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ABSTRACT

In this work, we have modified a synthesized Y-type zeolite (Si/Al = 2.5), with three different amines to
investigate the influence of adsorbent’s surface modification on CO, selectivity over CH,. The pristine and
amine-functionalized NaY zeolites were characterized by X-ray diffraction (XRD), Fourier transform infrared
(FT-IR), scanning electron microscopy (SEM) analysis, and N, adsorption. The results showed that the struc-
ture of zeolite was preserved after amine modification. The adsorption capacity of CO, and CH, on these
adsorbents was measured by the volumetric method at 298 K and 348 K. In comparison to CH,, CO, was
preferentially adsorbed on these adsorbents. the results demonstrated that incorporation of amines into
zeolites structure improved significantly the selectivity towards carbon dioxide so that the optimal selec-
tivity of CO, over CH, reached to 4.04 on zeolite modified with 2-methylaminoethanol at 348 K. Chemical
interaction between adsorbate and sorbents as well as the steric effects were assessed to be the main
reasons of high selective adsorption of carbon dioxide on amine-functionalized zeolites. Two of the most
common adsorption models, the Langmuir and Sips isotherms, were used to correlate the experimental
data of CO, adsorption on the adsorbents The results revealed that the amine-functionalized NaY zeolites
could be a good sorbent for use in flue and natural gas separation processes.
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1. Introduction

It is widely known that during burning of
traditional fuels like gasoline and diesel, large
amounts of CO, is released into the environment
which it is one of the most important issues
concerning global warming. From the perspective
of economic and environmental, the utilization
of natural gas as fuel has several advantages such
as low cost, more efficient burning, and less CO,
emission. So, it is predicted that natural gas
consumption will reach its highest level in the

near future [1-3]. CH, is one the constituent of
natural gas (usually 80-90%), but there are some
contaminants like CO, that should be removed
[4,5]. The main reasons for the removal of CO,
from natural gas are: enhancement of the heat value
of natural gas, purification of the air and reduce
the global warming concern, prevention of the
equipment and pipelines corrosion, and reduction
the cost of natural gas transportation.

The available Carbon Capture and Sequestration
(CCS) technologies for removal of CO, from natural
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gas are amine-based absorption [6-10], cryogenic
distillation [11,12], membrane and adsorption-
based processes [13-15]. Owing to reaction between
amines and CO,, chemical absorption by amine
solvents has high CO, selectivity. Nevertheless,
this method suffers from some problems like high
energy demand for absorbent regeneration, solvent
degradation as well as transportation and storage
systems damages by corrosion. Consequently,
physical adsorption by porous solid materials is a
promising technology because of their simplicity,
low energy requirement, high efficiency, and higher
selectivity in adsorptive separation processes.

Various types of microporous materials such as
carbon molecular sieve [16-18], activated carbons
[19,20], metal-organic frameworks (MOFs) [21-
25], and zeolites [26-28], have been applied for
the separation of CO, from CH,. Among these
adsorbents, zeolites have been more investigated
because of their great potential. During the past
years, much research has been conducted about
pure adsorption of CO, and CH, on different
zeolites [29-31], but binary adsorption of gases and
adsorption separation of them on zeolites is seldom
found, especially on modified and unmodified
Faujasite zeolites. In this work, we have reported
the CO, and CH, adsorption individually as well
as CO,/CH, adsorptive selectivity on pristine and
amine-modified NaY zeolites. We have chosen
a Y-type zeolite with relatively low Si/Al ratio,
because the smaller the Si/Al ratio is, the weaker
the acidity of zeolite will be, moreover for zeolite,
there is an increasing tendency to polar molecules.
In order to examine impact of basicity of amines
on the adsorption capacity of CO, and CH,,
three different amines namely Diethanolamine
(DEA), Tetraethylenepentamine (TEPA) and
2-methylaminoethanol (2-MAE) were selected. The
properties of amine-modified NaY zeolites were
characterized by SEM, XRD, FT-IR, and Brunauer—
Emmet-Teller (BET). In addition, the relationship
between temperature and the adsorption capacity
of the adsorbents for CO, and CH, and also their
selectivity has been studied.

2. Materials and methods
2.1 Materials

For preparation of the synthetic solution of
zeolite, Sodium aluminate (Merck), Fumed silica
(510, 63% 200 mesh, China), sodium hydroxide
(NaOH > 99.999%, Merck), and deionized water
were used. DEA, TEPA and 2-MAE were obtained
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from Merck and utilized for amine modification
of the adsorbents. The solvent used in this work
was methanol obtained from Merck. CO, and CH,
gas cylinders with purity > 99.999 were used in
adsorption experiments [32,33].

2.2 Synthesis of Sorbents

NaY zeolite (Si/Al 2.5), was synthesized
as reported in the previous literature [32,33].
The aluminum gel (solution 1) was prepared
by dissolving 2 g sodium aluminate in 8.79 g of
deionized water. For the silicone gel (solution
2) 3.665 g Fumed silica and 1.952 g sodium
hydroxide were dissolved in 33.174 g of deionized
water. These two solutions are mixed together in
a polypropylene beaker and stirred by magnetic
stirrer at ambient temperature for 72 h, and then
hydrothermal crystallization was performed at 373
K for 12 h. Wet impregnation method was used for
the modification of the zeolite by three different
amines. First, prior to agitation NaY-zeolite powder
with amine solutions, the adsorbents were soaked
in methanol for 60 min. Then the soaked zeolites
were dried in air and added to amine solutions with
concentration of 10 wt% under agitation at ambient
temperature for the desired time [33]. Eventually
the modified adsorbents were filtered and dried in
an oven.

2.3 Characterization

Identification of the microstructure of
adsorbents was done by a powder X-ray
diffractometer (Philips PW 1830 X-ray Diffraction)
with Cu-Ka radiation source. The XRD patterns
were obtained in the 20 range of 5-40. In order
to study the product morphology SEM (PHILIPS
XL30) was used. For identifying functional groups
in the surface of adsorbents, FT-IR spectra of the
samples were obtained by (FT-IR DIGILAB FTS
7000 spectrometer). The specific surface area and
the pore diameter of the adsorbents were obtained
by N, adsorption-desorption isotherms at 77 K
with a volumetric sorption analyzer.

2.4 Gas adsorption measurements

To evaluate the CO, and CH, adsorption
capacity of adsorbents, we have used a laboratory
setup based on volumetric method which has
been schematically shown in Figure 1. At first,
0.5 g of adsorbent was poured into the sample
cell and attached to the system. For degassing the
system, the valves 6, 7, 8 and 9 were opened and
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other valves were closed, then the system was
vacuumed by the vacuum pump at 120 °C for 90
min. The temperature of the adsorption system
was decreased to the experiment temperature after
degassing. The adsorption test was carried out
by opening valves No. 1, 3, 5, 6, 7, 8 and closing
other valves. The pressure drop observed during
the process was the results of gas adsorption
and some dead volumes in the reactor. We could
exactly measure pressure reduction relevant to the
gas adsorption by measuring the dead volumes via
helium test [32,33].

3. Results and discussion
3.1 Adsorbent Characterization

As shown in Figure 2, the XRD pattern of the
synthesized Na-Y zeolite is similar to that of the
typical crystal structure of a zeolite Y [34,35]. The

Pressure

transmeter

diffraction peaks appearing at 28 of6.2°,10.1°, 15.6°,
23.5°,26.9° and 31.2° exhibit the synthesis of zeolite.
Also can be seen, the location of diffraction peaks
remains constant which reflects the fact that the
structure of NaY zeolites is not affected after amine
modification. However, the intensity of the peaks
slightly decreases because of decrease in scattering
contrast after attachment of amine groups to the
pore surface [33,36]. Hence, the observed decrease
in the intensity XRD peaks is probably because of
filling the pore by amine groups [37].

Figure 3 shows the FT-IR spectra of adsorbents.
The peaks at 1000-1100 cm™ and 500-1000 cm™
were associated with the asymmetric and the
symmetric stretching vibrations of T-O (T= Si, Al),
respectively. Also, the peak at 463 cm is attributed
to bending vibrations of T-O. The FT-IR spectra
of amine-modified zeolites exhibit sharp peaks at
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Fig. 2- XRD patterns of NaY and amine-modified NaYy.
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1500-1600 cm™ and weak peaks at 2800-2900 cm™.
The peaks at 2800- 2900 cm™ indicate stretching
of CH, from CH,CH,-NH, groups and the peaks
at 1500-1600 cm™ are assigned to NH, vibration
in the primary amine group. Thus, the FI-IR
spectra of amine-modified NaY zeolites prove
the incorporation of amines into the channels of
zeolite.

The N, adsorption-desorption isotherms of
NaY and the amine-modified NaY at 77 K (Figure
4) are of a typical type I isotherm, which indicate
the microporous feature of the adsorbents. The
pore characteristics of the adsorbents are listed in
Table 1. After amine-functionalization, the surface
area and micropore volume of the amine-modified
NaY has decreased that confirmed the occupation
of the pores by the amines [33].

According to the molecular volume of the

Transmitance (%)
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Fig. 3- FTIR spectra of NaY and amine-modified Nay.

utilized amines, the surface area, pore volume
and mean pore size were affected. The molecular
volume of TEPA is larger than that of DEA and the
molecular volume of 2-MAE is smaller than both of
them. Therefore, zeolite modified with the smallest
amine has the largest surface area, pore volume and
mean pore size.

Figure 5 shows the SEM images of NaY zeolite
and NaY - TEPA. The octahedron crystals of NaY
zeolite clearly are seen from their SEM image (5a).
Also, it is seen that the dimensions of the NaY
zeolite crystals are smaller than 100 nm. As can be
seen from Figure 5b, zeolite structure after amine
midification remains unchanged.

3.2 Adsorption Measurements
CO, and CH, Adsorption isotherms of NaY
zeolites before and after modification were
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Fig. 4- N, adsorption-desorption isotherms of NaY and amine-
modified Nay.

Table 1- Structural properties of NaY and the amine-modified NaY

Pore volume Mean pore
Adsorbent Sger (m?g™)
(cm’g") diameter (A)
NaY zeolite 212 0.213 7.0
NaY-2-MAE 191 0.172 6.21
NaY-DEA 183 0.161 5.98
NaY-TEPA 172 0.148 5.64
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measured at 298 K and 348 K (Figures 6 and 7). The
pure component selectivity for the CH, and CO,
were obtained from their adsorption isotherms.
By applying Equation 1, the adsorption selectivity
of gas 1 over gas 2 can be calculated [32,38], where
V, and V, are the volumes of the adsorbed gases at
certain pressure and temperature, respectively.

_"n /
Al/ 2 Va2

At both temperatures, adsorption capacity of the
adsorbents for CO, is greater than CH, (Figures
6 and 7). As can be seen in Table 2, after the
modification with amines, the adsorption capacity
of both gases decreased at 298 K. At 348 K the
CO, adsorption capacity increased whereas the
adsorption capacity of CH, decreased consequently,
adsorption selectivity CO,/CH, enhanced at high
temperature (Table 3).

At the ambient temperature, the dominant

(eq. 1)
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Fig. 6- CO, and CH, adsorption isotherms of unmodified and
amine-modified NaY zeolite at 298 K.
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mechanism for the gases adsorption on NaY zeolite
and amine modified zeolites is physisorption.
According to the molecular volume of the utilized
amines, the adsorption capacity of the gases is
justified. As noted, the largest surface area, pore
volume and mean pore size are related to zeolite
that modified with the smallest amine, so the
modified zeolite with the smallest amine has the
highest CO, absorption capacity.

In the case of methane, the polarity of amines
justifies the adsorption capacity of CH,. The
hydroxyl groups in the 2-MAE and DEA amines
cause a large polarization in the zeolite network
and reduce the CH, gas absorption capacity.

At high temperatures, the dominant mechanism
is chemisorption. The reaction between the amine
groups with the CO, molecules caused the higher
adsorption capacity CO, to CH, on amine-modified
zeolite NaY samples. The chemical reactions
occurred between amine groups and CO, produce
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Fig. 7- CO, and CH, adsorption isotherms of unmodified and
amine-modified NaY zeolite at 348 K.
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the carbamate species according to Equation 2 [33]:

CO; + 2RNH2»RNH3*+RNHCOO" (eq.2)

RNHCOO™+ H,0 <> RNH; + HCO5 (eq.3)
TEPA has high chemical absorption capacity due
to having 5 amine groups. At high temperatures,
due to increased molecular movement, the number
of collisions per unit time increases, therefore, it
shows the higher CO, adsorption capacity. Both
NaY-DEA and NaY-2-MAE have an amine group,
but in NaY-2-MAE because of the lower steric
hindrance of the methyl group, the CO, adsorption
capacity is higher. In the case of CH,, because no
chemical reaction exists between gas molecules
and amine groups, therefore the CH, adsorption
capacity at high temperatures also decreases.

The reaction between the amine groups with
the CO, molecules and steric effect caused the
higher adsorption capacity CO, to CH, on amine-
modified zeolite NaY samples. The kinetic diameter
of CH, and CO, is 3.80 and 3.30 A°, respectively.
Incorporation of amines decreases the pore
diameter of zeolite NaY (Table 1) consequently, the
decrease in pore diameter has a less influence on
the adsorption capacity of CO, than that of CH,.
Therefore, the selectivity of CO, over CH, increases
after amine modification of the zeolite NaY.

In order to correlation of the experimental data
of CO, adsorption on NaY zeolites before and after
modification, the Langmuir and Sips adsorption
models [39,40] were utilized. Table 4. Shows the
values of model parameters.

Langmuir  isotherm  corresponded  to
homogeneous adsorbent surfaces is shown by
Equation 4 [41]:

Table 2- Adsorption capacity of CO, and CH, on pristine and modified zeolites at 298 K and 348 K

gas adsorption capacity (mg.g™")

Adsorbent CO, CH,4

298 K 348 K 298 K 348 K
NaY 82.8 73.5 223 16.2
NaY-TEPA 60.6 92.9 19.5 14.2
NaY-MAE 72.9 85.4 12.3 7.7
Nay-DEA 65.2 78.0 14.7 9.0

Table 3- Pure component equilibrium selectivity for CO, and CH, on adsorbents at 298 K and 348 K

Pure component equilibrium

Adsorbent selectivity (CO,/CHa)
298 K 348 K
NaY 1.34 1.65
NaY- TEPA 1.13 2.37
NaY-MAE 2.16 4.04
Nay-DEA 1.61 2.87

179



Babaei M, J Ultrafine Grained Nanostruct Mater, 51(2), 2018, 174-182

adsorbed capacity (mmol g') at equilibrium
pressure P and the Langmuir constant, respectively.
The Sips isotherm is the combined formula of
Where g is the maximum amount of gas Langmuir and Freundlich equations which is given
adsorbed (mmol g'), q and b (KPa') are the by the Equation 5:

bP

4= Tm (eq. 4)

Table 4- Langmuir and Sips isotherm parameters for the adsorption of CO, on NaY zeolite and amine-modified zeolites

Langmuir Sips
adsorbent —
q.° b” R ARE% q, b n R® ARE%
NaY 191 0.160 0.998 1.323 1.88  0.035 0.368  0.999 0.529 298
1.69 0.133 0.999 1.257 1.67 0.011 0.114  0.999 0. 041 348
Nay.-TEPA 141 0056 0997 1798 138 0016 0334 0999  0.152 298
2,12 0.326 0.999 0.141 2.11 0.074  0.552  0.999 0.062 348
NaY-MAE 1.68 0.141 0.998 1.024 1.65 0.010 0.041 0.999 0.452 298
1.95 0.265 0.999 1.192 1.94  0.013 0.068  0.999 0.067 348
NaY-DEA 1.51  0.098 0.997 1.342 1.51 0.097  0.986  0.997 1.342 298
1.79  0.370 0.999 1.932 1.79  0.433 1.04  0.997 0.976 348

* (mmol.g™!), **(bar)’!, ***(K)

Table 5- The CO, adsorption capacity in different porous materials

gas adsorption
Adsorbent condition References

capacity (mg.g™")

Zeolite 13X 37.33 348K [43]
13X/MEA 48.64 348K [43]
MCM-48-PEHA-DEA 22.44 298K [44]
SAOP-43 47.08 298K [45]
ZSM-5 47.52 313K [45]
NaY zeolite 82.80 298K This study
NaY zeolite 73.51 348K This study
NaY-TEPA 92.90 348K This study
NaY-2-MAE 85.42 348K This study
NaY-DEA 78.00 348K This study
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®P)/n
q=0qm on T (eq.5)

Where q (mmolg"') an q_ are the amount of
gas adsorbed at equilibrium pressure of P and the
maximum adsorption capacity, respectively. The n
and b (KPa") are heterogeneity parameter and the
adsorption equilibrium constant, respectively. The
b parameter shows the adsorbate affinity for surface
of adsorbent [42].

An error function based on the average percent
deviation calculated was utilized in order to
estimation of the fitting accuracy of the proposed
model for the experimental data (Equation 6) [32].

exp_

100 q5*P—qf?!

TN

N

ARE% N,

T (eq. 6)
Where ARE (%) and N are the average percent
deviation and the number of data points available in
the adsorption equilibrium isotherms, respectively.
@ and g are the experimental and calculated
amounts adsorbed (mmol g), respectively.

According to the data of table 4, the Sips
isotherm has the high correlation coefficients (R* > 0.99)
and an average percent deviation value of less than
2% therefore it is the best model for adsorbents
and presents the excellent agreement between
the experimental data and the model parameters,
which indicated the heterogeneous nature of the
adsorbents surface [32].

Table 5 shows a comparison between the CO,
adsorption capacity obtained in this study and
the values of other literature. The CO, adsorption
capacity of the adsorbents of this study under
similar conditions is higher than that of other
porous materials. It is concluded that amine-
modified NaY zeolites are the suitable materials for
CO, capture from gas mixtures.

4. Conclusion

In this work, NaY Zeolite was modified
with two different amines. The adsorbents are
characterized by XRD, BET and FT-IR methods.
The incorporation of amines did not deteriorate the
structure of NaY Zeolite. Gas adsorption capacity
was measured by the volumetric method at 298K
and 348 K. Between the two adsorbates (i.e. CO,
and CH,), CO, was preferentially adsorbed on the
adsorbents. The incorporation of amines improved
the selectivity of CO,/CH,, and the optimum
selectivity of CO,/CH, could reach as high as 4.04
on NaY-MAE. Such high adsorption selectivity
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can be attributed to chemical adsorbate-adsorbent
interaction as well as steric effect.

Acknowledgment

The authors gratefully acknowledge Islamic
Azad University, Kerman branch, and The
Research Council of Iran University of Science and
Technology (Tehran) for financially supporting this
work.

References

1. Tagliabue M, Farrusseng D, Valencia S, Aguado S, Ravon
U, Rizzo C, et al. Natural gas treating by selective adsorption:
Material science and chemical engineering interplay. Chemical
Engineering Journal. 2009;155(3):553-66.

2. Song C. Global challenges and strategies for control,
conversion and utilization of CO2 for sustainable development
involving energy, catalysis, adsorption and chemical processing.
Catalysis Today. 2006;115(1-4):2-32.

3. Yang H, Xu Z, Fan M, Gupta R, Slimane RB, Bland AE, et
al. Progress in carbon dioxide separation and capture: A review.
Journal of Environmental Sciences. 2008;20(1):14-27.

4. Cavenati S, Grande CA, Rodrigues AE. Adsorption
Equilibrium of Methane, Carbon Dioxide, and Nitrogen
on Zeolite 13X at High Pressures. Journal of Chemical &
Engineering Data. 2004;49(4):1095-101.

5. Huang HY, Yang RT, Chinn D, Munson CL. Amine-Grafted
MCM-48 and Silica Xerogel as Superior Sorbents for Acidic Gas
Removal from Natural Gas. Industrial & Engineering Chemistry
Research. 2003;42(12):2427-33.

6. Singh P, Niederer JPM, Versteeg GFE. Structure and activity
relationships for amine based CO2 absorbents—I. International
Journal of Greenhouse Gas Control. 2007;1(1):5-10.

7. Singh P, Niederer JPM, Versteeg GF. Structure and activity
relationships for amine-based CO2 absorbents-II. Chemical
Engineering Research and Design. 2009;87(2):135-44.

8. Wolsky AM, Daniels EJ, Jody BJ. CO2 Capture from the flue
gas of conventional fossil-fuel-fired power plants. Environmental
Progress. 1994;13(3):214-9.

9. Zhang X, Zhang C-E, Qin S-], Zheng Z-S. A Kinetics Study
on the Absorption of Carbon Dioxide into a Mixed Aqueous
Solution of Methyldiethanolamine and Piperazine. Industrial &
Engineering Chemistry Research. 2001;40(17):3785-91.

10. Rinker EB, Ashour SS, Sandall OC. Absorption of
Carbon Dioxide into Aqueous Blends of Diethanolamine and
Methyldiethanolamine. Industrial & Engineering Chemistry
Research. 2000;39(11):4346-56.

11. Hart A, Gnanendran N. Cryogenic CO2 capture in natural
gas. Energy Procedia. 2009;1(1):697-706.

12. Berstad D, Neksd P, Anantharaman R. Low-temperature
CO2 Removal from Natural Gas. Energy Procedia. 2012;26:41-
8.

13. Scholes CA, Stevens GW, Kentish SE. Membrane gas
separation applications in natural gas processing. Fuel.
2012;96:15-28.

14. Yang RT. Gas separation by adsorption processes.
Butterworth-Heinemann; 2013 Oct 22.

15.Keller GE. Pressure swing adsorption. By Douglas M.
Ruthven, Shamsuzzaman Farooq, and Kent S. Knaebel, VCH
Publishers, New York, 1994, 352+ xxiii pp.,$95.00. AIChE
Journal. 1995;41(1):201-.

16. Daud WMAW, Ahmad MA, Aroua MK. Carbon molecular
sieves from palm shell: Effect of the benzene deposition times
on gas separation properties. Separation and Purification
Technology. 2007;57(2):289-93.

17. Ducrot-Boisgontier C, Parmentier ], Faour A, Patarin ]I,
Pirngruber GD. FAU-Type Zeolite Nanocasted Carbon Replicas
for CO2Adsorption and Hydrogen Purification. Energy & Fuels.


http://dx.doi.org/10.1016/j.cej.2009.09.010
http://dx.doi.org/10.1016/j.cej.2009.09.010
http://dx.doi.org/10.1016/j.cej.2009.09.010
http://dx.doi.org/10.1016/j.cej.2009.09.010
http://dx.doi.org/10.1016/j.cattod.2006.02.029
http://dx.doi.org/10.1016/j.cattod.2006.02.029
http://dx.doi.org/10.1016/j.cattod.2006.02.029
http://dx.doi.org/10.1016/j.cattod.2006.02.029
http://dx.doi.org/10.1016/s1001-0742(08)60002-9
http://dx.doi.org/10.1016/s1001-0742(08)60002-9
http://dx.doi.org/10.1016/s1001-0742(08)60002-9
http://dx.doi.org/10.1021/je0498917
http://dx.doi.org/10.1021/je0498917
http://dx.doi.org/10.1021/je0498917
http://dx.doi.org/10.1021/je0498917
http://dx.doi.org/10.1021/ie020440u
http://dx.doi.org/10.1021/ie020440u
http://dx.doi.org/10.1021/ie020440u
http://dx.doi.org/10.1021/ie020440u
http://dx.doi.org/10.1016/s1750-5836(07)00015-1
http://dx.doi.org/10.1016/s1750-5836(07)00015-1
http://dx.doi.org/10.1016/s1750-5836(07)00015-1
http://dx.doi.org/10.1016/j.cherd.2008.07.014
http://dx.doi.org/10.1016/j.cherd.2008.07.014
http://dx.doi.org/10.1016/j.cherd.2008.07.014
http://dx.doi.org/10.1002/ep.670130318
http://dx.doi.org/10.1002/ep.670130318
http://dx.doi.org/10.1002/ep.670130318
http://dx.doi.org/10.1021/ie000956i
http://dx.doi.org/10.1021/ie000956i
http://dx.doi.org/10.1021/ie000956i
http://dx.doi.org/10.1021/ie000956i
http://dx.doi.org/10.1021/ie990850r
http://dx.doi.org/10.1021/ie990850r
http://dx.doi.org/10.1021/ie990850r
http://dx.doi.org/10.1021/ie990850r
http://dx.doi.org/10.1016/j.egypro.2009.01.092
http://dx.doi.org/10.1016/j.egypro.2009.01.092
http://dx.doi.org/10.1016/j.egypro.2012.06.008
http://dx.doi.org/10.1016/j.egypro.2012.06.008
http://dx.doi.org/10.1016/j.egypro.2012.06.008
http://dx.doi.org/10.1016/j.fuel.2011.12.074
http://dx.doi.org/10.1016/j.fuel.2011.12.074
http://dx.doi.org/10.1016/j.fuel.2011.12.074
http://dx.doi.org/10.1016/b978-0-409-90004-0.50009-x
http://dx.doi.org/10.1016/b978-0-409-90004-0.50009-x
http://dx.doi.org/10.1002/aic.690410122
http://dx.doi.org/10.1002/aic.690410122
http://dx.doi.org/10.1002/aic.690410122
http://dx.doi.org/10.1002/aic.690410122
http://dx.doi.org/10.1016/j.seppur.2007.04.006
http://dx.doi.org/10.1016/j.seppur.2007.04.006
http://dx.doi.org/10.1016/j.seppur.2007.04.006
http://dx.doi.org/10.1016/j.seppur.2007.04.006
http://dx.doi.org/10.1021/ef100011q
http://dx.doi.org/10.1021/ef100011q
http://dx.doi.org/10.1021/ef100011q

Babaei M, J Ultrafine Grained Nanostruct Mater, 51(2), 2018, 174-182

2010;24(6):3595-602.

18. Donald Carruthers J, Petruska MA, Sturm EA, Wilson SM.
Molecular sieve carbons for CO2 capture. Microporous and
Mesoporous Materials. 2012;154:62-7.

19. Peng X, Wang W, Xue R, Shen Z. Adsorption separation
of CH4/CO2 on mesocarbon microbeads: Experiment and
modeling. AIChE Journal. 2006;52(3):994-1003.

20. Siriwardane RV, Shen M-S, Fisher EP, Poston JA. Adsorption
of CO2on Molecular Sieves and Activated Carbon. Energy &
Fuels. 2001;15(2):279-84.

21. Asadi T, Ehsani MR, Ribeiro AM, Loureiro JM, Rodrigues
AE. CO2/CH4Separation by Adsorption using Nanoporous
Metal organic Framework Copper-Benzene-1,3,5-tricarboxylate
Tablet. Chemical Engineering & Technology. 2013;36(7):1231-9.
22. Remy T, Peter SA, Van der Perre S, Valvekens P, De Vos DE,
Baron GV, et al. Selective Dynamic CO2 Separations on Mg-
MOF-74 at Low Pressures: A Detailed Comparison with 13X.
The Journal of Physical Chemistry C. 2013;117(18):9301-10.

23. Li J-R, Kuppler R], Zhou H-C. Selective gas adsorption and
separation in metal-organic frameworks. Chemical Society
Reviews. 2009;38(5):1477.

24. LiJ-R, Sculley J, Zhou H-C. Metal-Organic Frameworks for
Separations. Chemical Reviews. 2011;112(2):869-932.

25. Yang Q, Zhong C. Molecular Simulation of Carbon
Dioxide/Methane/Hydrogen Mixture Adsorption in Metal-
Organic Frameworks. The Journal of Physical Chemistry B.
2006;110(36):17776-83.

26. Gu X, Dong J, Nenoft TM. Synthesis of Defect-Free FAU-
Type Zeolite Membranes and Separation for Dry and Moist
CO2/N2Mixtures. Industrial & Engineering Chemistry
Research. 2005;44(4):937-44.

27. Hasegawa Y, Tanaka T, Watanabe K, Jeong B-H, Kusakabe
K, Morooka S. Separation of co2-ch4 and co2-n2 systems using
ion-exchanged fau-type zeolite membranes with different si/al
ratios. Korean Journal of Chemical Engineering. 2002;19(2):309-
13.

28. Rad MD, Fatemi S, Mirfendereski SM. Development of T
type zeolite for separation of CO2 from CH4 in adsorption
processes. Chemical Engineering Research and Design.
2012;90(10):1687-95.

29. Su E Lu C, Kuo S-C, Zeng W. Adsorption of CO2on
Amine-Functionalized Y-Type Zeolites. Energy & Fuels.
2010;24(2):1441-8.

30. Nik OG, Nohair B, Kaliaguine S. Aminosilanes grafting
on FAU/EMT zeolite: Effect on CO2 adsorptive properties.
Microporous and Mesoporous Materials. 2011;143(1):221-9.
31. Saha D, Bao Z, Jia E, Deng S. Adsorption of CO2, CH4, N20,
and N2on MOF-5, MOF-177, and Zeolite 5A. Environmental
Science & Technology. 2010;44(5):1820-6.

32. Babaei M, Anbia M, Kazemipour M. Synthesis of zeolite/

182

carbon nanotube composite for gas separation. Canadian
Journal of Chemistry. 2017;95(2):162-8.

33. Babaei M, Salehi S, Anbia M, Kazemipour M. Improving
CO2 Adsorption Capacity and CO2/CH4 Selectivity with
Amine Functionalization of MIL-100 and MIL-101. Journal of
Chemical & Engineering Data. 2018;63(5):1657-62.

34. Faghihian H, Godazandeha N. Synthesis of nano crystalline
zeolite Y from bentonite. Journal of Porous Materials.
2008;16(3):331-5.

35. Liu X, Yan Z, Wang H, Luo Y. In situ synthesis of NaY zeolite
with coal-based kaolin. Journal of Natural Gas Chemistry.
2003;12(1):63-70.

36. Xu X, Song C, Andresen JM, Miller BG, Scaroni AW. Novel
Polyethylenimine-Modified Mesoporous Molecular Sieve of
MCM-41 Type as High-Capacity Adsorbent for CO2Capture.
Energy & Fuels. 2002;16(6):1463-9.

37.Kim §, Ida ], Guliants V'V, Lin YS. Tailoring Pore Properties
of MCM-48 Silica for Selective Adsorption of CO2. The Journal
of Physical Chemistry B. 2005;109(13):6287-93.

38. Pawar RR, Patel HA, Sethia G, Bajaj HC. Selective adsorption
of carbon dioxide over nitrogen on calcined synthetic hectorites
with tailor-made porosity. Applied Clay Science. 2009;46(1):109-
13.

39. Garnier C, Finqueneisel G, Zimny T, Pokryszka Z,
Lafortune S, Défossez PDC, et al. Selection of coals of different
maturities for CO2 Storage by modelling of CH4 and CO2
adsorption isotherms. International Journal of Coal Geology.
2011;87(2):80-6.

40. Foo KY, Hameed BH. Insights into the modeling of
adsorption isotherm systems. Chemical Engineering Journal.
2010;156(1):2-10.

41. Purna Chandra Rao G, Satyaveni S, Ramesh A, Seshaiah K,
Murthy KSN, Choudary NV. Sorption of cadmium and zinc
from aqueous solutions by zeolite 4A, zeolite 13X and bentonite.
Journal of Environmental Management. 2006;81(3):265-72.

42. Fundamentals of Pure Component Adsorption Equilibria.
Series on Chemical Engineering: PUBLISHED BY IMPERIAL
COLLEGE PRESS AND DISTRIBUTED BY WORLD
SCIENTIFIC PUBLISHING CO.; 1998. p. 11-48.

43, Chatti R, Bansiwal AK, Thote JA, Kumar V, Jadhav P,
Lokhande SK, et al. Amine loaded zeolites for carbon dioxide
capture: Amine loading and adsorption studies. Microporous
and Mesoporous Materials. 2009;121(1-3):84-9.

44. Anbia M, Hoseini V, Mandegarzad S. Synthesis and
characterization of nanocomposite MCM-48-PEHA-DEA and
its application as CO2 adsorbent. Korean Journal of Chemical
Engineering. 2012;29(12):1776-81.

45.Xu X, Zhao X, Sun L, Liu X. Adsorption separation of carbon
dioxide, methane and nitrogen on monoethanol amine modified
B-zeolite. Journal of Natural Gas Chemistry. 2009;18(2):167-72.


http://dx.doi.org/10.1021/ef100011q
http://dx.doi.org/10.1016/j.micromeso.2011.07.016
http://dx.doi.org/10.1016/j.micromeso.2011.07.016
http://dx.doi.org/10.1016/j.micromeso.2011.07.016
http://dx.doi.org/10.1002/aic.10723
http://dx.doi.org/10.1002/aic.10723
http://dx.doi.org/10.1002/aic.10723
http://dx.doi.org/10.1021/ef000241s
http://dx.doi.org/10.1021/ef000241s
http://dx.doi.org/10.1021/ef000241s
http://dx.doi.org/10.1002/ceat.201300046
http://dx.doi.org/10.1002/ceat.201300046
http://dx.doi.org/10.1002/ceat.201300046
http://dx.doi.org/10.1002/ceat.201300046
http://dx.doi.org/10.1021/jp401923v
http://dx.doi.org/10.1021/jp401923v
http://dx.doi.org/10.1021/jp401923v
http://dx.doi.org/10.1021/jp401923v
http://dx.doi.org/10.1039/b802426j
http://dx.doi.org/10.1039/b802426j
http://dx.doi.org/10.1039/b802426j
http://dx.doi.org/10.1021/cr200190s
http://dx.doi.org/10.1021/cr200190s
http://dx.doi.org/10.1021/jp062723w
http://dx.doi.org/10.1021/jp062723w
http://dx.doi.org/10.1021/jp062723w
http://dx.doi.org/10.1021/jp062723w
http://dx.doi.org/10.1021/ie049263i
http://dx.doi.org/10.1021/ie049263i
http://dx.doi.org/10.1021/ie049263i
http://dx.doi.org/10.1021/ie049263i
http://dx.doi.org/10.1007/bf02698420
http://dx.doi.org/10.1007/bf02698420
http://dx.doi.org/10.1007/bf02698420
http://dx.doi.org/10.1007/bf02698420
http://dx.doi.org/10.1007/bf02698420
http://dx.doi.org/10.1016/j.cherd.2012.01.010
http://dx.doi.org/10.1016/j.cherd.2012.01.010
http://dx.doi.org/10.1016/j.cherd.2012.01.010
http://dx.doi.org/10.1016/j.cherd.2012.01.010
http://dx.doi.org/10.1021/ef901077k
http://dx.doi.org/10.1021/ef901077k
http://dx.doi.org/10.1021/ef901077k
http://dx.doi.org/10.1016/j.micromeso.2011.03.002
http://dx.doi.org/10.1016/j.micromeso.2011.03.002
http://dx.doi.org/10.1016/j.micromeso.2011.03.002
http://dx.doi.org/10.1021/es9032309
http://dx.doi.org/10.1021/es9032309
http://dx.doi.org/10.1021/es9032309
http://dx.doi.org/10.1139/cjc-2016-0305
http://dx.doi.org/10.1139/cjc-2016-0305
http://dx.doi.org/10.1139/cjc-2016-0305
http://dx.doi.org/10.1021/acs.jced.8b00014
http://dx.doi.org/10.1021/acs.jced.8b00014
http://dx.doi.org/10.1021/acs.jced.8b00014
http://dx.doi.org/10.1021/acs.jced.8b00014
http://dx.doi.org/10.1007/s10934-008-9204-0
http://dx.doi.org/10.1007/s10934-008-9204-0
http://dx.doi.org/10.1007/s10934-008-9204-0
http://dx.doi.org/10.1016/j.micromeso.2003.09.002
http://dx.doi.org/10.1021/ef020058u
http://dx.doi.org/10.1021/ef020058u
http://dx.doi.org/10.1021/ef020058u
http://dx.doi.org/10.1021/ef020058u
http://dx.doi.org/10.1021/jp045634x
http://dx.doi.org/10.1021/jp045634x
http://dx.doi.org/10.1021/jp045634x
http://dx.doi.org/10.1016/j.clay.2009.07.009
http://dx.doi.org/10.1016/j.clay.2009.07.009
http://dx.doi.org/10.1016/j.clay.2009.07.009
http://dx.doi.org/10.1016/j.clay.2009.07.009
http://dx.doi.org/10.1016/j.coal.2011.05.001
http://dx.doi.org/10.1016/j.coal.2011.05.001
http://dx.doi.org/10.1016/j.coal.2011.05.001
http://dx.doi.org/10.1016/j.coal.2011.05.001
http://dx.doi.org/10.1016/j.coal.2011.05.001
http://dx.doi.org/10.1016/j.cej.2009.09.013
http://dx.doi.org/10.1016/j.cej.2009.09.013
http://dx.doi.org/10.1016/j.cej.2009.09.013
http://dx.doi.org/10.1016/j.jenvman.2005.11.003
http://dx.doi.org/10.1016/j.jenvman.2005.11.003
http://dx.doi.org/10.1016/j.jenvman.2005.11.003
http://dx.doi.org/10.1016/j.jenvman.2005.11.003
http://dx.doi.org/10.1142/9781860943829_0002
http://dx.doi.org/10.1142/9781860943829_0002
http://dx.doi.org/10.1142/9781860943829_0002
http://dx.doi.org/10.1142/9781860943829_0002
http://dx.doi.org/10.1016/j.micromeso.2009.01.007
http://dx.doi.org/10.1016/j.micromeso.2009.01.007
http://dx.doi.org/10.1016/j.micromeso.2009.01.007
http://dx.doi.org/10.1016/j.micromeso.2009.01.007
http://dx.doi.org/10.1007/s11814-012-0090-4
http://dx.doi.org/10.1007/s11814-012-0090-4
http://dx.doi.org/10.1007/s11814-012-0090-4
http://dx.doi.org/10.1007/s11814-012-0090-4
http://dx.doi.org/10.1016/s1003-9953(08)60098-5
http://dx.doi.org/10.1016/s1003-9953(08)60098-5
http://dx.doi.org/10.1016/s1003-9953(08)60098-5

	Enhancement of CO2/CH4 Adsorptive Selectivity by Functionalized Nano Zeolite
	Abstract
	1. Introduction
	2. Materials and methods 
	2.1 Materials 
	2.2 Synthesis of Sorbents 
	2.3 Characterization 
	2.4 Gas adsorption measurements 

	3. Results and discussion  
	3.1 Adsorbent Characterization 
	3.2 Adsorption Measurements 

	4. Conclusion 
	Acknowledgment

	_GoBack

