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Abstract

The adsorption characteristics of light gases on basalt rock-based zeolite 4A (BR zeolite-4A) were systematically investi-
gated to evaluate its potential application as an alternative adsorbent for adsorption-based separation processes. We used
alkali fusion and hydrothermal procedure to prepare the nanostructured adsorbent, BR zeolite-4A, which was characterized
with field emission scanning electron microscopy, X-ray diffraction, and carbon dioxide adsorption apparatus. The single
component adsorption equilibrium for CO,, CH,, N, and H, on the BR zeolite-4A was volumetrically determined using a
nanoPOROSITY adsorption analyzer at the temperature range from (288.15 to 308.15) K and pressure range from (0.1 to
110) kPa. The experimental results indicate that BR zeolite-4A showed higher adsorption capacities for CO, compared to
other light gases, indicating the suitable porous material for selective separation by adsorption. Three different isotherm
equations, Langmuir, Toth, and Sips, were used to correlate the adsorption isotherm data and the most reasonable results
obtained from the Sips model irrespective of the adsorption isotherm types. Isosteric heat of adsorption and adsorption
energy distribution function values were calculated and used to further examine the surface energetic heterogeneity of BR
zeolite-4A. The pure component adsorption isotherm results were also used to predict the adsorption selectivity for CO,/N,,
CO,/CH,, CO,/H,, and CH,/H, binary mixtures (50:50) at different pressure ranges using ideal adsorbed solution theory.
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1 Introduction

The adsorption of contaminants on adsorbents is constantly
explored because it is applicable to the recovery and removal
of contaminants from gas mixtures. A recent study shows
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that one billion tons of greenhouse gas is released into the
atmosphere every year, which causes various problems in
human life (Raupach et al. 2007). Many countries that have
joined the Kyoto Protocol around the world are continuing
to reduce the emissions of greenhouse gas in an attempt to
avoid economic penalties (Yu et al. 2008). Mankind is also
trying to get green energy sources from biogas instead of
fossil fuels to prevent global warming (Pevida et al. 2009).

The biogas is mainly composed of methane (CH,), and
carbon dioxide (CO,), whereas nitrogen (N,), and hydrogen
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(H,) are in trace quantities. Therefore, the energy content
per unit volume can be increased by removing the impu-
rities from the biogas and increasing the purity of meth-
ane (Ranalli 2007). Among the methods of obtaining CH,,
biological anaerobic digestion process can reduce organic
wastes and recover useful methane as an energy source
(Holm-Nielsen et al. 2009). The gas generated here is called
biogas, and CH, contained in the biogas can be used as an
alternative energy source for natural gas and power gen-
eration using boiler fuel, internal combustion engine or gas
turbine (Hullu et al. 2008). Apart from biogas, the landfill
gas also a good source of methane and it contains 40-60%
CH,, 20-30% CO,, and other trace gases (Daniel and Dilip
1990). The landfill gas with high CH, content can be a useful
resource such as natural gas, if the separation of CO, from
the same can be done more techno-economically.

A commercial technique for separating CO, and other
impurities in biogas is the absorption method using amine,
but it consumes high energy and also the utility section of
CO, absorption plant is prone to corrosion problem (Zhao
et al. 2017). Therefore, the adsorption separation method is
considered to be an alternative method for improving the
purity of CH, in the biogas due to low maintenance cost,
easy operation and low energy (Tagliabue et al. 2009). In
the case of the adsorption process, pressure swing adsorp-
tion (PSA) method is considered as a useful method for CH,
separation from biogas (Grande 2012). The PSA is a pro-
cess of separating by using the difference in the amount of
adsorbed gas in the adsorbent, and it is easy to operate with
small energy consumption.

In the case of adsorbents that can be used for the PSA
process, there are activated carbon adsorbents and porous
ceramic adsorbents. In recent years, ceramics adsorbents
with uniform pores have been developed to be easy to desorb
after adsorption and to not decrease adsorption properties
even during long-term use (Wang et al. 2011). In particular,
adsorbents such as metal-organic framework (MOF) show
a very high CO, adsorption capacity for high purity of CH,,
but it is difficult to commercialize it as the present technol-
ogy (Li et al. 2009; Sumida et al. 2012). Porous ceramic
adsorbents nowadays have been also developed using natu-
ral resources. These materials can be fabricated through the
regeneration of existing resources, thus making it possible
to easily control the pore-size in the synthetic process with
high price competitiveness (Choi et al. 2009).

In our recent report, we demonstrated that basalt rock-
based zeolite has a high adsorption affinity for CO, at high
pressure compared to commercial zeolite (Hwang et al.
2018). The main objective of the present work is thus to
examine the potential of the basalt rock-based zeolite for the
adsorption separation of other light gases by adsorption (i.e.,
CH,, N,, and H,) including CO, and to extend our previous
works to understand the surface heterogeneity and selectivity
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of the adsorbent. For this purpose, a zeolite 4A prepared
from basalt rocks containing a large amount of silicon and
aluminum, which is abundantly available in South Korea, is
employed as a biogas separation material. The heterogene-
ous adsorption behaviors of CH,, CO,, N,, and H, on basalt-
based zeolite 4A have been intensively investigated. In addi-
tion, the ideal adsorbed solution theory (IAST), developed
by Myers and Prausnitz (1965), was employed to study the
adsorption selectivities of prepared zeolite 4A for CO,/N,,
CO,/CH,, CO,/H,, and CH,/H, binary mixture using pure
component adsorption isotherm experimental results.

2 Experimental
2.1 Preparation

The synthesis of the basalt rock-based zeolite 4A (BR zeolite
4A) was prepared using basalt rock pieces collected from
Hantan riverside in Cheorwon-gun, South Korea. The basalt
rock pieces were ground into micro-powder using disk mill
(Pulverisette 13, Fritsch Co.) and planetary ball mill (Pul-
verisette 5, Fritsch Co.). The synthetic process of BR zeo-
lite 4A consisted of two steps: (1) alkaline fusion process
of micronized BR powder with sodium hydroxide (NaOH,
Aldrich Co.) and (2) hydrothermal treatment. First, 20 g of
micronized basalt powder and NaOH (1:1.2 g/g ratio) were
heated in presence air for alkali-fusion at 1073.15 K for 1 h.
The alkalized product was transferred to a 500 ml beaker
containing 100 ml of distilled water, which was eluted at
room temperature for 2 h after that the extract was collected
for further processing. The extracted solution was then sepa-
rated into a supernatant using 0.4 um PTFE membrane filter.
To synthesize the basalt-based zeolite 4A (BR zeolite 4A),
100 ml of the amorphous aluminosilicate extract was taken
along with 5 g of sodium aluminum oxide (NaAlO,, Aldrich
Co.) in a 500 ml round flask. The entire mixture and stirred
at 250 rpm under reflux conditions and finally the hydrother-
mal treatment was carried out at 363.15 K for 12 h. At the
end, the crystallized solid part was separated, washed and
followed by overnight drying at 373.15 K.

2.2 Adsorbent characterization and adsorption
measurements

The synthesized materials were characterized using X-ray
diffraction (XRD), Field emission scanning microscopy
(FE-SEM, S-4700, Hitachi Co.), and energy dispersive
X-ray spectroscopy (EDX) techniques. The XRD patterns
were obtained from a D/MAX-2500 (Rigaku Co.) unit with
Cu—Ka radiation (4=1.540 10\) and interpreted with the help
of the XRD database of the International Zeolite Associa-
tion (IZA) (Treacy et al. 2001). The crystallite size was
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calculated from the XRD results applying Scherrer equa-
tion (Holzwarth and Gibson 2011). The textural character-
istics of prepared BR zeolite 4A were determined from CO,
adsorption isotherm data measured at 298.15 K in a nano-
Porosity-XG apparatus (MiraeSI Co.). It may be noted here
that we already demonstrated in our previous work that CO,
would be a suitable probe molecule to characterize the super
microporous adsorbent compared to N, due to its kinetic
effects (Breck 1974; Hwang et al. 2018; Jensen et al. 2012).
The BET surface area and Dubinin—Radushkevich (DR) pore
volume of BR zeolite 4A were 726 m?/g and 0.345 cm’/g,
respectively.

The single component adsorption isotherms of CO,, CH,,
N, and H, on BR zeolite 4A were measured volumetrically
with the nanoPorosity-XG apparatus (MiraeSI Co.) at differ-
ent temperatures of (288.15, 298.15, and 308.15) K with the
gas pressure up to 110 kPa, respectively. Before the adsorp-
tion measurements, about 100 mg of adsorbent was loaded
into an adsorption cell and the sample was then evacuated
at 773.15 K under vacuum for 24 h to remove the moisture
and trace pollutants presented in the adsorbent. Moreover,
the desorbed samples were also regenerated at 773.15 K
under vacuum for 24 h before initiation of each experiment.
The high purity gases (>99.99%) were used for adsorption
measurements.

3 Results and discussion

We synthesized a BR zeolite 4A with homogeneous pores
from the optimum conditions (Hwang et al. 2018) and
showed the morphology (FE-SEM images) and crystallin-
ity (XRD peaks) of the same material in Fig. 1. The chemi-
cal composition of micronized BR powders and synthesized

Fig.1 FE-SEM images (a raw
BR, b BR zeolite 4A) and XRD
peaks (c¢) of BR zeolite 4A

BR zeolite 4A samples were compared by EDX analysis.
The raw BR material is mostly composed of 48.2% oxygen
(0), 12.3% aluminum (Al) and 19.9% silicon (Si), with the
remainder consisting of 6.2% calcium (Ca), 4.7% magne-
sium (Mg), 3.2% potassium (K), 3.0% iron (Fe), and 2.6%
sodium (Na), respectively. These results are similar to the
mineralogical information of basalt rocks as known well in
the region of Gangwon province, South Korea (Yoon and
Kim 2015). Here, trace minerals such as Ca, Mg, K, and
Fe can interrupt the nucleation of Na based aluminosilicate
in hydrothermal treatment (Xiao et al. 2015). Therefore,
the useless minerals will be removed for the synthesis of
high purity BR zeolite 4A. According to the results of EDX
analysis, the synthesized BR zeolite 4A was composed of
61.5% O, 13.1% Na, 12.5% Si, and 12.9% Al in the Na/Al/
Si ratio of around 1:1:1 (the Na/Al/Si ratio of typical zeolite
Na4A is 1:1:1) (Rayalu et al. 1999). Also, no trace impuri-
ties of micronized BR powders other than the major com-
ponents of the zeolite Na4A were observed. We confirmed
that all impurities of micronized BR powders were removed
through the acidic treatment before the alkali-fusion anneal-
ing process.

The surface morphology of raw basalt material used for
the synthesis of BR zeolite 4A is shown in Fig. 1a, which
shows that the pattern of fine particles with irregular shapes
within about 5 pm after disk milling and planetary milling.
In general zeolite synthetic process, a fine mineral precursor
is easy to perform the alkali-fusion reaction due to the high
specific surface area and the elution process for a specific
component. The FE-SEM image of BR zeolite 4A is pre-
sented in Fig. 1b. The particle size of the BR zeolite 4A is
about 1-5 pm, and the particle shape is regular cubic, which
matches with the typical shape of Na4A zeolite (Loiola et al.
2012). Figure 1c shows the XRD spectra of BR zeolite 4A

IINa4A (JCPDS card #43-0142)

T

BR zeolite 4A

Intensity (a.u.)

2 theta (degree)
*A: Anorthite: D: Diopside, F: Forsterite; L: Leucite
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before and after hydrothermal synthesis. The crystal struc-
ture of the raw BR material before synthesis was 38.7%
Anorthite [(Ca,Na)(Al, Si),Si,04, JCPDS card #20-0528],
28% Forsterite [(Mg, Fe) ,Si0,4, JCPDS card #31-0795],
26.1% Diopside [CaMg(Si05),, JCPDS card #11-0654], and
7.2% Leucite [K(AlSi,0g), JCPDS card #15-0047], which
is consistent with the previous mineralogical information

(Yoon and Kim 2015). The XRD peaks of BR zeolite 4A
after synthesis were all the same as those of typical zeolite
NadA (JCPDS card #43-0142) (Xiao et al. 2015). Therefore,
in the case of BR zeolite 4A, the pore size is estimated to be
about 4 A, and the average crystallite size calculated by the
Scherrer equation is 800 nm (Holzwarth and Gibson 2011).

Fig.2 Adsorption isotherms

of aCO,,bCH,, ¢N,,andd
H, on BR-Zeolite 4A (square,

T =288 K; triangle, T=298 K;
circle, T=308 K; dark blue line,
Sips; dotted red line, tempera-
ture-dependent Sips). Compari-
son of experimental CO,, CH,,
N,, and H, adsorption isotherms
at 298.15 K (Sips, isothermal
Sips model; H-Sips, tempera-
ture-dependent Sips model) (e)
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Adsorption equilibrium isotherms of CO,, N,, CH,, and
H, on BR-Zeolite 4A obtained at three different tempera-
tures (288.15, 298.15, and 308.15) K and at pressure up
to 110 kPa are presented in Fig. 2a—d. As shown in this
figure, the adsorption amounts of CO, were much greater
than those of CH,, N,, and H, in the tested pressure and
temperature ranges. In addition, CO, adsorption isotherm
clearly shows a type I (convex) behavior revealing the high
adsorbent—adsorbate interactions in micropores according
to the IUPAC classification, but other gas isotherms follow
linear or weakly favorable (CH, and N,) and unfavorable
(H,) pattern. The comparative adsorption isotherm plots for
the light gases, which is shown in Fig. 2e, clearly indicated
that carbon dioxide (3.61 mol/kg) uptake on BR-Zeolite 4A
at 298.15 K and 110 kPa is significantly higher than other
gases tested: CH, (0.63 mol/kg), N, (0.34 mol/kg), and H,
(0.03 mol/kg). The measured adsorption amounts were rela-
tively lower than those of reported values at given experi-
mental conditions (= 4.2 mol/kg for CO,, ~ 0.8 mol/kg for
CH,, = 1.3 mol/kg for N,, and =~ 0.4 mol/kg for H,) (Akten
et al. 2003; Bacsik et al. 2016). However, the adsorption
behavior observed is similar to those of previous reports.
This result clearly indicates that the prepared BR-Zeolite
4A is specifically selective for the adsorption of CO, over
other light gases studied, which shows more evidentially that
BR-Zeolite 4A can selectively separate CO, from a multi-
component gas mixture system. In addition, it was further
observed in this study the adsorption capacity was closely
connected with the polarizability of adsorbate rather than
quadrupole moment and dipole moment. The polarizability
(x 10725 cm®) values of the light gases tested in this work
are in the following order: CO, (29.1)>CH, (26.0)>N,
(17.4)>H, (9.11). The above mentioned trend is exactly
match with the adsorption patterns of BR-Zeolite 4A, which
clearly confirms the role of polarizability in adsorption of
gases on BR-Zeolite 4A. Moreover, the adsorption capacities
of all gases decrease with increasing temperature, indicat-
ing the dominant physisorption interaction between the BR-
Zeolite 4A and light gases.

Three well-known isotherm equations, Langmuir, Toth,
and Sips with different advantage and limitations were used
to correlate each experimental adsorption isotherm data. The
model isotherm equations used in this work were summa-
rized in Table 1 (Do 1998; Jaroniec and Madey 1988; Malek
and Farooq 1996; Rudzinski and Everett 1991). To assess
the goodness of fit of experimental isotherm data, the aver-
age relative error (ARE) listed in Table 1 was also used in
this work. The Nelder—Mead pattern search algorithm was
used to determine the optimum isotherm parameters for each
case. Tables 2 and 3 summarize the isotherm and the tem-
perature dependent isotherm parameters with the respective
ARE values. As shown in Fig. 2 (the other fitting results are
not shown here for simplicity), the Sips and the temperature

Table 1 List of single component adsorption isotherm equations and
average relative error (ARE) equation used in this work

Isotherm Mathematical form Parameter
Langmuir g= 4:bP q, [mmol/g]
1+bP b [1/kPa]
AH,
b= boexp<—ﬁ) by [1/kPa]
—AH, [k]/mol]
Toth g= LW q, [mmol/g]
(1+6PY) b [1/kPa]
o aH, b, [1/kPa]
b= bexp ( RT ) ZAH, [KV/mol]
t[-]
Sips g= q,bP'" q, [mmol/g]
Lot/ b [1/kPa]
b= hyexp(- 32 ) by [1/kPal
—AH, [kI/mol]
n[-]
Error

N
ARE(%) = 1© 3 [ Gerp=Gear
N S e

dependent Sips equations reasonably well correlates all
the experimental adsorption isotherm data over the entire
pressure and temperature ranges studied. The Sips isotherm
parameter n values, which indicate the system heterogeneity,
are in the range of 1.029-1.385 for CO,, 0.961-0.975 for
CH,, 0.993-1.018 for N,, and 0.769-0.779 for H,, respec-
tively. In addition, the temperature dependent Sips isotherm
parameter n values are 1.315 (CO,), 0.981 (CH,), 0.984 (N,),
and 0.816 (H,), respectively. These results indicate that the
degree of heterogeneity of CO,/BR-Zeolite 4A is the great-
est compared to other light gases system measured in this
work. It is also interesting to note from Tables 2 and Table 3
that the Toth and the temperature dependent Toth equations
give similar or better ARE correlation results than the Sips
and the temperature dependent Sips models for CO,, CH,,
and N,. Very poor correlation results are, however, obtained
for H,, which are similar to those of the Langmuir and the
temperature dependent Langmuir equations. These results
indicate that among the isotherm equation, the Sips equation
is the most suitable to predict the binary mixture equilibria
when incorporating the ideal adsorbed solution theory.

In order to further investigate the interactions existing
between the adsorbent and adsorbate as well as between the
adsorbate and adsorbate in the adsorbed phase, the isosteric
heat of adsorption was calculated from the pure component
adsorption isotherm data using the Clausius—Claypeyon
equation (Do 1998; Jaroniec and Madey 1988; Rudzinski
and Everett 1991). This equation has the following form:

Dst _ [6lnPL 0

RT? oT

where g, P, T, and R are the isosteric heat of adsorption, the
gas constant, temperature, and pressure, respectively.
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Table 2 Isotherm parameters of Langmuir, Toth, and Sips models for CO,, CH,, N,, and H, on BR zeolite 4A

Model Parameters  CO, CH, N, H,
288 298 308 288 298 308 288 298 308 288 298 308
Langmuir® ¢, [mmol/g] 3.995 3.621 3.428 4.727 4.688 4.649 4.633 3.796 3.428 5.055 4.278 3.407
b [1/kPa] 0.206 0.184 0.170 0.0021 0.0015 0.0012 1.02E-3 9.72E-4 8.30E-4 7.61E-5 7.21E-5 7.01E-5
ARE 8.578 4.233 3313 0939 0.776 0476 1.085 0.113 0.724 34530  32.663 47.195
Toth® g, [mmol/g] 4.511 4.299 3.708 2.399 2.185 2.004 3.850 3.607 3.375 0.168 0.743 0.282
b [1/kPa] 0.582 0.256 0.233 0.0039 0.0032 0.0027 1.27E-3 1.02E-3 8.26E-4  2.16E-3 3.99E-4 9.14E-4
t[-] 0.581 0.645 0.754 1466 1.483 1491 0.956 1.019 1.109 24.562 9.952  11.459
ARE 3.681 4.449 3.019 0350 0.281 0.269 0.126 0.106 0.085 34.134  31.827 46.710
Sips® g, [mmol/g] 4291 3.900 3.510 3.580 3.567 3.488 4.385 4.147 3.909 0.457 0.371 0.318
b [1/kPa] 0.310 0.176 0.160 0.0024 0.0018 0.0014 1.18E-3 9.02E4 7.01E4 245E4 239E-4 2.33E-4
n[-] 1.385 1.145 1.029 0.961 0969 0975 1.018 1.005 0.993 0.779 0.774 0.769
ARE 4743 3.030 3.900 0.087 0.113 0.185 0471 0.206 0.162 6.759 7314  12.885
“Langmuir: g = %
®Toth: ¢ = (1+t(]1;—f:')‘/’
“Sipsiq = 50
Eoﬁifeim?i?frﬁi a:telz eocliependent Model Parameters CO, CH, N, H,
Langmuir, Toth, and Sips Langmuir® g,[mmol/g] 3.721 4.674 3.565 0.634
I‘;‘z"gil;%’rzggf{eai‘“ Ny, and b, [1/kPa] 1.212E7 2.578E-7 3.531E-7 9.521E-6
—AH, [kJ/mol] 3.518E+4 2.157E+4 1.979E+4 9.816E+3
ARE 6.053 0.821 0.440 41.990
Toth® q, [mmol/g] 4.308 3.231 1.908 0.103
b, [1/kPa] 1.892E-7 3.605E-7 6.363E-7 1.777E-5
—AH, [kJ/mol] 3.559E+4 2.160E+4 1.983E+4 1.266E+4
t[-] 0.620 1.203 1.327 5.745
ARE 3.774 0.663 0.370 37.650
Sips® q, [mmol/g] 4.097 4.019 2.971 1.763
b, [1/kPa] 3.415E-6 2.342E-7 3.491E-7 3.658E-7
—AH, [kJ/mol] 2.744E+4 2.203E+4 2.014E+4 1.2818E+4
nl-] 1.315 0.981 0.984 0.816
ARE 3.788 0.559 0.381 11.418

AH,
a . quoexp(—R—T‘)P
Langmuir: ¢ = —————~—

l+boexp(,% )P
(H—(boexp(_%)P) )

l+bﬂexp(— By

1
RT )P "

Figure 3a compares the variation of isosteric heat of
adsorption along with the adsorbed amount for CO,, N,,
CH,, and H, on BR-Zeolite 4A. The experimental adsorp-
tion data were fitted with polynomial regression functions
to properly represent the isosteric heat curves. As shown in
this figure, the degree of variation trends for the isosteric heat

@ Springer

of adsorption is greatly dependent on the probe molecules
used, revealing the existence of different interactions in the
adsorption system closely related with the energetical and
structural heterogeneity of the porous materials. The overall
magnitudes of the average isosteric heat of adsorption are in
the following decreasing order: CO, (36.2 kJ mol~!)>CH,
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Fig.3 Isosteric heat of adsorp-
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(21.8 kJ mol™!)>=N, (20.5 kJ mol~!) > H, (10.4 kJ mol~").
These calculated isosteric heat of adsorption were in a
similar ranges as in previous reports (=~28-35 kJ mol~! for
CO,, ~18.8 kJ mol~! for CH,, ~ 17 kJ mol~"! for N,, and
~10 kJ mol™' for H,) (Akten et al. 2003; Grande and Blom
2014). It is also interesting to note that the curves can be
classified into three groups. As shown in this figure, the isos-
teric heat curves for light gases adsorption show meaningful
dependence on the adsorbed amount within in our experi-
mental range. The isosteric heat curves for CO, continuously
decrease with increasing adsorbed amounts, suggesting the
relatively strong dominance of vertical (adsorbate—adsorbent)
interaction related with the existence of surface energetic het-
erogeneity of BR-Zeolite 4A/CO, adsorption system.

On the other hand, the isosteric heat trends of CH, and
N, are very similar within the experimental range, indicating
the similar adsorption affinity behavior. These isosteric heat
curves slightly increase with increasing adsorbed amount,
revealing the relative importance of the lateral (CH,—CH,
and N,—N,) interactions compare to that of the vertical
[CH, (or N,)-BR-Zeolite 4A] interactions in the CH, and
N, adsorption system. In addition, the isosteric heat trend of

8 5
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Adsorbed amount, mol/kg
(c) -O-H2
<-N2
i 4-CH4
4-C02
=
i i

0 10 20 30 40
Adsorption energy, kd/mol

H, is slightly different from those of CO,, N,, and CH,. As
shown in Fig. 3b, the H, isosteric heat curve can be classi-
fied into three parts: (1) initially decrease with the increasing
adsorbed amount, (2) approaching the minimum value, and
(3) then again slightly increase with the increasing adsorbed
amount. This result clearly indicates that in this case the
H,—BR-Zeolite 4A surface interaction initially controls the
system and its interaction gradually decreases with increas-
ing H, adsorption. Then H,—H, lateral interaction dominates
the adsorption system as the H, adsorption increases.

The adsorption energy distribution (AED) function is
also useful to understand the surface energetic heteroge-
neity of porous materials (Do 1998; Hwang et al. 2015;
Jaroniec and Madey 1988; Nahm et al. 2012; Rudzinski
and Everett 1991).

o(p) = / 0(p, E)F(E)dE )

A

where p, E, A, 8(p), 6(p, E), and F(E) are the pressure, the
adsorption energy, the integration region, the experimental
adsorption isotherm data, a local adsorption isotherm with
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an adsorption energy, and the adsorption energy distribution
function, respectively.

In this work, the Langmuir adsorption equation and the
generalized nonlinear regularization method were used to
calculate the adsorption energy distribution function for all
gases. Figure 3¢ compares the AED curves of four gases
on BR-Zeolite 4A. The peak shape of calculated AED
is greatly dependent on the molecules used. All adsorb-
ates represent single peak with different peak width, peak
height, and peak maximum, indicating the existence of
one predominant type of surface energetic heterogeneity
for BR-Zeolite 4A. The peak maximum appeared at about
32.8 (CO,), 17.2 (CH,), 13.4(N,), and 9.2 (H,) kJ/mol,
respectively. These determined values are in the simi-
lar ranges of values calculated from the isosteric heat of
adsorption. They also have the same order of the magni-
tudes of the average isosteric heat of adsorption, which is
in good agreement with the magnitude order of polariz-
ability tested in this work.

It is clear from pure component adsorption data that the
BR zeolite 4A represents preferential adsorption behavior
of CO, compare to those of other light gases (CH,, N,, and
H,). To properly examine the gas separation and purification
performance efficiency of the BR zeolite 4A, the adsorp-
tion equilibrium selectivity was calculated using the ideal
adsorbed solution theory (IAST) which was first proposed
by Myers and Prausnitz (1965). In this work, CO,/N,, CO,/
CH,, CO,/H,, and CH,/H, binary mixtures at 298.15 K for
equimolar condition (50%/50%) were chosen for the com-
parison study. The Sips isotherm equation was used to pre-
dict the binary mixture adsorption equilibria because this
equation is more suitable to fit the single component experi-
mental isotherm data compare to other isotherm models as
already discussed in the previous section (see Fig. 2 and
Tables 2 and 3). The IAST-adsorption equilibrium selectiv-
ity, S;,, for binary gas mixture can be generally written in
the following form:

400 4,000
—CO2/N2
—CO2/CH4
300 | —CH4/H2 { 3,000
—CO2/H2 >
=y 3
2200 5\ 2,000
(%] [}
9 ®
[) (2]
/2]
100 L { 1,000
0 T 0

0 25 50 75 100
Pressure, kPa

Fig.4 Adsorption selectivity of binary mixtures CO,/N,, CO,/CH,,
CO,/H,, and CH,/H, on BR zeolite 4A
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where x, and x, are the mole fraction of component 1 and
2 in the adsorbed phase, y; and y, are the mole fraction of
component 1 and 2 in the gas phase. Figure 4 compares
CO,/N,, CO,/CH,, CO,/H,, and CH,/H, selectivities as a
function of total pressure for BR zeolite 4A calculated at
298.15 K. On the whole, the IAST-adsorption equilibrium
selectivity for all tested cases sharply decreases with increas-
ing total pressure in the low-pressure region followed by
no meaningful change as continuously increasing the total
pressure which can be closely connected with the interac-
tion between adsorbate and adsorbent. The order of aver-
age IAST-calculated adsorption selectivity for binary mix-
tures at given pressure range was CO,/H, (2246) >> CO,/N,
(186) > CO,/CH, (98) > CH,/H, (28). The average CO,/H,
adsorption selectivity is higher than CO,/N, (12 times) and
CO,/CH, (23 times) selectivities, which once again prove
and confirm the effects of polarizabilities of individual gases
on adsorption as well as selectivity, as discussed in the sin-
gle component isotherm section. In the case of CO, over
H,, N,, and CH, selectivity, the greater the difference in
polarizability between adsorbates, the higher the adsorption
selectivity is. It is also interesting to observe that in case of
CH, related IAST adsorption selectivity, no evident pattern
was observed between the adsorption selectivity and the
polarizability. The polarizability of CH, is higher than that
of H, but similar to that of CO,. The quadrupole moment
(x 10720 esu ¢m) values of tested gases are in the following
descending order; CO, (4.30)>N, (1.52)>H, (0.52) >CH,
(0). In the case of IAST CO,/CH, and CH,/H, selectivities,
the greater the difference in quadrupole moment between
adsorbates, the higher the adsorption selectivity is.

The calculated IAST adsorption selectivities of BR zeo-
lite 4A were also compared to other zeolite materials to fur-
ther evaluate the degree of selectivity performance for light
gases. As discussed above, in our calculation, the IAST-
calculated average CO,/H, selectivity (2246) is the highest
examined cases, which was significantly high compared to
that of zeolite NaA case (selectivity ratio about 70 at 1 bar
for 1.4:98.6) (Belmabkhout and Sayari 2009). Moreover, the
IAST-calculated average CO,/N, selectivity (186) is much
larger than those of other zeolites under similar measured
conditions, which were in the range of about 7.6-8.4 (ZIF-
8), 6.9-57.0 (clinoptilolite and cation exchanged clinoptilo-
lites), 44—54 (T-type zeolite), and 45-54 (cation exchanged
zeolite), respectively, (Cheung and Hedin 2014; Jiang et al.
2013; Kennedy and Tezel 2018; McEwen et al. 2013) but
comparable to those of zeolite 5A and zeolite 13X, which
was about 241 and about 190, respectively. (McEwen et al.
2013; Saha et al. 2010) In addition, the IAST-calculated
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average selectivity value for CO,/CH, (98) is about 2.6
times lower than that of zeolite 5A (Saha et al. 2010) but is
about 1.3(zeolite-NaX), 2.3(zeolite-CaA), 2.7(zeolite-NaA),
4.6(zeolite-CaX), 6 (zeolite 13X and T-type zeolite), 15(zeo-
lite 4A), 20(zeolite-Y and ZSM-5), 25(chabazite), 26(H*
modernite), 36 (ZIF-8), 1.3-32 (clinoptilolite and cation
exchanged clinoptilolites), and 18-28 (high silica zeolites)
times greater than those of commercial and natural zeolites
under similar conditions (Belmabkhout and Sayari 2009;
Jensen et al. 2012; Jiang et al. 2013; Kennedy and Tezel
2018; Li et al. 2013; McEwen et al. 2013). These compari-
son results indicate that BR zeolite 4A has a great potential
application for gas separation by adsorption processes.

4 Conclusion

The BR zeolite 4A, which was prepared from basalt rock by
applying alkali fusion and the hydrothermal procedures, was
used to investigate the adsorption of CO,, CH,, N, and H, at
three different temperatures (288.15, 298.15, and 308.15) K and
pressure up to 110 kPa. Our experimental results clearly show
that the BR zeolite 4A could be a good potential candidate for
light gas separation by adsorption because of its high adsorption
affinity and selectivity to CO,. The order of adsorption capacity
was CO,>> CH,, >N, >H,, which indicates that the BR zeolite
4A is the most suitable for CO, separation compared to other
gases and is also not the desirable one for H, adsorption. In
addition, the adsorption order of individual light gases on BR
zeolite 4A is also identical with their polarizability values. The
Sips isotherm model fit well the single component experimen-
tal data for all gases over the experimental ranges compared
to Langmuir and Toth isotherm models. The results of isos-
teric heat of adsorption and adsorption energy distribution of
CO,, CH,, N, and H, on BR zeolite 4A clearly revealed that
the surface of BR zeolite 4A is energetically heterogeneous.
Moreover, the variation trend of isosteric heat of adsorption and
adsorption energy distribution can be well correlated with the
polarizability of gases used. The IAST adsorption selectivity
performance for CO,/N,, CO,/CH,, CO,/H,, and CH,/H, has
a close connection with their pure component adsorption affin-
ity, the polarizability, and the quadrupole moment values. Our
results also indicate that calculated average IAST adsorption
selectivities of the BR zeolite 4A represented the highest CO,
selectivity over N,, CH,, and H,, revealing its high competitive-
ness in selective separation by adsorption.
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