss after TEPA impregnation stems from the microporous nature of ZSM-5 and
SAPO-34 samples, as opposed to more mesoporous nature of ZY, which results in pore
filling and/or obstructing the other micropores and will eventually hinder diffusion of CO2
molecules in the zeolite framework. Kim et al.' reported the same behavior for
microporous SAPO-34 functionalized with APS. The APS-grafted SAPO-34 showed a

substantial decrease (82%) in the adsorption capacity; the authors attributed this dramatic
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capacity loss to the partial blockage of pores by the grafted amine molecules. The obtained
CO:z2 capacity for TEPA-ZY zeolite was comparable to some of other similar materials used
for air capture.[®4%] By increasing the mesoporosity of the zeolite support and hence
incorporation of larger amount of aminopolymer (i.e., TEPA), the capacity could be

significantly improved. Indeed, zeolite supported amine adsorbents are advantages over
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Figure 6. CO2 adsorption capacity of (a) bare and TEPA-functionalized ZSM-5, ZY and
SAPO-34, (b) TGA profile of ZY, and (c) TGA profile of TEPA-ZY at 25 °C using 5000
ppm CO2/Nz.

other oxide supports such as alumina and silica materials because zeolite support itself can

contribute to CO2 adsorption, however, to take advantage of both zeolite sites and amine
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groups, a zeolite with a hierarchical pore structure containing both micropores and
mesopores is required. It should also be mentioned here that the 0.5% CO2 capacity of bare
clay-based zeolites at 25 °C was compared with their commercial analogues, as shown in
Table 3 and a comparable CO2 uptake to that of commercial zeolites was found for the new

materials. The TGA profiles of bare ZY and TEPA-ZY are presented in Figure 6(b-c).

Table 3. CO2 capacities of commercial zeolites obtained at 25 °C using 5000 ppm CO2/Nz2.

CO, capacity
Sample (mmol/g)
ZSM-5 0.6
zY 1.2
SAPO-34 1.0

The stability of clay-based bare ZY and TEPA-ZY was assessed through cyclic
capacity measurements and the results are displayed in Figure 7. It is apparent that TEPA-
ZY showed no noticeable capacity loss after five consecutive adsorption-desorption cycles,
similar to its pristine zeolite counterpart and a stable cyclic performance was obtained for
this material. Typically, when amine content is high (e.g. 50 wt%), some degree of amine
loss is expected from polyamines supported adsorbents due to evaporation of low
molecular weight oligomers or amine leaching, ¢4l however, this was not the case in this
study since a relatively low amine content (i.e. 10 wt%) was used to impregnate the clay-
based zeolites. The cyclic TGA profiles of bare ZY and TEPA-ZY are presented in Figure

7b-c.
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Figure 7. Cyclic adsorption capacity measurements of (a) bare ZY and TEPA-ZY; TGA
capacity profile of (b) ZY and (c) TEPA-ZY at 25 °C using 5000 ppm CO2/Na.

To evaluate the dynamic adsorption performance of bare and TEPA-impregnated
zeolites, breakthrough experiments were conducted and the corresponding profiles are
presented in Figure 8. As can be noticed, all TEPA-impregnated zeolites displayed a steep
concentration front indicating relatively rapid adsorption kinetics. The pseudo-equilibrium
capacity values, qoes%, estimated from the breakthrough profiles (shown in Table 4) were
found to be close to those obtained from the TGA measurements. The breakthrough width

obtained for all functionalized zeolite samples was found to be shorter than that for bare
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Figure 8. CO2 breakthrough curves of bare and TEAP-impregnated (a) ZSM-5, (b) ZY and
(c) SAPO-34 at 25 °C using 5000 ppm CO2/Na.

Table 4: Dynamic adsorption data for kaolin-based bare and functionalized zeolites.

Sample tsos t500 tos0 Breakthrough  Qosos
(min) (min) (min) width (min) (mmol/g)
ZSM-5 4 5 6 2 0.26
TEPA-ZSM-5 2 2 3 1 0.13
zY 28 29 30 2 0.90
TEPA-ZY 33 34 36 3 1.09
SAPO-34 14 15 16 2 0.58
TEPA-SAPO-34 13 13 14 1 0.47
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zeolites which can be correlated to faster adsorption kinetics. In agreement with adsorption
capacities, the TEPA-ZY exhibited longer breakthrough time than the bare ZY zeolite
while for TEPA-ZSM-5 and TEPA-SAPO-34, the breakthrough time was shorter than their

corresponding bare zeolites.

4. CONCLUSION

Development of bimodal pore-network zeolites from a cheap and abundant source such
as kaolin clay is of practical importance in various processes related to separation and
catalysis. In this work, ZSM-5, ZY, and SAPO-34 zeolites were synthesized from kaolin
clay and evaluated for CO2 adsorption from air. The Kaolin-based zeolites were then
functionalized with TEPA with varied amine loading. Our results indicated that successful
incorporation of TEPA into the zeolite framework and improve in CO2 adsorption capacity
is largely dependent on the porosity and dimension of the zeolite pores. The kaolin-based
ZY with larger mesopores was found to be a suitable zeolite for TEPA impregnation as
opposed to ZSM-5 and SAPO-34 zeolites with microporous structure. Additionally, TEPA-
ZY zeolite with higher CO2 capacity than that for the bare ZY zeolite showed a stable
performance and a relatively rapid uptake. The results presented in this study demonstrated
that kaolin clay can be used as a suitable and inexpensive source for developing zeolites.
The subsequent functionalization of these materials is largely dependent on their porosity
and pore network. Moreover, the reported CO2 adsorption capacities of functionalized clay-
based zeolites are still low compared to other amine-functionalized mesoporous oxides and
further improvements in the synthesis procedure are required to make this class of materials

competitive with best-known CO2 adsorbents used in air capture.
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SECTION
3. CONCLUSION

Advance adsorbents such as zeolite, aminosilica and MOF were engineered, especially
in monolithic form, using 3D printing technique (robocasting). Robust gas-solid contactors
with tunable structural, physical and mechanical properties were fabricated by varying
weight ratios of binders and plasticizers for practical and scalable CO2 capture strategies.
3D printed monoliths exhibited comparable CO2 capture capacity to their corresponding
powders. The CO2 uptake of 3D printed adsorbent monoliths were found to be proportional
to the adsorbent loading. In addition, 3D printed monoliths showed high mechanical
strength which can eventually prevent issues such as dust and attrition associated with
traditional packing system. A negligible mass loss in CO2 capacity measured on TGA by
performing five consecutive cycles at 25 °C demonstrated high stability of 3D printed
monoliths. The dynamic adsorption performance of 3D printed adsorbent monoliths
showed rapid CO2 uptake which corresponds to high mass transfer activity when compared
to their powder counterparts. The Monolithic form of adsorbents fabricated using 3D
printer can be a potential substitute of their corresponding powders for practical and
scalable COz2 capture strategies.

Cost-effective kaolin clay based zeolites with MFI, FAU and CHA structures were
synthesized and impregnated with tetraethylenepentamine (TEPA) to enhance CO2 capture
capacity. In TEPA impregnated kaolin based zeolites (MFI, FAU and CHA), zeolite Y
(FAU) exhibited the highest capacity at 25 °C and 1 bar at 0.5% CO2/Nz concentration to
larger mesopores suitable for TEPA impregnation as opposed to ZSM-5 and SAPO-34
zeolites with microporous structure. Kaolin clay found to be an abundant and inexpensive

source for developing zeolites for CO2 capture.
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4. FUTURE TASKS
The following tasks are recommended as future directions for improving the fabrication

conditions of 3D-printed monoliths and their in-depth adsorption assessment.

1. Performing cyclic experiments such as pressure swing adsorption (PSA)
should be conducted to assess the performance of the 3D-printed monoliths
under realistic conditions to better demonstrate their advantage in terms of
low pressure drop and enhanced Kinetics.

2. Fabricating 3D-printed monoliths with different cell densities (cpsi) and
shapes (square, oval, etc.)

3. Measuring pressure drop across a fixed-bed loaded with 3D-printed
monoliths.

4. Further enhancement of the capture capacity of 3D-printed zeolite and MOF
monoliths by various amines (PEI, TEPA and APS).

5. Evaluation of the adsorption performance of the 3D-printed monoliths under
real conditions (humid feed, multi-component feed).

6. Optimizing the fabrication conditions for MOF monoliths to remove the binder
using diluted acid or other solutions for enhancing the surface area and thus

adsorption capacity.
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