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itic material from basalt rock and
its adsorption properties for carbon dioxide
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A zeolitic 4A type material was successfully prepared from natural basalt rock by applying an alkali fusion

process and hydrothermal synthesis. In particular, the optimum synthetic conditions were examined at

different crystallization times. Several methods such as XRD, SEM, EDX, and N2 and CO2 adsorption

analysis were used to characterize the synthesized 4A type zeolite. In addition, CO2 adsorption

equilibrium capacities for this basalt base zeolite were measured over temperature ranges from 283 to

303 K and pressure ranges from 0.1 to 1500 kPa in a volumetric adsorption apparatus. Then the results

were compared to those of commercial zeolite. Moreover, to further investigate the surface energetic

heterogeneity of the prepared zeolite, the isosteric heat of adsorption and adsorption energy distribution

was determined. We found that basalt based zeolite 4A shows a CO2 adsorption equilibrium capacity of

5.9 mmol g�1 (at 293 K and 1500 kPa) which is much higher than the 3.6 mmol g�1 of the commercial

zeolite as its micro-pore surface area, micro-pore volume and surface heterogeneity indicate.
1. Introduction

Recently, global warming has become a representative envi-
ronmental issue in the world, and carbon dioxide (CO2) is one of
the major greenhouse gases.1 Most emissions of CO2 to the
atmosphere from electric power generation plants and indus-
trial sectors are in the form of ue gas from combustion
processes. Since CO2 is oen the major impurity in natural gas,
its presence can reduce the energy content of natural gas.
Therefore, the separation and capture of CO2 from ue gas is an
effective way to control the CO2 emission.2

The most common technology used to remove CO2 from
natural gas is amine absorption in gas–liquid contactors.3

However, the absorption systems involve highly corrosive
solvents that require high temperature to regenerate the amine
solvent. Thus, the pressure swing adsorption (PSA) has been
applied widely as a possible technology for CO2 separation from
natural gas. Especially, the PSA system as an adsorption process
Division, Cheorwon Plasma Research

7, Republic of Korea

ngineering, Chosun University, Gwangju

nghee University, Yongin-si, Gyeonggi-do

rchitectural Engineering, Korea Naval

51704, Republic of Korea

n Diego, CA 92121, USA

ering, Sunchon National University, 255

orea. E-mail: wgshim@sunchon.ac.kr

is work.
of CO2 is required for suitable adsorbents with high selectivity
and adsorption capacity.4 Presently, various porous materials
such as zeolite, activated carbon (AC), metal–organic framework
(MOF), meso-porous TiO2, and amine impregnatedmesoporous
silicate have been extensively applied for the CO2 separation
and capture by adsorption process.5 Among those materials, the
zeolite, with its high selectivity, long-term stability, and high
adsorption capacity, is well known as an environmentally stable
adsorbent for removing CO2.6 Moreover, the synthetic zeolite
can easily be obtained from alumino-silicates source such as
sand, quartz, clay, kaolin, y ash, and volcanic rocks by applying
a hydrothermal synthesis procedure based on the solubility of
aluminum–silicon containing components in alkaline mate-
rials.7 The earth's surface contains approximately 8.5% of rocks
that are basalt, a widespread porous materials included in the
alumino-silicates.8 To date, the basalt bers have been widely
used for heat- and sound-insulation materials. However, very
few attempts have been made to synthesize the nanostructured
porous adsorbent from basalt rock.

In this work, we investigate the synthesis and adsorption
properties of zeolite from the basalt rock in South Korea, using
alkaline material as sodium hydroxide in the alkali fusion
process for elution the alumino-silicates. A 4A-type zeolite was
successfully prepared by hydrothermal synthesis with eluted
alumino-silicates from basalt. In particular, the crystallization
time that strongly affects the properties of the zeolite product
was examined in the preparation process of zeolite. In addition
to the common characteristics of the zeolite, this paper also
systemically investigated the adsorption properties of CO2 on
zeolite product such as adsorption equilibrium, isosteric heat of
This journal is © The Royal Society of Chemistry 2018
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adsorption, and adsorption energy distribution. The zeolite
product prepared from basalt may be employed as an efficient
adsorbent for CO2 removal.
Fig. 1 Schematic of high pressure CO2 adsorption apparatus.
2. Materials and methods
2.1 Preparation

The basalt rock obtained from Hantan riverside in Cheorwon-
gun, South Korea, was grinded into powders using Jaw
Crucher (Pulverrisette 1, Fritsch Co.), and it was further milled
to a mean particle size of approximately 30 mm by disk mill
machine (Pulverrisette 13, Fritsch Co.). The micronized basalt
was pretreated by means of an acid aqueous treatment. At this
stage, the basalt was reuxed with a 1 M hydrochloric acid
(Aldrich Co.) aqueous solution (10 g of basalt powder/200 ml of
HCL solution) at 80 �C for 2 h to remove iron oxide that is
known to be undesirable for zeolite synthesis.9 The basalt was
dried at 120 �C for 12 h before the zeolite synthesis. The
amorphous SiO2 and Al2O3 components in basalt were used as
the precursor source of zeolite (Si and Al). The preliminary
synthesis procedure started by mixing 10 g of pretreated basalt
power with 20 g of ground sodium hydroxide (Aldrich Co.). The
mixture was alkalized in air at 500 �C for 1 h in a furnace. The
alkalized product was grinded and transferred to a 250 ml
media bottle with a screw cap containing 100 ml of distilled
water, which was then mixed at room temperature for 2 h. The
extracted solution was separated into supernatant and solid by
ltration (0.4 mm PTFE membrane lter). For supernatant
solution, alumino-silicate was poured into a 250 ml round ask
reactor with x g sodium aluminum oxide (NaAlO2, Aldrich Co.),
in which the zeolite synthesis process was performed at 90 �C
for durations of 2, 4, 8, 12 and 24 h for separate experiments. In
this process, the mixtures were stirred at 500 rpm by mechan-
ical stirrer. Then, solid part separated by ltration was thor-
oughly washed with distilled water, and dried at 120 �C for 12 h.
2.2 Characterization and CO2 adsorption studies

The textural structure and the composition of the synthesized
materials were characterized by using X-ray diffraction (XRD),
eld emission scanning microscopy (FE-SEM, S-4700, Hitachi
Co.), and energy dispersive X-ray spectroscopy (EDX) tech-
niques. The XRD patterns were obtained on a D/MAX-2500
(Rigaku Co.) unit with Cu-Ka radiation (l ¼ 1.540 �A) and
interpreted with the help of the X-ray powder pattern database
of the International Zeolite Association.10 The crystallite size
was calculated from the XRD results applying Scherrer equa-
tion.11 The specic surface area and pore volume were deter-
mined on the basis of the nitrogen (77 K) and carbon dioxide
(298 K) adsorption (nano Porosity-XG, MiraeSI Co.) isotherm
data. The high pressure carbon dioxide (CO2) adsorptions were
measured using the volumetric system.12 Fig. 1 shows the
schematic diagram of CO2 adsorption apparatus, which is
mainly composed of adsorption and loading cells. In order to
connect the two cells, 1/4 inch tubes and valves were used.
Those experimental cells in a water bath consist of stainless-
steel with a volume of 152 ml and 150 ml, respectively. The
This journal is © The Royal Society of Chemistry 2018
temperature in both reservoirs is measured by using K-type
thermocouple within �0.01 K accuracy; the pressure in both
cell compartments was measured with a pressure transducer.
The temperature and pressure were recorded at constant time
intervals with a recorder (MV100, Yokogawa Co., Japan). During
adsorption in a water bath (SWB-20, Jeio Tech., South Korea),
the two cells and all the lines were immersed and maintained at
�0.02 K, which were controlled using a refrigerated circulator
(RBC-11, Jeio Tech., South Korea). Before the adsorbent was
weighed into the adsorption cell, it was treated at 573.15 K for
12 h under high vacuum to remove the pollutants adsorbed on
the adsorbent. The adsorbent weighed within 10 mg accuracy
was then placed in the adsorption cell. The moisture and
impurities remaining in the cells were again eliminated by
using a vacuum pump for 3 h before the adsorbate was intro-
duced into the adsorption cell. The CO2 adsorption experiment
started aer the temperature and pressure in the two cells
reached the equilibrium levels. In this work, the adsorption
equilibrium is assumed to be established when the temperature
and pressure in the cells remain constant. At that point, the
equilibrium temperature and pressure values were recorded
and they were used to calculate the adsorption equilibrium
amount. The mass balance equation based on the pressure–
volume–temperature (PVT) relation was given by eqn (1):

PV

ZRT
l1 þ PV

ZRT
a1 ¼ PV

ZRT
l2 þ PV

ZRT
a2 ¼ qM (1)

where, P is pressure, V is volume, Z is the compressibility factor,
R is the gas constant, T is temperature, l is the loading cell, a is
the adsorption cell, q is the adsorbed amount, and M is the
molecule weight, respectively. The number, 1 and 2, represents
the initial and the nal adsorption equilibrium state.
3. Results and discussion

The basic properties of basalt rock are summarized in Table 1.
The inside picture of Table 1 shows the basalt rock used in
synthesizing zeolite in this study. The mineralogical composi-
tions of basalt rock were determined by considering the XRD
patterns. The XRD patterns reveal that the basalt rock is mainly
composed of diopside (CaMg(SiO3)2, JCPDS card no. 11-0654),
anorthite ((Ca,Na) (Al,Si)2Si2O8, JCPDS card no. 20-0528), for-
sterite ((Mg,Fe)2SiO4, JCPDS card no. 31-0795), and leucite
(K(AlSi2O6), JCPDS card no. 15-0047), which is identical to the
ndings of previous mineralogical studies.13 The EDX results
showed the following average chemical composition of
RSC Adv., 2018, 8, 9524–9529 | 9525



Table 1 XRD pattern and elemental composition of basalt rock

Basalt image (inlet)
and XRD pattern Compound Weight%

Oxygen (O) 48.23
Aluminum (Al) 12.31
Silicon (Si) 19.89
Calcium (Ca) 6.17
Magnesium (Mg) 4.66
Sodium (Na) 2.55
Potassium (K) 3.15
Iron (Fe) 3.04

Fig. 3 XRD patterns of zeolite products prepared from basalt at
different crystallization time. *(Y) Crystallite size calculated from
Scherrer equation.

Fig. 4 FE-SEM images from zeolite products prepared at different
crystallization time: (a) 2 h, (b) 8 h, (c) 12 h, (d) 24 h, (e) 96 h.

Table 2 Chemical composition of zeolite products prepared at
different crystallization time

RSC Advances Paper
micronized basalt: O: 48.23; Al: 12.31; Si: 19.89; Ca: 6.17; Mg:
4.66; Na: 2.55; K: 3.15; Fe: 3.04. Here the Si/Al molar ratio was
determined to be about 1.6, which means that the micronized
basalt is suitable for the synthesis of zeolite 4A with the molar
ratio of 1.0.14

To synthesize high-purity zeolite 4A from micronized basalt,
this work used the alkali fusion process to convert the basalt
into sodium alumino-silicate. Fig. 2 shows the FE-SEM
morphology of micronized basalt (a) and alkali fused basalt
(b). Although Fig. 2(a) shows that the morphology of basalt
looks as though it is heterogeneous and composed of irregular
and aggregated particles, Fig. 2(b) shows a differentmorphology
found from alkali fused basalt, in which the basalt is composed
of uniform and interconnected particles. These results clearly
indicate that the micronized basalt is thoroughly alkali-fused
through the alkali fusion process.

The alumino-silicate fused materials obtained aer the
alkali fusion are amorphous, and they are changed to a crystal-
line state when zeolite 4A is subjected to hydrothermal crys-
tallization. At this point, a sufficient addition of sodium-
alumina was also necessary to synthesize zeolite 4A with Na/
Si/Al ratio of 1.0.15 A close scrutiny of the analytical results
presented in Fig. 3 and 4 reveals that hydrothermal crystalliza-
tion time plays a key role of inuencing the crystallinity of
zeolite. Fig. 3 shows the XRD patterns of zeolite products
synthesized with different crystallization time at 90 �C. They
indicate that at lower crystallization time (<12 h), the zeolite 4A
(i.e., Na4A: JCPDS card no. 43-0142)16 is in the main crystalline
phase, while at a longer crystallization time (>24 h), the zeolite
4A is changed to hydroxyl sodalite zeolite17 and zeolite 13X.18 In
addition, the zeolite 4A synthesized in this study has a crystallite
size ranging from 630 nm to 780 nm. This means that the
Fig. 2 FE-SEM images of micronized basalt (raw material: (a)) and
alkali fused basalt (precursor for synthesis of zeolite: (b)).
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zeolite 4A synthesized at crystallization time of 8 h has the
largest crystallite size of 840 nm. Table 2 shows the chemical
composition results of the zeolite product prepared with
different crystallization times at 90 �C by EDX analysis. From
the EDX results, it was conrmed that the basalt based zeolite
prepared from the alumino-silicate fused materials consists of
Na, O, Si, and Al and the basalt based zeolite product has a Na-
based zeolite structure.

Fig. 4 shows the FE-SEM images from zeolite products
prepared at different crystallization times. As compared in this
gure, the zeolite prepared from the crystallization time of 2 h
to 12 h has the regular cubic shape of Na4A with an average
particle size of 2 mm. However, the zeolite synthesized aer the
Compound

Crystallization time

2 h 8 h 12 h 24 h 96 h

At% At% At% At% At%

Oxygen (O) 62.31 61.56 61.98 61.98 62.04
Sodium (Na) 12.30 13.01 13.33 13.70 14.12
Aluminum (Al) 12.58 12.52 12.01 11.94 11.24
Silicon (Si) 12.81 12.91 12.68 12.38 12.60

This journal is © The Royal Society of Chemistry 2018



Fig. 5 FE-SEM images of commercial zeolite (a) and basalt based
zeolite 4A (b). XRD patterns of commercial zeolite (i.e., Zeobuilder 4A)
and basalt based zeolite 4A (c).

Fig. 6 Nitrogen (77 K) and carbon dioxide (298 K) isotherms for
zeobuilder 4A (a) and basalt based zeolite 4A (b).

Fig. 7 Adsorption isotherm of carbon dioxide on (a) zeobuilder 4A and
(b) basalt based zeolite 4A: Toth equation (solid line); Langmuir
equation (dotted line). Isosteric heat of adsorption (c) and adsorption
energy distribution curves (d) for carbon dioxide: zeobuilder 4A (solid
line); basalt based zeolite 4A (dotted line).

Paper RSC Advances
crystallization time of 24 h has the irregular shape of hydroxyl
sodalite and zeolite 13X with the average particle size of 2.5 mm.
These ndings suggest that the zeolite prepared at the crystal-
lization time of 8 h has a high crystallinity and uniform shape of
Na4A structure similar to that of commercial zeolite 4A (i.e.
zeobuilder 4A,19 Zeobuilder Co., Ltd., South Korea; Fig. 5). Thus
in this work we chose the zeolite synthesized at a crystallization
time of 8 h (denoted as basalt based zeolite 4A here) for further
textural characterization and adsorption study.

Nitrogen and carbon dioxide adsorption analyses were
useful for a comparative study of the textural properties of
nanostructured porous solids. Fig. 6 shows the nitrogen and
carbon dioxide (see, inset of Fig. 6) adsorption isotherm curves
for zeobuilder 4A and basalt based zeolite 4A, respectively. As
shown in this gure, the nitrogen adsorption amount measured
at 77 K are very small in both cases and the isotherm curves
increased unfavourably with relative pressure, following the
type V of the IUPAC denition.20 Previous characterization
Table 3 Textural properties of commercial zeolite 4A and basalt based

Sample

N2 (77 K)

Surface area (m2 g�1) Pore volume

BETa Total

Zeobuilder 4A 14 0.07
Basalt based zeolite 4A 19 0.05

a Brunauer–Emmett–Teller. b Dubinin–Radushkevich.

This journal is © The Royal Society of Chemistry 2018
studies have already conrmed that the low temperature N2

adsorption is not useful in examining the porous materials with
very narrow micropores because of the limitation of diffusion
related to the kinetic diameter and kinetic energy of the probe
molecule.21,22 Thus the CO2 adsorption has been alternatively
used to characterize the supermicropore materials due to the
absence of kinetic effects. Unlike the N2 adsorption, the
isotherm shapes of CO2 adsorption are of type I, which suggests
the existence of very narrow microporosity. Table 3 compares
the porous textural properties of the zeolites, which were
determined from nitrogen and carbon dioxide adsorption
isotherm results. These ndings clearly indicate that low
temperature N2 adsorption analysis is not suitable for ultra-
microporous zeolites. It is also found from the CO2 adsorption
analysis that the tested zeolites possess a comparable amount
of micropore surface area and micropore volume which play
a role as a useful site for removing the CO2.

Fig. 7(a) and (b) show the CO2 adsorption isotherm data for
two different zeolites together with the isotherm tting results.
As shown in this gure, the adsorption equilibrium amounts
zeolite 4A

CO2 (298 K)

(cm3 g�1) Surface area (m2 g�1) Pore volume (cm3 g�1)

DRb DRb DRb

0 684 0.324
0 726 0.345

RSC Adv., 2018, 8, 9524–9529 | 9527



Table 4 Isotherm parameters

Model Temperature [K]

Zeobuilder 4A Basalt based zeolite 4A

283 293 303 283 293 303

Langmuira qm [mmol g�1] 4.346 3.565 2.903 8.446 6.217 4.210
b [kPa�1] 0.017 0.014 0.011 0.0076 0.0075 0.0074
SORc 0.068 0.139 0.016 0.455 0.250 0.308

Tothb qm [mmol g�1] 5.920 3.538 3.183 18.508 9.385 4.333
b [kPa�1] 0.061 0.045 0.017 0.057 0.053 0.046
t [–] 0.444 0.711 0.722 0.297 0.376 0.563
SORc 0.044 0.003 0.004 0.180 0.010 0.006

a q ¼ qmbC/1 + bC. b q ¼ qmbC/(1 + (bC)t)
1/t

. c SOR ¼ P
(qexp � qcal)

2/2.

RSC Advances Paper
decreased as the system temperature increased. In addition, the
basalt based zeolite 4A represents the adsorption equilibrium
amount higher than zeobuilder 4A, which is closely related to its
relatively larger micropore surface area and micropore volume.
Table 4 lists the optimized isotherm parameters determined by
using a pattern search algorithm and the sum of residuals
(SOR). As compared in Fig. 7(a) and (b) and Table 4, the Toth
isotherm equation represents the tting results better than that
of the Langmuir isotherm equation. In addition, the system
heterogeneity parameter t in the Toth equation is lower than the
unity of one in all cases.23 This means that the surfaces of both
zeolites are energetically heterogeneous rather than homoge-
neous. Moreover, the surface of the basalt based zeolite 4A is
more heterogeneous than that of the zeobuilder 4A.

Fig. 7(c) shows that the isosteric heat of adsorption (IHA) for
CO2 as a function of adsorbed amount is also a useful ther-
modynamic variable in characterizing the porous solid. We
used the Clausius–Clapeyron equation in evaluating the isos-
teric heat of adsorption.23 The average isosteric heat values are
approximately 23 kJ mol�1 (basalt based zeolite 4A) and
21 kJ mol�1 (zeobuilder 4A), respectively. The IHA curves
slightly increased with the increasing adsorption amount,
revealing the existence of different levels of adsorption energy
and the relative dominance of the adsorbate–adsorbate inter-
action in this system. On the other hand, the adsorption heat
values of CO2 at zero coverage are approximately 21 kJ mol�1

(basalt based zeolite 4A) and 20 kJ mol�1 (zeobuilder 4A), which
are only about 41–45% of values reported by the other research
groups.24–26 It is, however, interesting to note that the values
obtained in this work are in very good agreement with other
published adsorption enthalpy values for single cation site,25,26

which indicate that the CO2 molecule mainly adsorbs on single
cation sites present in basalt based zeolite 4A and zeobuilder
4A.

To further understand the surface energetic heterogeneity of
the samples, we used the adsorption energy distribution func-
tion (AEDF), which was calculated using the generalized
nonlinear regularization method with the Langmuir isotherm
equation as a kernel.27–31 As shown in Fig. 7(d), it is clear that the
shapes of AEDFs slightly differ from each other, conrming the
presence of the different types of adsorption energy. This means
that the shape of AEDF curve for basalt based zeolite is much
broader and lower than that of the zeobuilder. These ndings
9528 | RSC Adv., 2018, 8, 9524–9529
imply that the surface of basalt based zeolite 4A is more ener-
getically heterogeneous than that of zeobuilder 4A. Similar to
those of average IHA, the maximum peaks of the AEDF for both
adsorbents are 26.9 kJ mol�1 (basalt based zeolite 4A) and
26.0 kJ mol�1 (zeobuilder 4A), respectively. It is, therefore,
reasonable to suggest that the CO2 adsorption properties are
highly dependent on the structural and energetic heterogeneity
for microporous zeolite surfaces.
4. Conclusions

We have successfully synthesized a basalt rock based 4A type
zeolite by using the facile alkali fusion and the hydrothermal
processes. The 4A type zeolite obtained at optimum synthetic
conditions (basalt based zeolite 4A) represents a high DR
surface area and DR pore volume comparable to those of
commercial zeolite. Thus the basalt based zeolite 4A shows high
adsorption capacities for carbon dioxide. It is also found from
the isosteric heats and the adsorption energy distributions that
the surface of basalt based zeolite 4A are energetically more
heterogeneous than those of commercial zeolite. Our results
indicate that the basalt rock can be a useful precursor for
synthesizing the nanostructured zeolite, showing a great
potential for removal of carbon dioxide.
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