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b Dipartimento di Scienze Chimiche, Università degli Studi di Napoli Federico II, Complesso Universitario di Monte Sant’ Angelo, 80126 Napoli, Italy   

A R T I C L E  I N F O   

Keywords: 
Adsorption 
Phase separation 
Oriented monolayer 
Monolithic adsorbents 
13X zeolite 
CO2 capture 

A B S T R A C T   

Uniform 13X films with thicknesses of 3 and 11 µm were grown on supports in the form of steel monoliths with a 
cell density of 1600 cpsi and microchannels width of 0.5 mm. Sharp breakthrough fronts and a dynamic uptake 
of 3.4 mmol CO2 g− 1 zeolite were observed in the forwarding step of breakthrough experiments for a feed of 10% 
CO2 in N2 with a high flow rate at 293 K and 1 bar. Numerical modeling showed that the adsorption process was 
very fast and that the transport of CO2 in the thin zeolite layer was the rate-limiting step, the mass transfer 
resistance for the 11 µm film is 2.2 times lower than zeolite 13X pellets and 100 times lower than zeolite 4A 
beads. Axial dispersion, pressure drop, and gas film resistance were shown to be negligible. The steel monolith 
support provides good mechanical strength and excellent thermal conductivity for the 13X films. The combi-
nation of properties makes this adsorbent a good performer when compared with other types of structured zeolite 
adsorbents in reported literatures. This microchannel adsorbent is a promising alternative to traditional adsor-
bents in processes of fast CO2 separation with short cycle times.   

1. Introduction 

Current industrial CO2 separation methods are based on aqueous 
amines [1], membranes [2–4], and adsorbents [5–7]. Amine scrubbing 
is frequently used in industry, but has some drawbacks such as very 
energy consuming regeneration, amine degradation and corrosion [8]. 
Another industrial method for CO2 separation is polymeric membranes, 
which separates CO2 selectively via several different mechanisms, but an 
ideal membrane with high stability, selectivity, flux and reproducibility 
is not yet industrially available [9]. Packed beds of adsorbent pellets are 
mostly used in adsorption processes. The main disadvantages with 
pelletized adsorbents are that the material may erode due to thermal 
cycling and mechanical vibration, which generate fine particles that 
may leave the adsorption column. Besides, packed beds of pellets display 
a large pressure drop which is problematic at short cycle times [10]. 
Furthermore, the slow mass transfer kinetics at both the film- and 
molecular-levels as big of an issue as the pressure drop. 

Considerable interest has been shown in the area of process inten-
sification [11], and the application of a monolithic absorbent can be one 
of the means towards achieving it. The technique of 3D printing pro-
motes the preparation of porous adsorbents and the chemical, structural, 
as well as mechanical properties of the adsorbent material can be opti-
mised for gas separation processes [12]. As an example, 3D printed 

zeolite 13X monoliths were reported to exhibit good mechanical prop-
erties and a high dynamic CO2 adsorption capability of 3.97 mmol g− 1 

for a 15/85 CO2/N2 mixture [13]. The main disadvantages of 3D 
printing are slow manufacturing output compared to pelletization and 
extrusion and slow mass transfer properties, which may result in high 
costs of the adsorbent material and difficulties to scale-up [14–16]. 

Adsorbents in monolith-shape with parallel channels have potential 
for real applications because of the excellent geometry, which bring 
about low pressure drop, uniform flow pattern and lower attrition 
[17–19]. Good mass transfer can be achieved for thin films of adsorbent 
material grown on monolithic supports, due to the short diffusion path 
in a thin film [20]. 

Faujasite (FAU) type zeolite has a cubic unit cell and a framework 
comprising so-called 12-ring pores running in the (111) directions of the 
crystals. The pore size of the ring is about 7.4 Å, but the effective pore 
diameter is dependent on the type of counter ions in the zeolite. Both X 
and Y type of zeolites have FAU framework, and the molar ratio of Si/Al 
is per definition between 1 and 1.5 for X type and higher than 1.5 for 
zeolite Y [21]. The sodium form of X type is indicated as zeolite 13X. It 
readily adsorbs CO2 and Rodrigues et al. reported an adsorption capacity 
of 2.5 mol CO2/kg zeolite [22]. Myers et al. reported capacity of 3.6 mol 
CO2/kg zeolite at 31.4 ◦C for zeolite 13X powder [23]. However, Kroll 
et al. reported an even higher CO2 capacity of 5 mol/kg at 30 ◦C and 1 
bar [24]. Furthermore, this zeolite displays a high CO2/N2 adsorption 
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selectivity of about 500 at 298 K and 1 bar [25]. Ho et al. have shown 
that a good adsorbent with CO2 selectivity of 500 is enough to lower the 
cost of CO2 capture substantially for flue gas from a power plant. Ad-
sorbents with even higher selectivity has little effect on the cost reduc-
tion of CO2 capture [26]. The adsorption selectivity of zeolite 13X is a 
result of polarizability and larger quadrupole moment of CO2 (14.3 ×
10− 40 C m2) compared to N2 (4.7 × 10− 40 C m2) [7]. A 13X adsorbent is 
stable and can be used for hundreds of adsorption–desorption cycles, 
which makes it a cost-effective adsorbent [10]. A limitation of zeolite 
13X is the competitive adsorption of water, leading to reduced selec-
tivity for CO2 in humid flue gases [27]. However, this drawback can be 
remedied by chemical grafting of amine via formation of a conjugated 
acid–base between the zeolite Brønsted acid site and e.g., ethylenedi-
amine [28]. 

We have previously explored parallel channel cordierite monoliths 
coated with thin zeolite 13 X films for carbon dioxide separation. The 
monoliths showed remarkable sharper breakthrough fronts and the 
pressure drop was notably lower than zeolite pellets [29–31]. A model 
revealed that in short cycle times, the monolithic adsorbent could even 
achieve better productivity than beads or pellets although the single 
time capacity was lower [30]. It was also illustrated by numerical 
modelling and experiments that the cordierite monoliths have highly 
porous walls, which had a negative influence on the breakthrough front. 
The pores in the cordierite walls bring about pore filling with CO2 and 
N2 gas mixture, not selective CO2 adsorption [31]. Also, to achieve 
sufficient adsorption capacity, the film thickness should be sufficiently 
large without compromising the kinetics. It was shown that a film 
thickness of 20 or 30 µm resulted in broadening of the CO2 breakthrough 
front, due to increased mass transfer resistance, but films with a thick-
ness of about 10 µm thickness displayed sharp fronts [31]. Conse-
quently, our former findings indicated that an ideal CO2 adsorbent is 
composed of a monolithic support with very high cell density and non- 
porous walls coated with an approximately 10 µm thick zeolite 13X film. 
The scope of the present work is to prepare such adsorbents and evaluate 
CO2 separation performance by breakthrough experiments in combi-
nation with mathematical modelling. 

2. Experimental section 

2.1. Material synthesis and characterization 

Steel monoliths with cylindrical-shape (from Metalit Emitec, Ger-
many) with very high-density of 1600 cells per square inch (cpsi) were 
adopted as support for the fabrication of microchannel adsorbents. The 
outer steel shell of the monoliths is 15.2 cm in length and 3.0 cm in outer 
diameter, while the length of the honeycomb structure in the shell was 
14.9 cm with a diameter of 2.8 cm, corresponding to a volume of 92 mL, 
see Fig. 1 a) and b). The surface area of the steel in these monoliths is 
7332 cm2 per monolith according to the supplier. The microchannels 
with a cross section of equilateral triangles with a width of 0.5 mm are 
shown in Fig. 1 c). The nonporous steel foil with thickness of 25 µm used 
to fabricate the monolith has a smooth surface, as shown in Fig. 1 c), d). 
Each steel monolith’s weight was measured before start the seeding and 
film growing procedure. 

Zeolite 13X films were grown on the monolith using a similar method 
as described before [29]. In brief, the monolith was first exposed to a 4% 
HF solution for 30 s. This step removed the surface coating on the 
stainless-steel casing and was found to be critical to avoid the formation 
of secondary phases, such as sodalite. Afterward, it was washed with a 
0.1 M aqueous NH3 solution and then soaked in a 0.4 wt% cationic 
polymer (type Redifloc 4150, from EKA Chemicals) solution in water at 
a pH value of 8 to make the steel surface charged positively. Zeolite FAU 
crystals with a particle size of 80 nm and octahedral shape was dispersed 
in DI water with concentration of 1 wt% and was adopted as seeding 
suspension. The seed crystals was prepared as described earlier [32,33], 
and briefly describe here. The composition of the synthetic solution in 
mol was 1 SiO2: 0.29 Al2O3: 0.01 Na2O: 0.72 (TMA)2O: 118 H2O. After 
mixing the chemicals, the mixture was hydrolysed for 24 h, and crys-
tallization was performed at 100 ◦C under reflux for 120 h. The monolith 
was soaked in the seed suspension for about 1 h to form a monolayer of 
the FAU seeds on the positively charged surface. The excessive seeds as 
multilayer were cleared away by washing with a 0.1 M aqueous NH3 
solution. The monolayer of seed crystals is shown in Fig. 1(e) and (f). 
Afterwards, zeolite 13X films were grown inside the microchannel of the 

Nomenclature 

C CO2 concentration in the gas phase [mol m− 3] 
C0 CO2 concentration in the gas phase at the adsorber inlet 

[mol m− 3] 
Cout CO2 concentration in the gas phase at the adsorber outlet 

[mol m− 3] 
dh hydraulic diameter [m] 
Dax axial dispersion coefficient [m2 s− 1] 
DCO2-N2 CO2 molecular diffusivity in the gas phase [m2 s− 1] 
Dz zeolite film diffusivity [m2 s− 1] 
F Flow rate of during breakthrough experiment [m3 s− 1] 
kext fluid film mass transfer coefficient [m s− 1] 
kov overall mass transfer coefficient [s− 1] 
KH Henry equilibrium constant [mol kg− 1 bar− 1] 
L total length of the honeycomb adsorbent [m] 
m mass of zeolite [kg] 
P pressure [bar] 
P* CO2 equilibrium partial pressure in the gas phase [bar] 
pCO2 

partial pressure of CO2 in the feed gas [Pa] 
q adsorption capacity of zeolite [mol kg− 1] estimated from 

time to reach C/C0 = 0.5 
qmodel adsorption capacity of zeolite [mol kg− 1] estimated from 

the fitted model 
R ideal gas constant [J mol− 1 K− 1] 

Re Reynolds number [− ] 
Rext fluid film diffusion resistance [s] 
Rov overall mass transfer resistance [s] 
Rz zeolite film diffusion resistance [s] 
Sc Schmidt number [− ] 
Sh Sherwood number [− ] 
t time [s] 
T temperature [K] 
u gas velocity in the monolith channel [m s− 1] 
xz mass fraction of zeolite in the structured adsorbent [kg 

kg− 1] 
z adsorbent bed axial coordinate [m] 

Greek symbols 
δ zeolite film thickness [m] 
ΔP pressure drop [bar] 
ε monolith void fraction [− ] 
μ gas dynamic viscosity [kg m− 1 s− 1] 
ρg gas density [kg m− 3] 
ρb adsorbent bulk density [kg m− 3] 
ω average adsorption capacity of the structured adsorbent 

[mol kg− 1] 
ω* equilibrium adsorption capacity of the structured 

adsorbent [mol kg− 1]  
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monoliths by repeated hydrothermal treatment in a transparent syn-
thetic mixture with composition in mol of 1 SiO2: 0.13 Al2O3: 9.13 Na2O: 
568 H2O until the desired thickness was reached. 

The monolith was raised and lowered repeatedly in the synthesis 
solution in order to remove air bubbles in the microchannels. The 
growth was conducted in a polymethylpentene (PMP) tube reactor, 
which was placed in a 90 ◦C oil bath and refluxed by a condenser. The 
films growth process was conducted in 21 steps of 65 min each to ach-
ieve a film thickness of about 3 µm, and 70 steps to reach film thickness 
of 11 µm. The sample was washed by a 0.1 M NH3 solution after each 
step. And after the last step, the films coated monoliths were rinsed and 
dried at 120 ◦C in oven, then cooled in air before the weights of the 
samples were measured. The zeolite films’ weights were calculated from 

the weight difference of the monolith after and before synthesis. 
The pattern of the microchannel adsorbent was evaluated with the 

aid of field emission scanning electron microscope (SEM, Zeiss Merlin). 
Cross sections of the sorbent were produced by soaking the steel 
monolith into liquid nitrogen, after cool down quickly fracture it with a 
hammer. Energy dispersive spectroscopy (EDS, from Oxford In-
struments, equipped with 50 mm2 X-max detector,) was employed to 
determine the Si/Al and Na/Al ratios in the 13X films. The test was 
conducted at 10 kV at low magnification (100 times) utilizing a 
microinjector for the purpose of alleviate charging by gusting N2 gas 
near the surface of the sorbents and thus avoiding the Na diffusion. The 
method was calibrated using a sample of zeolite A powder with known 
composition as a reference, as demonstrated elsewhere [34]. X-ray 

Fig. 1. Photographs of steel monoliths used as substrate material for the structured adsorbent (a) and (b), SEM images of cross view of monolith (c), the surface of 
bare steel foil (d), after coated with a monolayer of zeolite FAU seed (e) and (f). Insert in (d) is camera image of raw steel foil, insert in (e) is zeolite FAU colloid 
illuminated by a laser bar, insert in (f) is the structure of zeolite 13X framework, Na+ cations are mainly located in the sodalite cage and hexagonal prism. 
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diffraction (XRD) patterns were measured with a step size of 0.026◦ from 
5◦ to 50◦ 2θ employing an X-ray diffractometer (Empyrean - Malvern 
Panalytical) provided with a PIXcel 3D detector and a Cu LFF HR X-ray 
tube. 

2.2. Breakthrough experiments 

Breakthrough assessments were conducted by utilizing four types of 
probing designs as shown in Fig. 2. Two steel monoliths were stacked up 
vertically in a steel column with 3.2 cm inner diameter for conducting 
breakthrough experiments. Graphite tapes (AESSEAL, Sweden) were 
wrapped around both ends of the monolith for preventing gas bypass 
through the void between column and monolith. Clean glass beads (3 
mm) were loaded at the feed side (bottom) of the column, in order to 
decrease the entrance volume of the column. Before the measurement, 
the column temperature was increased to 150 ◦C and kept for 3 h, with a 
continuous flow of N2 (Linde Gas, 99.99%) at a rate of 0.2 L/min. After 
cooling down, the CO2 breakthrough assessments were measured at 
ambient pressure and room temperature. For this aim, a gas mixture 
composed of 10% CO2 in N2 (AGA Gas AB) with flow rate of 0.25, 0.50 or 
1.00 L/min was employed as feed gas. The concentration of CO2 from 
the effluent side of the column was detected by rapid response CO2 
infrared transducer (CA-10 CO2 Analyzer with response time of 0.5 s, 
Sable Systems International). The adsorbent was regenerated by heating 
the column to 120 ◦C for several hours, with a N2 flow of 0.2 L/min 
between each adsorption steps. During regeneration the heating rates 
were 2 ◦C/min, while the cooling rates were uncontrolled natural 
cooling. 

2.3. Mathematical modelling of breakthrough data 

The CO2 adsorption capacity q for the 13X films in the microchannels 

of the monoliths was calculated based on the breakthrough result from 
the time t to arrive Cout/C0 = 0.5 for 13X films grown monoliths and the 
time t to arrive Cout/C0 = 0.5 for the bare monoliths using the equation 
as shown below: 

q =
pCO2

F
(

tcoated
Cout/C0=0.5 − tuncoated

Cout/C0=0.5

)

RTm
(1) 

In this equation, R represents ideal gas constant, T means tempera-
ture of the gas, m stands for the mass of 13X films in the microchannels, 
pCO2 

indicates CO2 partial pressure, and F represents the flow rate in the 
breakthrough measurement. 

The breakthrough profiles were also modelled under the assumptions 
of an isothermal system with gas flow accounting for axial dispersion 
phenomena. The shape of the monolith channels was approximated as 
an equilateral triangle (parameters listed in Table 3). Adsorption was 
considered to occur in the zeolite film exclusively, due to the non-porous 
nature of the steel monolith walls. Moreover, for CO2 breakthrough 
modelling the adsorption of the N2 carrier could be considered practi-
cally negligible, being two orders of magnitude lower than the figure for 
the target adsorbate, as reported in the literature for zeolite 13X under 
operating conditions comparable to those investigated in this work [25]. 

The mass balance for CO2 in a differential control volume of the 
structured adsorbent can be expressed as [35,36]: 

Fig. 2. Simplified diagrams of the various experimental designs assessed for breakthrough measurements: (a) steel pipe (1.5 mm) with 55.5 cm full length linked to 
the breakthrough equipment, (b) column (3.2 cm inner diameter) and glass beads, (c) column and glass beads inserted with two bare monoliths sealed by graphite 
tape, (d) column and glass beads inserted with two zeolite films coated monoliths sealed by graphite tape. 

Table 1 
Film thickness, Si/Al and Na/Al ratios and zeolite mass for the adsorbents.  

Growth steps Thickness Si/Al Na/Al Mass 

21 3 µm  1.09  0.97 5.6 g 
70 11 µm  1.10  0.98 19.8 g  
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-εDax
∂2C
∂z2 + ε ∂uC

∂z
+ ε ∂C

∂t
+ ρb

∂ω
∂t

= 0 (2)  

with the following initial and boundary conditions: 

ω(t=0,z) = 0 (3)  

C(t=0,z-{0}) = 0 (4)  

C(t,z=0) = C0 (5)  

∂C
∂z

⃒
⃒
⃒
⃒
(t,z=L)

= 0 (6) 

The axial dispersion coefficient for laminar flow in the monolith 
channel can be computed as [37]: 

Dax = DCO2-N2 +
u2d2

h

192DCO2-N2

(7) 

The rate of adsorption for the adsorbate was assumed to be governed 
by a linear driving force (LDF) [35]: 

∂ω
∂t

= kov(ω* − ω) (8) 

The thermodynamic adsorption equilibrium for the CO2-zeolite sys-
tem can be described by the Henry law [31]: 

ω* = KHP* (9) 

The adoption of the Henry adsorption isotherm is justified by the 
practically linear trend of adsorption capacity vs. CO2 partial pressure 
for a value of the latter smaller than 0.1 bar (the level adopted in this 
work for dynamic experiments), as retrieved in the literature for zeolite 
13X at 25 ◦C [22]. 

The overall mass transfer resistance Rov (equal to 1/kov) of the 
adsorption process depends on the CO2 diffusion in both the gas and 
zeolite films, with associated resistances termed Rext and Rz, 

respectively. These transport mechanisms occur in series, and conse-
quently Rov can be expressed as [38]: 

Rov = Rext +Rz (10) 

The gas film and zeolite layer diffusion resistances can be evaluated 
as [31,38]: 

Rext =
dh

4kext
(11)  

Rz =
δ2

3Dz
(12) 

The gas film mass transfer coefficient kext was estimated via the 
following correlation proposed by Hawthorn for monoliths with chan-
nels with equilateral triangle-shape [39]: 

Sh = 2.35
(

1 + 0.139Re Sc
dh

L

)0.81

(13)  

with Re =
dhρgu

Î¼
, Sh = dhkext

DCO2-N2 
and Sc = Î¼

ρgDCO2-N2
. 

The pressure drop across the structured adsorbents for laminar flow 
in equilateral triangular ducts can be calculated as [40]: 

∂P
∂z

= 26.66 × 10− 5μu
d2

h
(14) 

The CO2 adsorption capacity qmodel was also estimated from the 
fitted model using the relation 

qmodel =
ω
Xz

(15) 

The Aspen Plus Dynamics® simulation software package was adop-
ted to solve mass and momentum balance equations (2), (8), (14) 
employing the method of lines. A Taylor-based Upwind Differencing 
Scheme was used to discretize first-order spatial derivatives and a 
second-order Central Differencing Scheme for the discretization of the 
second-order terms (axial dispersion in Eq. (2)). The overall mass 
transfer coefficient kov and the Henry equilibrium constant KH were 
determined as best fitting parameters for the model, i.e., by minimizing 
the sum of squared differences between theoretical and experimentally 
determined values of CO2 concentration at the adsorber outlet. The 
evaluation of the overall mass transfer resistance Rov (through kov), and 
the estimation of Rext (via Eqs. (11) and (13)) enables estimation of the 
zeolite film diffusion resistance Rz by means of Eq. (10). This in turn 
allows the determination of the kinetically controlling mass transfer 
mechanism for the process under analysis. 

Table 2 
Breakthrough data for 3 and 11 µm zeolite films at flowrates of 0.25, 0.50 and 
1.00 L min− 1.  

Monoliths Time to reach Cout/C0 = 0.5 (s)  
Gas flow rate [L min− 1]  

0.25 0.50 1.00 

Uncoated 52.7 25.2 13.0 
3 µm film 876 445 238 
11 µm film 3659 1639 723  

Table 3 
Properties and main fluid dynamic/kinetic/thermodynamic parameters derived from the numerical model.  

Parameters 3 µm film 11 µm film  
Gas flow rate [L min− 1]  

0.25 0.50 1.00 0.25 0.50 1.00 

L [m] 0.298 
Dax [m2 s− 1] 1.50 × 10− 5 

ε, [− ] 0.89 0.84 
dh [m] 5.26 × 10− 4 4.86 × 10− 4 

ρb [kg m− 3] 786 829 
xz [kg kg− 1] 0.0388 0.1300 
Rext [s] 1.96 × 10− 3 1.68 × 10− 3 

Rov [s] 1.695 1.650  1.538  14.085  12.048  12.195 
Rz [s] 1.693 1.648  1.536  14.083  12.046  12.193 
Dz [m2 s− 1] 1.77 × 10− 12 1.82 × 10− 12  1.95 × 10− 12  2.86 × 10− 12  3.35 × 10− 12  3.31 × 10− 12 

ΔP [bar] 3.72 × 10− 5 7.44 × 10− 5  1.50 × 10− 4  4.62 × 10− 5  9.25 × 10− 5  1.85 × 10− 4 

KH [mol kg− 1 bar− 1] 1.01 1.04  1.12  4.14  3.73  3.37 
ω [mol kg− 1] 0.10 0.10  0.11  0.41  0.37  0.34 
qmodel [mol kg− 1] 2.6 2.6  2.9  3.2  2.8  2.6 
q [mol kg− 1] 2.7 2.8  3.0  3.4  3.0  2.7  
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3. Results and discussion 

3.1. Zeolite films 

The zeolite films were grown from a highly uniform and close-packed 
monolayer of oriented FAU seed crystals, Fig. 1 e), f). As shown from the 
XRD pattern of the seed layer (Fig. 4), the crystals are highly (111)- 
oriented. The quality of the seed layer is important to produce zeolite 
film with uniform thickness [41–47] and the seed layer obtained in the 
present work seems ideal. 

Fig. 3 demonstrates characteristic SEM images of the 13X films 
formed on steel wall in the microchannel adsorbents synthesized in this 
study. The top view images illustrate that the polycrystal on the film 
surface have standard FAU morphology and no other type zeolites with 
different morphologies, i.e., zeolite crystals of other phases are 
observed. Preliminary experiments showed that this multi-step synthesis 
was necessary to prevent the deposition of sediments and formation of 
hydroxy-sodalite crystals as observed in our earlier work [29] and arrive 
at uniform films. Also, the films are clean and free from any sediments of 
crystals deposited from the synthesis mixture as observed in earlier work 
[31]. Moreover, the prepared zeolite 13X film was continuous every-
where, has uniform thickness, and apparently be composed of well- 

Fig. 3. SEM images of the microchannel adsorbent, 3 µm (left) and 11 µm films (right).  

Fig. 4. XRD pattern of zeolite FAU seed powder, seed layer on steel foil, steel 
monolith coated with a 3 µm and 11 µm zeolite film. Reflections coming from 
steel substrate are marked by asterisk. 
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intergrown crystals, Fig. 3 a), b). The cross views in SEM images 
demonstrate that the walls of steel substrate were nonporous and quite 
smooth, which contrary to the cordierite-type monoliths used in our 
former study [31]. As illustrated in Fig. 3b) and e), the thickness of 13X 
film was approximately 3 µm for 21 steps synthesis, and 11 µm for 70 
steps growth, as also shown in Table 1. Consequently, the film thickness 
increased with about 150 nm per step. For simplicity, the 13X films 
coated steel monoliths will be named as 3 µm film and 11 µm, respec-
tively, film in the following discussion. 

The EDS analysis results of the 3 µm and 11 µm films are shown in 
Table 1. The Si/Al molar ratio is within the scope of 1.09–1.10, and the 
Na/Al ratio is in the range of 0.97–0.98. This means the zeolite poly-
crystals in the films are Na form of FAU, i.e., zeolite 13X. The weights of 
the zeolite films, were 5.6 g and 19.8 g for the 3 µm and 11 µm films, 
respectively. The weight gain of the coating in the monolith channel is 
proportional to the film thickness, which in agreement with expectation. 

Fig. 4 shows XRD data recorded for a powder of the 80 nm FAU seed 
crystals (red trace). The reflections are relatively broad with low in-
tensity, due to the small crystal size [48]. The peak positions are typical 
for zeolite 13X (Na88[Si104Al88O384]) and all the observed diffraction 
peaks could be indexed as shown in Fig. 4. The relative peak intensities 
are typical for randomly oriented crystals, as evident by comparison 
with the ICDD reference pattern 01-070-2168 recorded for randomly 
oriented zeolite 13X crystals. Only (111) diffraction peak was observed 
from the 13X phase in the pattern for the monolayer of seed crystals on 
the coated steel foil (yellow trace). This shows that the crystals are 
preferentially (111)-oriented. The patterns for the 3 µm film (green 
trace) and 11 µm film (blue trace) show that the films comprise 
randomly oriented zeolite 13X crystals. In addition to those of typical 
zeolite 13X and steel substrate, no miscellaneous peaks were observed, 
which in agreement with EDS and SEM results. 

3.2. CO2 breakthrough experiments 

Fig. 5 illustrates breakthrough result at a flow rate of 1.00 L/min 
measured for a steel pipe with inner diameter of 1.5 mm (as shown in 
Fig. 2a) attached to the breakthrough instrument. The narrow steel pipe 
has a small volume of about 4 mL, and a very short delay of only 0.2 s 
was noticed under this flow rate. As a result, this experiment tests the 
dispersion and response time generated by the breakthrough in-
struments and the CO2 analyzer without an adsorbent column. The 
response time of the system is quite short, because CO2 breakthrough 

(Cout/C0 > 0.05) is detected within 1 s. The saturated CO2 concentration 
of approximately 10% (Cout/C0 ≈ 1) is reached after 10 s, which cor-
responds to the dispersion time generated by the instruments without an 
adsorbent column. 

The breakthrough result measured for the empty column with only 
glass beads (shown in Fig. 2b) linked to the breakthrough system at 1.00 
L/min flow rate is illustrated also in Fig. 5. Because the void volume of 
the column with glass beads is 251 mL, that is remarkably higher than 
the 4 mL volume of steel pipe, the breakthrough front is shifted around 
17 s, this time changing well match with the prospective postponement 
of 15 s as a result of gas filling in the bigger volume. Nevertheless, the 
distribution of the breakthrough front of the wide column is compara-
tively resemble to that of the narrow pipe, therefore the noticed distri-
bution is just a consequence of distribution in the breakthrough 
instrument, it was not dispersion in the column. 

Fig. 5 also reveals the breakthrough data measured when the column 
was inserted with two bare steel monoliths (as shown in Fig. 2c) at a flow 
rate of 1.00 L/min. Under this circumstance, the breakthrough front is 
moved 4 s in advance, which exactly in agreement with the prospective 
move because of the decreased volume of the column by inserting two 
non-porous-wall steel monoliths (4.5 s). Similarly, the distribution of the 
breakthrough front is approximately 10 s, owing to distribution in the 
breakthrough instrument without column. The time to attain Cout/C0 =

0.5 for two bare monoliths is 13 s at flow rate of 1.00 L/min (mean value 
for five runs), as shown in Table 2. 

Breakthrough result for the 3 µm thick 13X film coated steel mono-
liths are displayed in Fig. 6a). Overlapping and very sharp breakthrough 
curves were acquired after activation of the 13X films at 120 ◦C. 
Compared to the front measured for the column inserted with bare steel 
monoliths, the breakthrough front shows a little broadened. The times to 
arrive Cout/C0 = 0.5 (average for 5 breakthrough experiments) for the 
different flow rates are shown in Table 2 and the corresponding CO2 
adsorption capacities q estimated directly from the breakthrough data 
using equation (1) are given in Table 3. 

The adsorption capacity q in average for the 3 µm thick 13X film, 
measured using the 3 different flow rates, is 2.8 mol CO2/kg zeolite. The 
estimated adsorption capacity varies a little for the three flow rates, but 
the normal deviation is as low as 0.1 mol CO2/kg zeolite, that demon-
strates the excellent accuracy of the breakthrough measurements. 

Breakthrough result for the 11 µm thick 13X film coated steel 
monoliths are shown in Fig. 6 b). One more time, overlapping and sharp 
breakthrough curves with a little more broadened front (as a result of 
increased thickness of 13X coating) were received [49], while under this 
circumstance, the breakthrough of CO2 appears significantly later as a 
result of the quite higher adsorption amount of the remarkably thicker 
13X film. The times to reach Cout/C0 = 0.5 for monoliths coated with 11 
µm zeolite film are given in Table 2. It is very noteworthy that at the 
slowest flow rate of 0.25 L/min, the time to reach Cout/C0 = 0.5 is as 
much as more than 1 h. The adsorption capacity q of CO2 calculated by 
employing equation (1) are shown in Table 3. The mean value of 
adsorption capacity q is 3.0 mol CO2/kg zeolite, i.e., slightly higher than 
that observed for the monoliths coated with a 3 µm zeolite film. While, 
under this condition, the result shows a little increased normal deviation 
of 0.3 mol CO2/kg zeolite. 

The average adsorption capacity for the 3 and the 11 µm monoliths 
estimated using equation (1) is 2.9 mol CO2/kg 13X with a normal de-
viation of 0.2 mol CO2/kg 13X. This value in the middle of the 
adsorption capacities of 2.5 and 3.6 formerly recorded by Rodrigues 
[22] and Myers [23], respectively, for zeolite 13X extrudates and 
powder. In addition, the highest observed adsorption capacity of 3.4 mol 
CO2/kg zeolite is equal to 0.37 mmol CO2/cm3 adsorbent for the 11 µm 
monolith. This result is remarkably higher than the CO2 capacity of 0.13 
mmol/cm3 for the 1200 cpsi cordierite monolith (with a surface area of 
48.9 cm2/cm3) coated with 2.5 µm 13X film [31], which attribute to the 
higher cell density (with a larger surface area of 78.4 cm2/cm3) and 
thicker film loading in an equal unit volume of the final structure in this 

Fig. 5. Breakthrough results (squares, triangles, circles) at a flow rate of 1.00 
L/min measured for steel pipe (ID 1.5 mm), column (ID 3.2 cm) and glass beads, 
column and glass beads inserted with two bare monoliths sealed by graphite 
tape as demonstrated in Fig. 2 a-c, respectively. 
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work. 

3.3. Modelling of the experimental data 

Fig. 6 illustrates the model (curves) fitted to the experimental data 
(points) and Table 3 summarizes the main properties of these two 
structured adsorbents together with fluid dynamic/kinetic/thermody-
namic parameters retrieved from the fitted model. 

Fig. 6 shows that the adopted LDF-based model provides a satisfying 
interpretation of the CO2 breakthrough data. Consequently, a good 
agreement between adsorption capacity qmodel estimated from the fitted 
model using equation (15) and adsorption capacity q estimated using the 
simple equation (1) is observed, see Table 3. Secondly, the calculated 
values of Dax highlight a practically negligible contribution of the axial 
dispersion to the overall dispersion of the breakthrough front as also 
indicated experimentally and discussed above. More specifically, Dax 
coincide with the molecular diffusion coefficient DCO2-N2 , as derived 
from the application of Eq. (7). The computed pressure drops across the 
structured adsorbents were very low with ΔP falling in the range 
10− 5–10− 4 bar. As expected, ΔP linearly increases with the gas flow rate 
at fixed zeolite film thickness. Moreover, at fixed gas flow rate, the 11 
µm zeolite film determined slightly greater values of ΔP due to both a 
greater gas velocity in the monolith channel (associated with a lower 
figure of the adsorbent void fraction) and a lower value of the hydraulic 
diameter dh (cf. Table 3 and Eq. (14)). The very low ΔP displayed by the 
structured adsorbents would enable operation at very high flowrates and 
short cycle times. It is also fascinating to compare the mass transfer 

resistances in the systems. In fact, values of the mass transfer resistance 
in the gaseous film Rext are 3 and 4 order of magnitude lower than the 
overall transport resistance Rov for the 3 and 11 µm zeolite film, 
respectively. This clearly demonstrates that the transport of CO2 in the 
zeolite layer represents the rate-determining step of the adsorption 
process, and it is Rov≈Rz. The Sherwood number calculated via Eq. (13) 
was 2.35 for all the analyzed cases, thus providing equivalent values for 
Rext at fixed zeolite film thickness. In addition, the average value of Rz 
obtained for the thicker zeolite film is about 8 times greater than the 
average figure derived for the 3 µm zeolite film. This result is consistent 
with the dependence of Rz on the square of the zeolite layer thickness δ, 
as given in Eq. (12). However, the Rz values estimated for the thicker 
film are still low, which explains the sharp breakthrough fronts. In 
particular, the mass transfer coefficient figures estimated in this work 
are greater than common values reported in the literature for CO2 
adsorption onto zeolite beads/pellets [21,22]. For example, Yi et al. [50] 
derived an overall mass transfer coefficient kov of 0.035 s− 1 from nu-
merical analysis, adopting a linear driving force model, of CO2 fixed bed 
adsorption tests performed at 323 K onto NaX zeolite pellets (particle 
size range 250–380 µm). The associated Rov equals to 28.6 s, a figure that 
is 2.2 times greater than the average value retrieved in this work for the 
11 µm film. Additionally, Sarker et al. [51] investigated CO2 adsorption 
onto 1.68–2.38 mm zeolite 4A beads in a volumetric apparatus. The 
authors found a value of Rov of about 1300 s (kov = 7.7x10− 4 s− 1) from a 
LDF model applied to the kinetic test performed at 293 K and 3.4 bar; 
this value is about two orders of magnitude higher than the one derived 
for the 11 µm zeolite film. Noteworthy, the estimated values of the 
zeolite film diffusivity – order of magnitude 10− 12 m2 s− 1 – are in good 
agreement with those determined in the literature for CO2 adsorption 
onto zeolite-coated cordierite monoliths and tested under comparable 
operating conditions [29–31]. It is once again remarked that both 
diffusion path and CO2 intraparticle/zeolite film diffusivity significantly 
affect the overall mass transfer coefficient. Consequently, the deposition 
of a zeolite film of a few μm size can guarantee very low mass transfer 
limitations and very sharp breakthrough fronts. 

It is highlighted that the adopted LDF model, even if was able to 
satisfactorily predict breakthrough curves, depends on a constant mass 
transfer coefficient not allowing to account for possible variations of 
zeolite film diffusivity along the adsorption process which could occur 
for strongly adsorbing systems with temperature variations. In this 
context, future numerical investigations should consider more rigorous 
diffusion-based model (such as the homogeneous surface diffusion 
model) also including diffusivity expressions depending on the surface 
coverage degree [52]. Moreover, in the present context an isothermal 
model was adopted since temperature variations in the fixed bed were 
practically negligible under the investigated operating conditions. In the 
light of adoption of continuous temperature swing adsorption systems, 
energy balance equations coupled with radial effects should be included 
in dynamic modelling due to the marked influence of temperature 
profiles on both adsorption and transport properties [53]. 

3.4. Comparison of physical properties with reported monoliths 

Table 4 shows the physical properties of recently reported 3D- 
printed, extruded and cordierite-supported 13X monoliths. The perfor-
mance of zeolite monolith can be improved by increasing the cell density 
[54]. In the current study, steel monoliths with very high cell density of 
1600 cpsi were employed as substrates. This cpsi value is remarkably 
higher than 3D-print monoliths (with cpsi value in the range of 70–600) 
[12–16], extruded monoliths (cpsi value of 380 or 800) [18,19], 
cordierite monolith (cpsi value of 400 or 1200) [29,31] in former 
studies. Furthermore, high thermal conductivity is important to effec-
tively conduct the heat released by the adsorption process [55]. The 
steel monolith supports used in the present work have a thermal con-
ductivity of 50.2 W/mK, which provide faster heat conduction for the 
13X films during adsorbent regeneration, where the thermal 

Fig. 6. Experimental (symbols) and model (lines) breakthrough curves for steel 
monolith coated with a 3 µm zeolite film a), and 11 µm zeolite film b) at 
different gas flow rates. Every breakthrough measurement is conducted 5 times 
and the 13X films are activated at 120 ◦C between the cycles. 
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conductivity of pure zeolite 13X is only 0.08–0.13 W/m K [56]. The 
mechanical strength is important to allow straightforward handling of 
the material and stability during operation. The steel supports used in 
the present work offer excellent mechanical strength for the 13X films 
when compared with other types of self-supported monolithic adsor-
bents [57]. The adsorption capacity is another important property and it 
may be reduced using binder (inorganic, polymer) materials. The 11 µm 
film coated steel monolith has a dynamic adsorption capacity (3.4 
mmol/g) that is higher than most reported structured sorbents and only 
second to the ‘3D-printed & soldered’ zeolite 13X monolith (3.97 mmol/ 
g) [13]. However, the latter adsorption capacity was measured at a 
higher CO2 concentration (CO2/N2, 15/85 mixture) and a lower 
adsorption capacity would have been observed for a 10/90 mixture. 
Finally, low pressure drop is important in fast processes where high flow 
rates is necessary [58,59]. The adsorbents in the present work display a 
low pressure drop of only 4.6 × 10− 5 bar at a high flow rate of 0.25 L/ 
min. This is significantly lower than the reported pressure drops for 3D 
printed monolith of 7 × 10− 3 bar [15], and for extruded monolith of 
0.19 bar [19]. This extremely low ΔP would enable ultrafast CO2 sep-
aration at very high flowrates and short cycle times. 

4. Conclusion 

In summary, we have developed a facile multistep synthesis strategy 
for fabricating zeolite 13X films with controlled thickness in micro-
channels of steel monolith. The structured adsorbents are calcination- 
free before use and showed excellent cyclic adsorption performance 
with the highest dynamic breakthrough capacity of 3.4 mol CO2/kg 
zeolite. The 13X monolith has low energy cost for regeneration. The 
adsorbents displayed very sharp breakthrough fronts due to low mass 
transfer resistance in the 11 µm films. The steel monolith support endow 
13X film high thermal conductivity that is an important characteristic 
required for rapid TSA applications; the ultra-low pressure drop greatly 
contribute to CO2 separation with reduced energy costs; the high me-
chanical strength of the steel supports offer the 13X films better resis-
tance to mechanical vibration and sustainability in harsh conditions. All 
these advantages make zeolite 13X coated steel monolith be a very 
promising alternative to traditional adsorbents in processes with short 
swing cycle times. We believe that the multistep synthesis strategy of 
present study will offer a novel route for designing and fabricating other 
types zeolite monoliths with optimal loadings, which open more other 
applications with improved performances like catalysis, membrane and 
sensor than CO2 adsorption from flue gas. 
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