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ABSTRACT

A comparative study was conducted to determine the pore properties and adsorptive
performance of monoliths containing either the MIL-101(Cr) metal-organic framework or 13X
zeolite for carbon dioxide (CO-) capture. Although there has been a great deal of previous
work on CO; adsorption onto zeolites and MOFs, there has been far fewer studies on
structured adsorbents such as monoliths. The results indicate that MIL-101(Cr) monoliths have
1.3 times higher porosity than 13X zeolite monoliths. Increasing CO- partial pressure in the
gas mixture shortens breakthrough and equilibrium times and increases their breakthrough
and equilibrium adsorption capacities of CO,. MIL-101(Cr) monoliths show better mass transfer
of CO2 in the adsorbent bed with shorter breakthrough and equilibrium times of about 20% and
35%, respectively, than 13X zeolite monoliths. The adsorption capacity of CO2 on MIL-101(Cr)
monoliths is higher by about 37% (based on weight in mmol/g) at breakthrough and slightly
lower by about 7% at equilibrium when compared to 13X zeolite monoliths. MIL-101(Cr)
monoliths were found to be 1.5 times more efficient for CO; adsorption than 13X zeolite
monoliths. The effects of regeneration temperature after CO, adsorption on MIL-101(Cr) and

13X zeolite monoliths were studied and results showed an increase in CO, adsorption capacity
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as the regeneration temperature was increased. In summary, the study showed MIL-101(Cr)

monoliths have better CO, adsorption properties than 13X zeolite monoliths.
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1. Introduction

Metal-organic frameworks (MOFs) are an emerging new class of porous materials that
are being developed as alternative adsorbents for capturing carbon dioxide (CO2) due to their
high porosity, large pore size and surface area, good thermal and chemical stabilities, low
framework density and high adsorption capacity for CO; [1,2,3]. One of the most promising
MOFs is MIL-101(Cr), which is a porous crystalline material that is known for its capability for
capturing CO: [4] and exhibits excellent hydrothermal stability [1,5] compared to many other
MOFs [6,7]. It has a three-dimensional framework structure made up of trimeric chromium(lll)
(Cr30) aggregates joined to 1,4-benzenedicarboxylate (bdc) ligands with an internal cavity
diameter up to 3.4 nm and a large Langmuir surface area of 5900 + 300 m?/g [1]. Small-sized
gas molecules such as CO- (average diameter of 0.36 nm) can be absorbed into the large
cavities of MIL-101(Cr). Due to the strong adsorptive forces between the polar CO. gas
molecules and the chromium aggregates on the surface of MIL-101(Cr), MIL-101(Cr) has
showed high CO, adsorption capacities up to 8.00 mmol/g at 5.3 bar and 10 °C according to
the pure CO, adsorption isotherm presented by Chowdhury et al. (2009) [4]. The structure of

MIL-101(Cr) is stable up to 275 °C [1].

Many CO- gas adsorption studies on MIL-101(Cr) had been carried out in the forms of
powder [8,9] or granules [10]. However, the powder form of an adsorbent is not practical for
use in industry and the granular form of an adsorbent often creates high pressure drops in

packed bed systems, which leads to high energy requirements [11] and inefficient adsorption



performance [12]. There are very few studies describing the use of MIL-101(Cr) monoliths for
CO; gas adsorption and the first one was reported by Hong et al. in 2015 [13]. Many studies
have used CO; capture adsorbents in powder form but the comparative adsorption study on
MIL-101(Cr) and industry standard 13X zeolite in monolithic structures for CO. capture
application has not been reported. These MIL-101(Cr) and 13X zeolite monoliths could have

potential for use in industrial CO, capture applications.

The three-dimensional framework structure of 13X zeolite consists of a group of silicon
and aluminium tetrahedra (SiO4 and AlO4) connected to twelve-membered oxygen rings and
charged balanced by sodium cations (Na*) to form an open crystal lattice [14]. The crystal
lattice of 13X zeolite has hydrated cavities joined through pores of diameter 0.75 nm [15] that
allow small gas molecules such as CO; to penetrate and adsorb in the cavities [16].
Additionally, 13X zeolite has strong adsorptive forces to attract polar molecules such as COo.
A study by Cavenati et al. (2004) has demonstrated that 13X zeolite extrudates have a high
CO; adsorption capacity of 6.50 mmol/g at 10 bar and 25 °C with a feed CO- concentration >

99.998% vol. [17]. 13X zeolite has high thermal stability and is stable to over 800 °C [18].

In this paper, MIL-101(Cr) and 13X zeolite monoliths are characterised by simultaneous
thermogravimetric and differential scanning calorimetry, mercury intrusion porosimetry (MIP)
and dynamic CO;. adsorption breakthrough experiments. Adsorption properties such as
breakthrough and equilibrium times, breakthrough and equilibrium adsorption capacities of
CO; and effectiveness of the adsorbent bed utilised for CO, adsorption are determined by
analysing their CO; adsorption breakthrough curves. Both MIL-101(Cr) and 13X zeolite
monoliths are tested with a range of feed CO. gas concentrations (0.4% vol., 4% vol. and 40%
vol.) at a constant pressure of 2 bar and feed gas flow rate of 500 mL/min. The adsorption
performance of MIL-101(Cr) monoliths for CO, capture is compared with that of 13X zeolite
monoliths. The effect of regeneration temperatures on CO, adsorption performance of MIL-

101(Cr) and 13X zeolite monoliths is also investigated. The aim of the study is to assess the



adsorptive performance of MIL-101(Cr) monoliths in comparison with that of 13X zeolite

monoliths for CO; capture application.

2. Experimental

2.1. Reagents and materials

Chemicals for the synthesis of MIL-101(Cr) were chromium(lll) nitrate nonahydrate
(99%) and 1,4-benzenedicarboxylic acid (also known as terephthalic acid) (= 99%) that were
purchased from Acros Organics (United Kingdom, UK). Ethanol (= 99.8%) was purchased from
Sigma-Aldrich Co. (USA). Raw materials for the preparation of adsorbent monoliths include
13X zeolite powder (particle diameter between 3 ym and 5 ym) purchased from Zeochem AG
(Switzerland), calcium bentonite powder (particle diameter < 0.5 pm) purchased from Bath
Potters’ Supplies Ltd. (UK) and licowax C micropowder PM (particle diameter of 15.1 pm)
purchased from Clariant (UK). The non-wetting liquid for pore characterisation was mercury
and it was purchased from Sigma-Aldrich Co. (USA). The model CO, gas concentrations for
the dynamic adsorption experiments were 0.4% vol., 4% vol. and 40% vol. CO: in air and they
were purchased from BOC Ltd. (UK). All substances were used as obtained from commercial

sources.

2.2. Synthesis of MIL-101(Cr)

MIL-101(Cr) was synthesised by hydrothermal reaction of chromium(lll) nitrate
nonahydrate (4.2 g), 1,4-benzendicarboxylic acid (1.6 g) and distilled water (49 mL) at 220 °C
for 8 hours. Then, the mixture was cooled to room temperature. The resulting green precipitate
was separated by centrifugation, washed with distilled water and dried at room temperature.
To remove unreacted 1,4-benzenedicarboxylic acid from the pores of MIL-101(Cr), the crude

product was treated with ethanol at 80 °C for 4 hours. The mixture was cooled to room



temperature and then the product was separated by centrifugation, washed with ethanol and

dried at room temperature.

2.3. Preparation of MIL-101(Cr) and 13X zeolite monoliths

Both MIL-101(Cr) and 13X zeolite monoliths were prepared by a paste extrusion
technique that comprises five processing steps, which are: (1) adsorbent paste preparation,
(2) pre-drying, (3) extrusion, (4) drying and (5) firing (Fig. 1). In the first processing step, MIL-
101(Cr) and 13X zeolite pastes were prepared individually by mixing MIL-101(Cr) powder or
13X zeolite powder and calcium bentonite powder with an adsorbent to clay ratio of 75:25 (in
dry weight). To enhance the structural porosity of MIL-101(Cr) and 13X zeolite monoliths,
licowax C micropowder PM (4% of total dry weight) was added to MIL-101(Cr) and 13X zeolite
paste mixtures. Water was used for mixing the paste (150% of total dry weight for MIL-101(Cr)
paste and 116% of total dry weight for 13X zeolite paste). After the MIL-101(Cr) and 13X zeolite
pastes were prepared, they were allowed to mature at room temperature. In this pre-drying

step, excess water in the adsorbent pastes slowly evaporates.

Once MIL-101(Cr) and 13X zeolite pastes had matured into workable pastes of high
plasticity, they were extruded individually on a single screw extruder into monoliths. Then, the
extruded MIL-101(Cr) and 13X zeolite monoliths were dried in a cool chamber of controlled
temperature (5 °C) and humidity (> 95% relative humidity) for at least a week to achieve
uniform drying. When MIL-101(Cr) and 13X zeolite monoliths have dried completely, they were
fired in a kiln at 205 °C for 33 hours and 34 minutes for MIL-101(Cr) monoliths and at 400 °C
for 41 hours and 27 minutes for 13X zeolite monoliths. The firing step was to sinter adsorbent
and clay binder (calcium bentonite) crystals together and to decompose the pore former
(licowax C micropowder PM) to form a porous and solidified structure. After the firing process,
the fired MIL-101(Cr) monoliths were cooled to room temperature and cut into 10 cm lengths.

This was the longest length of MIL-101(Cr) monoliths that were made in this study due to the



amount of MIL-101(Cr) required. For 13X zeolite monoliths, they were cut into 10 cm and 20
cm lengths. Both MIL-101(Cr) and 13X zeolite monoliths prepared in the study (Fig. 2) have

square channels with equal wall thickness and channel diameter of 0.90 mm.

Adsorbent Paste Preparation
Raw Materials: Adsorbent Powder + Clay Powder + Pore Former Powder + Water

NS
Pre-Drying

Condition: Room Temperature

NS

Extrusion

Extruded monoliths configuration: Cylindrical shape with square channels

N/
Drying

Conditions: 5 °C and > 95% relative humidity

Firing
Products: MIL-101(Cr) monoliths (fired at 205 °C) and 13X zeolite monoliths (fired at 400 °C)

Fig. 1. Process scheme of manufacturing MIL-101(Cr) and 13X zeolite monoliths.

Fig. 2. Photographs of (a) MIL-101(Cr) and (b) 13X zeolite monoliths.

2.4. Characterization methods

2.4.1. Thermogravimetric and differential scanning calorimetry

Thermal stabilities of MIL-101(Cr) and 13X zeolite were analysed using a simultaneous

thermogravimetric (TG) and differential scanning calorimetric (DSC) analyser (model: Setaram



TGA 92) that was equipped with a microbalance, a furnace and a 100 mm? alumina crucible.
Powder samples of MIL-101(Cr) and 13X zeolite were loaded into a small alumina crucible
individually and weighed on a microbalance inside an insulated furnace at room temperature.
This analysis was conducted under heated air with temperature between 20 °C to 900 °C at a
rate of 10 °C/min. The recorded thermal data of the samples were corrected with the thermal
data of an empty alumina crucible and plotted as TG and DSC curves (weight against

temperature and heat flow against temperature, respectively).

2.4.2. Pore size distribution

Pore properties of the MIL-101(Cr) and 13X zeolite monoliths were investigated using
mercury intrusion porosimetry (MIP). In this study, a mercury penetrometer (model:
Micromeritics AutoPore Ill) with a 3 cm?® bulb glass penetrometer with stem volume of 1.19 cm?
was used. MIL-101(Cr) and 13X zeolite monoliths were crushed into small pieces and loaded
separately into a glass penetrometer. The loaded penetrometer was installed onto the low-
pressure port of the penetrometer to evacuate gases from the sample. After the low pressure
(O to 3.45 bar) data was collected, it was transferred to the high-pressure port where mercury

was forced into the evacuated sample pores at elevated hydraulic pressure up to 4137 bar.

2.4.3. Adsorption studies

Adsorption performance of MIL-101(Cr) and 13X zeolite monoliths for CO, capture was
studied by carrying out dynamic adsorption experiments on an adsorption flow breakthrough
apparatus, as shown in Fig. 3. The apparatus consists of a feed gas flow system, an adsorption
column and an effluent gas analytical system. Compressed air was used as the purging gas
for cleaning the gas streams after each experiment. Considering the difference in thermal
stability of MIL-101(Cr) and 13X zeolite crystals, MIL-101 (Cr) and 13X zeolite monoliths were

activated in heated air at 150 °C and 250 °C, respectively, for at least 18 hours prior to the



start of each adsorption experiment to remove water and any gas molecules from the pores of

the adsorbents.
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Fig. 3. Schematic diagram of an adsorption flow breakthrough apparatus.

The effect of feed gas concentrations was investigated by exposing 10 cm long MIL-
101(Cr) monoliths and 20 cm long 13X zeolite monoliths to 0.4% vol., 4% vol. and 40% vol.
CO.,. Due to the difference in bed length used, the adsorption breakthrough curve was
normalised when comparing MIL-101(Cr) and 13X zeolite monoliths. Next, the effect of
regeneration temperature on the adsorption properties of sample monoliths (of same bed
length of 10 cm) was studied by regenerating them at 150 °C, 180 °C and 200 °C for MIL-
101(Cr) monoliths and at 150 °C, 200 °C and 250 °C for 13X zeolite monoliths. These
regeneration temperatures were chosen such that they were below their thermal stability
temperature, 275 °C for MIL-101(Cr) powder [1] and 800 °C for 13X zeolite powder [18], to
ensure there is no phase change of MIL-101(Cr) and 13X zeolite or degradation in their crystal
structures. All adsorption experiments were carried out by supplying a constant feed gas flow
of 500 mL/min at 2 bar (absolute) at room temperature (~ 20 °C). The change in concentration
with time was recorded by a data logger and the experimental adsorption data was plotted as

adsorption breakthrough curves.



Important adsorption properties of MIL-101(Cr) and 13X zeolite monoliths such as
breakthrough and equilibrium times as well as breakthrough and equilibrium adsorption
capacities and effectiveness of the adsorbent bed utilisation can be determined from their CO»
adsorption breakthrough curves. Breakthrough time, t;, is the time at which the effluent gas
concentration starts to increase by about 10% of the feed gas concentration (i.e., C/C, = 0.1)
and the equilibrium time, t,, is the time at which the effluent gas concentration is the same as
the feed gas concentration or when the adsorbent bed is fully saturated with CO: (i.e., C/C, =
1.0) [19]. Both breakthrough and equilibrium times were obtained directly from the adsorption

breakthrough curve.

Breakthrough and equilibrium adsorption capacities of CO. are defined as the amount of
CO;, gas adsorbed onto the adsorbent bed at breakthrough and equilibrium points,
respectively. The breakthrough adsorption capacity, g;,, of CO, was calculated using equation
(1) and the equilibrium adsorption capacity, q,., of CO, was calculated using equation (2). They

are normally expressed in terms of millimole of CO; being adsorbed per gram of adsorbent

(mmol/g).
t=tp
al t ¢ dt (1)
q ey J— —
b Mad b =0 CO
t=t,
_F t Z ¢ dt (2)
qe Maq e £ CO

where F is the molar flow rate of the feed CO; gas (mmol/s), m,, is the mass of adsorbent (g),
C, is the concentration of the feed CO; gas (g/m?), C is the concentration of the effluent CO,

gas (g/m3) at time ¢ (s) [20] and the term dt is time intervals.



It was assumed that the adsorbent bed of length L consists of equilibrium section and
unused bed. The length of equilibrium section of the adsorbent bed, LES (cm), and the length
of unused bed, LUB (cm), can be expressed as [19,21]:

LES =L — LUB (3)

LUB =L (ts t_ tb) (4)

S

where t, is the stoichiometric time (s) at which the area under the breakthrough curve after
breakthrough at t; is equal to the area above the breakthrough curve before equilibrium at ¢,.
It is preferable to have short LUB for efficient utilisation of the adsorbent bed [19]. The
effectiveness of the adsorbent bed, @, (%), utilised for CO, adsorption can then be

determined using:

LES
Dpeq = —— X 100% (5)

3. Results and discussion

3.1. Thermal properties of MIL-101(Cr) and 13X zeolite

Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves of MIL-
101(Cr) and 13X zeolite powders in Fig.s 4(a) and (b), respectively, showed the change in
weight and heat flow as they were heated with increasing temperatures. These thermal data
of MIL-101(Cr) and 13X zeolite were used to determine their thermal weight loss and stabilities.
The TG curve of MIL-101(Cr) in Fig. 4(a) showed that there were two steps in the weight loss
when the samples was heated, similar to that reported by Liang et al., 2013 [22]. The first
weight loss of about 39.4% was up to 277 °C (due to loss of water molecules) and the second
weight loss of about 45.2% was from 280 °C to 480 °C (due to the decomposition of its
framework). The endothermic peak between 100 °C and 200 °C on the DSC curve of MIL-

101(Cr) powder was due to the loss of water molecules from MIL-101(Cr) whereas the



exothermic peak above 380 °C on the DSC curve of MIL-101(Cr) powder was due to the

decomposition of the MOF. This means that MIL-101(Cr) is thermally stable below 380 °C.

For the 13X zeolite powder, its TG curve in Fig. 4(b) indicated that it has a weight loss
(or water content) of 21%, similar as that reported by Mishra, 2007 [23], until 500 °C when
water molecules were removed from the heated 13X zeolite. The DSC curve of 13X zeolite
powder showed an endothermic peak from 100 °C to 400 °C due to dehydration and an
exothermic peak from 400 °C to 700 °C due to recrystallisation. The structural collapse of 13X
zeolite crystals occur at temperature above 800 °C [18], as indicated by the sharp exothermic

peak of the DSC curve above 800 °C. This means that 13X zeolite is thermally stable below

800 °C.
(a) MIL-101(Cr) (b) 13X zeolite
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Fig. 4. Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves of (a)
MIL-101(Cr) and (b) 13X zeolite powders.

3.2. Pore structure of MIL-101(Cr) and 13X zeolite monoliths and powders

The pore properties of MIL-101(Cr) and 13X zeolite monoliths and powders are
compared in Table 1. Results indicate that MIL-101(Cr) monoliths have a larger total pore
volume (i.e., by about 2.5 times) and total pore surface area (i.e., by about 12.4 times) than
13X zeolite monoliths. The larger total pore volume and total pore surface area of MIL-101(Cr)
monoliths means that they have greater storage capacity and greater exposure of adsorption

sites for CO2 adsorbate gas compared to 13X zeolite monoliths. However, the study found that



the average pore diameter of MIL-101(Cr) monoliths was about 4.9 times smaller than 13X
zeolite monoliths, indicating that some of the cavities of MIL-101(Cr) could be blocked by the
calcium bentonite paste. The small average pore diameter of MIL-101(Cr) monoliths means
that the penetration of CO, gas molecules through the pores and the adsorption onto
adsorption sites would occur at a slower rate for MIL-101(Cr) monoliths than those for 13X

zeolite monoliths.

The total pore volume is generally related to the porosity of the adsorbent structure.
Adsorbent monoliths with large total pore volumes tend to have high porosity. Table 1 reveals
that the porosity of MIL-101(Cr) monoliths was about 1.3 times higher than 13X zeolite
monoliths. The high porosity of MIL-101(Cr) monoliths implies that they have a wider pore
network for CO, adsorbate gas to diffuse into MIL-101(Cr) crystals and adsorb onto adsorption
sites located at the surface of the pores as well as those inside the pores than the pore
networks in 13X zeolite monoliths. The study also found that MIL-101(Cr) monoliths were less
dense than 13X zeolite monoliths. Results in Table 1 show that the bulk density of MIL-101(Cr)

monoliths was half of the bulk density of 13X zeolite monoliths.

Reductions in total pore volume (by about 2.5 times), total pore surface area (by about
1.8 times), average pore diameter (by about 1.4 times) and porosity (by about 1.2 times) were
indicated in Table 1 when processing MIL-101(Cr) powder into monoliths. These confirmed
that access to some MIL-101(Cr) cavities are likely to be blocked by calcium bentonite clay in
the monolithic structure. Similarly, due to the same reason, 13X zeolite monoliths have smaller
total pore volume (by about half), average pore diameter (by about 0.3 times) and lower
porosity (by about 0.8 times) than 13X zeolite powder. Interestingly, the total pore surface area
of 13X zeolite monoliths was about 1.7 times larger than that of 13X zeolite powder and this
could be due to formation of macropores in the monolithic structure after thermal

decomposition of the pore former.



Table 1

Pore properties of MIL-101(Cr) and 13X zeolite monoliths and powders.

Total pore Total pore

Samples volume surface Average pore Porosity Bulk density

. o

mL/g) area (m?/g) diameter (nm) (%) (g/mL)
MIL-1 0_1 (Cr) 1164 195.0 23.9 65.4 0.56
monolith
MIL-101(Cr) 2 895 3455 335 79.8 0.28
powder
13X ze_ollte 0.464 15.7 118.0 50.8 1.10
monolith
13X zeolite 0.961 9.4 409.4 66.7 0.69
powder

Pore size distributions of MIL-101(Cr) and 13X zeolite monoliths are shown in Fig. 5. It
was seen that both MIL-101(Cr) and 13X zeolite monoliths have larger cumulative pore volume
in macropores (pore diameter > 50 nm) than that in mesopores (pore diameter between 2 nm
and 50 nm). The cumulative pore volume of MIL-101(Cr) monoliths was found to be larger by
about 1.8 times in macropores (likely due to the evaporation of more water molecules in the
pre-drying step of the manufacturing of MIL-101(Cr) monoliths) and about the same cumulative
pore volume in mesopores when compared to 13X zeolite monoliths. This suggests that the
adsorbate CO, gas molecules are mostly adsorbed in the macropores and less in the
mesopores for both MIL-101(Cr) and 13X zeolite monoliths. The variations in their pore volume
and distribution of pore sizes were due to the difference in the types of adsorbent materials

and thermal treatments used in the manufacturing of MIL-101(Cr) and 13X zeolite monoliths.
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Fig. 5. Pore size distributions of MIL-101(Cr) and 13X zeolite monoliths.

3.3. COz2z adsorption performances of MIL-101(Cr) and 13X zeolite monoliths

3.3.1. Effect of varying feed gas concentrations

Adsorption experiments were carried out with feed CO gas concentrations of 0.4%, 4%
and 40% vol. at a constant total gas pressure of 2 bar and feed gas flow rate of 500 mL/min.
These CO- gas concentrations correspond to CO- partial pressure of 0.008 bar, 0.08 bar and
0.8 bar, respectively. The effect of varying feed CO, gas concentrations are presented in Figs.
6(a) for a MIL-101(Cr) monolith and (b) for a 13X zeolite monolith. It was observed in Figs. 6(a)
and (b) that the CO; adsorption breakthrough curves were steeper at higher feed CO, gas
concentrations. This shows that the mass transfer of CO: in the adsorbent bed was better at
high feed CO, gas concentration because they have higher CO, concentration gradient (or
CO; partial pressure) in the adsorbent bed. The mass transfer front reaches the end of the
adsorbent bed early and the bed gets saturated with CO» faster at high CO; concentration
gradient. This was shown by the decrease in breakthrough and equilibrium times when the
feed CO2 gas concentration was increased. The study found that the breakthrough time for
MIL-101(Cr) monolith was decreased from 2030 s to 641 s and its equilibrium time was
decreased from 4053 s to 1834 s when the feed CO, gas concentration was increased from

0.4% vol. to 4% vol.
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Fig. 6. Dynamic adsorption breakthrough curves of 0.4%, 4% and 40% vol. CO2 on (a) MIL-
101(Cr) monolith and (b) 13X zeolite monolith at 2 bar and gas flows of 500 mL/min.

Further reduction in breakthrough and equilibrium times was seen when a higher feed
CO- gas concentration (i.e., 40% vol.) was used. For MIL-101(Cr) monoliths, it was found that
the breakthrough time was decreased from 641 s to 160 s and the equilibrium time was
decreased from 1834 s to 929 s when the feed COz gas concentration was increased from 4%
vol. to 40% vol. Similar behaviour was observed for 13X zeolite monoliths, in which the
breakthrough time was decreased from 8060 s to 396 s and the equilibrium time was
decreased from 18720 s to 2675 s when the feed CO; gas concentration was increased from

0.4% vol. to 40% vol. These results show that the breakthrough and equilibrium times are



affected when there is a change in CO> concentration gradient (or CO- partial pressure). A
study on CO, adsorption was conducted by Monazam et al. (2013) [24] using immobilized
polyethylenimine (PEI) on mesoporous silica support in a fluid bed and their study showed
similar behaviour as that observed here (see Fig. 6). They reported that the breakthrough time
was slightly decreased from 570 s to 490 s with steeper breakthrough curves when the feed
CO- concentration was increased from 16.6% vol. to 33.3% vol. Nouh et al. (2010) [25]
investigated the effect of varying CO, concentrations (10% vol., 30% vol. and 70% vol.) on
simulated adsorption in a fixed bed adsorption column using an integrated CFD approach and
their study showed that the bed was saturated and reached equilibrium faster at a higher feed

CO. concentration.

Table 2 indicates that both breakthrough and equilibrium adsorption capacities of CO»
for MIL-101(Cr) and 13X zeolite monoliths were increased with increasing feed CO, gas
concentration. This was due to the fact that there are more CO, molecules being adsorbed
onto the adsorbent bed at high feed CO; gas concentration. The study found that the
breakthrough adsorption capacity for MIL-101(Cr) monoliths was increased from 0.17 mmol/g
to 0.55 mmol/g and its equilibrium adsorption capacity was increased from 0.18 mmol/g to 0.70
mmol/g when the feed CO, gas concentration was increased from 0.4% vol. to 4% vol. Further
increase in the feed CO gas concentration from 4% vol. to 40% vol. was found to increase the
breakthrough adsorption capacity from 0.55 mmol/g to 1.26 mmol/g and the equilibrium
adsorption capacity from 0.70 mmol/g to 1.98 mmol/g for MIL-101(Cr) monoliths. The same
trend was seen for 13X zeolite monoliths, in which their breakthrough adsorption capacity was
increased from 0.27 mmol/g to 0.98 mmol/g and 1.34 mmol/g and their equilibrium adsorption
capacity was increased from 0.40 mmol/g to 1.56 mmol/g and 2.58 mmol/g when the feed CO-
gas concentration was increased from 0.4% vol. to 4% vol. and 40% vol., respectively. This
can be explained by the fact that a higher concentration gradient resulted in faster CO- loading

rate on the adsorbent bed due to an increase in the driving force for mass transfer.



Table 2

Adsorption properties of MIL-101(Cr) and 13X zeolite monoliths with different CO-
concentrations flowing at a constant pressure of 2 bar and a flow rate of 500 mL/min.

Co tp te qp qe Whed
Samples
(% vol. CO,) (s) (s) (mmol/g) (mmol/g) (%)
0.4 2030 4053 0.17 0.18 92.2
MIL-101(Cr) 4 641 1834 0.55 0.70 80.0
monolith
40 160 929 1.26 1.98 67.8
0.4 8060 18720 0.27 0.40 68.7
13X zeolite 4 2635 7034 0.98 1.56 62.9
monolith
40 396 2675 1.34 2.58 53.4

The results in Table 2 reveal that the effectiveness of both MIL-101(Cr) and 13X zeolite
monolithic adsorbent beds utilised for CO, adsorption decreases as the feed CO, gas
concentration was increased. The effectiveness of MIL-101(Cr) monolithic adsorbent bed
utilised for CO, adsorption was found to decrease from 92.2% to 80.0% and 67.8% when the
feed CO. gas concentration was increased from 0.4% vol. to 4% vol. and 40% vol.,
respectively. Similar for 13X zeolite monoliths, the effectiveness of its adsorbent bed utilised
for CO2 adsorption (expressed in length percentage) was decreased from 68.7% to 62.9% and
53.4% when the feed CO; gas concentration was increased from 0.4% vol. to 4% vol. and 40%
vol., respectively. The decrease in the utilisation of adsorbent bed for CO, adsorption are likely
to be due to the rapid saturation of the adsorbent bed with CO. gas molecules at high CO
concentration gradient due to fast penetration of CO, gas molecules through the pores and

greater adsorption of CO; in the cavities of MIL-101(Cr) and 13X zeolite.

The CO. adsorption performances of MIL-101(Cr) and 13X zeolite monoliths are
compared and their normalised adsorption breakthrough curves with a feed gas concentration
of 40% vol. CO- are presented in Fig. 7. The total gas pressure and feed gas flow rate were

kept constant at 2 bar and 500 mL/min, respectively. It was observed that MIL-101(Cr)



monoliths exhibit a steeper breakthrough curve than 13X zeolite monoliths. This gave an
indication that MIL-101(Cr) monoliths have better mass transfer of CO- in the adsorbent bed
than 13X zeolite monoliths due to their highly porous structure, as presented in Section 3.2.
As shown in Fig. 7, MIL-101(Cr) monoliths could adsorb up to about 92% vol. of CO, and 13X
zeolite monoliths could adsorb up to about 98% vol. of CO, from the feed gas stream before
they start to breakthrough. This shows that the interactions (van der Waals forces) between
CO, gas molecules and adsorbent surfaces are slightly weaker for MIL-101(Cr) when
compared to 13X zeolite, which means CO, gas molecules can be desorbed from a MIL-
101(Cr) monolithic adsorbent bed faster than from a 13X zeolite monolithic adsorbent bed.
Tailing of the breakthrough curves was seen as it approaches saturation of adsorbent beds for
both MIL-101(Cr) and 13X zeolite monoliths, indicating slow intraparticle diffusion within the

pores of the adsorbent particles.

It was also observed that the normalised breakthrough and equilibrium times for MIL-
101(Cr) monoliths were shorter than those for 13X zeolite monoliths. This implies that MIL-
101(Cr) monoliths get saturated faster and they need more frequent replacement or
regeneration than 13X zeolite monoliths. The study found that the normalised breakthrough
and equilibrium times for MIL-101(Cr) monoliths were 11.6 s/cm and 119.3 s/cm, respectively.
For 13X zeolite monoliths, their normalised breakthrough and equilibrium times were found to
be 14.5 s/cm and 182.7 s/cm, respectively. Results in Table 3 reveal that MIL-101(Cr)
monoliths have a higher breakthrough adsorption capacity (i.e., by about 37%) but slightly
lower equilibrium adsorption capacity (i.e., by about 7%) than 13X zeolite monoliths. This was
because most of the adsorption sites in the mesoporous cavities of MIL-101(Cr) monoliths
were quickly occupied by CO, gas molecules at breakthrough and less adsorption sites

remained for CO, adsorption at equilibrium.
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Fig. 7. Normalised adsorption breakthrough curves of 40% vol. CO, on MIL-101(Cr) and 13X
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zeolite monoliths at 2 bar and gas flows of 500 mL/min.

Table 3

Adsorption properties of MIL-101(Cr) and 13X zeolite monoliths with CO concentration of 40%

vol. at a constant pressure of 2 bar and a feed gas flow rate of 500 mL/min.

tp te qb qe Wphed

Samples
(s/cm) (slem) (mmol/g) (mmol/g) (%)
MIL-101(Cr) monolith 11.6 119.3 1.1 1.87 65.7
13X zeolite monolith 14.5 182.7 0.81 2.02 43.9

The presence of calcium bentonite in MIL-101(Cr) and 13X zeolite monoliths prepared
in this study was likely to block some of the adsorbent pores and for this reason it was expected
that their equilibrium adsorption capacities of CO; would be lower than those reported in the
literature, which is for pure MIL-101(Cr) and 13X zeolite powders. The pure CO, adsorption
isotherm presented by Liang et al (2013) has shown that the equilibrium adsorption capacity
of CO; for their synthesised MIL-101(Cr) powder (of the same chemical formulation as this
study) was 2.70 mmol/g at 2 bar and 25 °C [22], which was higher than the value obtained in
the present study (i.e., 1.87 mmol/g at the same gas pressure and near to the operating
temperature of 21 °C for MIL-101(Cr) monolith) (refer Table 3). Some researchers have

reported lower CO adsorption capacity than the value obtained in this study. Teo et al. (2017)



performed pure CO, adsorption on their synthesised MIL-101(Cr) powder (that included
concentrated hydrochloric acid in the synthesis) by a volumetric method and showed a CO-
adsorption capacity of 1.60 mmol/g at 2 bar and 25 °C [26]. A similar CO, adsorption study
was conducted by Anbia et al. (2012) and their results showed a much lower CO, adsorption
capacity of 0.20 mmol/g at 2 bar and 25 °C for their synthesised MIL-101(Cr) powder (that has
included hydrofluoric acid in the synthesis) [27] when compared to the value obtained in this
study (refer Table 3). These results demonstrated that preparative route can affect the CO

adsorption capacity of MIL-101(Cr).

Furthermore, Garshasbi et al. (2017) has presented a pure CO; adsorption isotherm for
commercial 13X zeolite powder that showed a higher CO2 adsorption capacity of 4.00 mmol/g
at 2 bar and 25 °C [28] than the present study, which was 2.02 mmol/g at 2 bar and 25 °C with
40% vol. CO; for 13X zeolite monolith (Table 3). In terms of adsorbent bed utilisation for CO-
adsorption, the study found that MIL-101(Cr) monoliths were utilised more effectively for CO»
adsorption (i.e., by about 1.5 times) compared to 13X zeolite monoliths. As indicated in Table
3, the effectiveness of the adsorbent bed utilised for CO, adsorption was found to be 65.7%
for MIL-101(Cr) monoliths and 43.9% for 13X zeolite monoliths. This was due to the efficient
mass transfer of CO- in MIL-101(Cr) monoliths, as indicated by the steep breakthrough curve

in Fig. 7.

3.3.2. Effect of regeneration temperature

The effect of regeneration temperature on CO; adsorption performances of MIL-101(Cr)
and 13X zeolite monoliths was investigated in this study by carrying out adsorption
experiments with feed CO2 gas concentrations of 40% vol. at a constant total gas pressure of
2 bar and feed gas flow rate of 500 mL/min. MIL-101(Cr) monoliths were regenerated at 150

°C, 180 °C and 200 °C and 13X zeolite monoliths were regenerated at 150 °C, 200 °C and 250



°C. The adsorption breakthrough curves for MIL-101 (Cr) and 13X zeolite monoliths are shown

in Figs. 8(a) and (b), respectively.
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Fig. 8. Dynamic adsorption breakthrough curves of 40% vol. CO2 on (a) MIL-101(Cr)
monoliths that have been regenerated at 150 °C, 180 °C and 200 °C and (b) 13X zeolite
monoliths that have been regenerated at 150 °C, 200 °C and 250 °C at 2 bar and gas flows of

500 mL/min.

As can be seen, the steepness of the breakthrough curves was similar for all
regeneration temperatures for both MIL-101(Cr) and 13X zeolite monoliths. This demonstrates
that the mass transfer of CO- in both MIL-101(Cr) and 13X zeolite monoliths was not affected
by the regeneration temperature. The breakthrough and equilibrium times for MIL-101(Cr) and

13X zeolite monoliths were found to increase with increasing regeneration temperature, as



shown in Figs. 8(a) and (b) and Table 4. The study found that the breakthrough time for MIL-
101(Cr) monoliths was increased from 115 s to 130 s and 149 s and its equilibrium time was
increased from 1145 s to 1273 s and 1439 s when the regeneration temperature was elevated
from 150 °C to 180 °C and 200 °C, respectively. Similarly for 13X zeolite monoliths, the
breakthrough time was found to increase from 105 s to 130 s and 159 s and the equilibrium
time was found to increase from 1573 s to 1825 s and 2053 s when the regeneration
temperature was elevated from 150 °C to 200 °C and 250 °C, respectively. This implies that
MIL-101(Cr) and 13X zeolite monoliths that have been regenerated at high temperature can
be used for a longer time for CO, adsorption before they need to be replaced or regenerated.
This was due to the high availability of adsorption sites for CO» adsorption when the adsorbent

bed was subjected to high temperature.

Table 4

Adsorption properties of MIL-101(Cr) and 13X zeolite monoliths with different regeneration
temperatures for 40% vol. CO2 adsorption at a constant pressure of 2 bar and a feed gas flow
rate of 500 mL/min.

Tregen tp te dp qe Whed
Samples
(°C) (s) (s) (mmol/g) (mmol/g) (%)
150 115 1145 1.16 1.92 66.5
MIL-101(Cr) 180 130 1273 1.28 2.10 67.0
monolith
200 149 1439 1.52 2.38 69.1
150 105 1573 0.58 2.01 32.9
13X zeolite 200 130 1825 0.79 2.62 33.2
monolith
250 159 2053 1.01 3.12 35.1

Results in Table 4 indicate that the breakthrough and equilibrium adsorption capacities
of CO, for both MIL-101(Cr) and 13X zeolite monoliths increased with increasing regeneration
temperature. The study found that the breakthrough adsorption capacity of CO, for MIL-

101(Cr) monoliths was increased from 1.16 mmol/g to 1.28 mmol/g and 1.52 mmol/g and its



equilibrium adsorption capacity of CO» was increased from 1.92 mmol/g to 2.10 mmol/g and
2.38 mmol/g when the regeneration temperature was elevated from 150 °C to 180 °C and 200
°C, respectively. For 13X zeolite monoliths, their breakthrough adsorption capacity of CO, was
increased from 0.58 mmol/g to 0.79 mmol/g and 1.01 mmol/g and their equilibrium adsorption
capacity of CO2 was increased from 2.01 mmol/g to 2.62 mmol/g and 3.12 mmol/g when the
regeneration temperature was elevated from 150 °C to 200 °C and 250 °C, respectively. This
was because there are more adsorption sites available for CO, adsorption as a result of
efficient desorption of CO- at higher temperature. Li et al. (2013) [29] and Sayilgan et al. (2016)
[30] have also reported the same effect of regeneration temperature on adsorption capacity as

the present study.

Since the availability of adsorption sites for CO, adsorption was increased at higher
regeneration temperature, the utilisation of MIL-101(Cr) and 13X zeolite monolithic adsorbent
beds for CO, adsorption was slightly improved when their regeneration temperature was
increased, as indicated in Table 4. The study found that the effectiveness of MIL-101(Cr)
monolithic adsorbent bed utilised for CO, adsorption was increased from 66.5% to 67.0% and
69.1% when the regeneration temperature was elevated from 150 °C to 180 °C and 200 °C,
respectively. For 13X zeolite monoliths, the effectiveness in utilising the adsorbent bed for CO»
adsorption was found to increase from 32.9% to 33.2% and 35.1% when the regeneration

temperature was elevated from 150 °C to 200 °C and 250 °C, respectively.

4. Conclusions

MIL-101(Cr) and 13X zeolite monoliths have been successfully manufactured according
to novel formulations. The study has validated that MIL-101(Cr) and 13X zeolite powders used
in the study were thermally stable up to 380 °C and 800 °C, respectively. MIL-101(Cr)
monoliths were found to have larger total pore surface area (by about 12.4 times) and higher

porosity (by about 1.3 times) than 13X zeolite monoliths. With these pore characteristics, MIL-



101(Cr) monoliths showed a better CO. adsorption performance (37% higher in CO:2
adsorption capacity at breakthrough with a feed CO» gas concentration of 40% vol. at 2 bar
and feed gas flow of 500 mL/min) than 13X zeolite monoliths. It has been found that CO.
adsorption capacities of MIL-101(Cr) and 13X zeolite monoliths were improved by increasing
the feed gas concentration and regenerating them at a higher temperature. The study has
demonstrated that MIL-101(Cr) and 13X zeolite monoliths can potentially be used for industrial

CO; capture applications.
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