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ABSTRACT: The adsorption of C2H4 and H2 gases by bentonite from the Ünye region, Turkey both
as raw (B) and as K+-, Li+-, Ag+- and Mg2+-exchanged forms, was investigated using automated
volumetric equipment and pressures up to 100 kPa at 273 K and 77 K, respectively. X-ray powder
diffraction (XRD) and specific surface area measurement (BET) methods were employed to characterize
the bentonite samples. The C2H4 and H2 gas adsorption capacities of the original and modified forms
were in the ranges 1.817–0.201 mmol g−1 and 0.522–0.388 mmol g−1, respectively. The influence of
salt modifications on the gas adsorption properties of bentonite is discussed.
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Montmorillonite, a member of the smectite group,
consists of an octahedral sheet sandwiched between
two tetrahedral sheets (Grim&Güven, 1978). The clay
rock, consisting predominantly of smectites, is ben-
tonite. The isomorphic substitutions of Fe and Mg by
Al in the octahedral sheet and of Al by Si in the
tetrahedral sheet lead to a negative charge density
(Brindley & Brown, 1980; Murray, 1999). This net
positive charge deficiency is neutralized by loosely
bound exchangeable cations (Na+, K+, Mg2+ and Ca2+)
which are commonly hydrated and adsorbed in the
interlayer space between the 2:1 layers and around the
edges of the crystals (Murray, 1999, 2007).

Water available in the smectite is associated with the
interlayer spaces, the layer surfaces and the pores
(Güven, 1992). Variation in exchangeable cations
affects properties such as the amount of interlayer
water and hence swelling and gas adsorption. Hence, in
order to ameliorate environmental damage caused by
pollutant gases, the investigation of the clay minerals

as adsorbents after ion-exchangewith various metals is
of great importance.

A large number of studies has been carried out on
the characterization of the ion-exchanged bentonites
(Adams, 1987; Komadel et al., 1990; Cases et al.,
1997; Rutherford et al., 1997; Lee et al., 1999; Xu
et al., 2000; Jozefaciuk & Bowanko, 2002; Yıldız &
Çalımlı, 2002; Neaman et al., 2003; Huang et al.,
2004; Volzone & Ortiga, 2004; Çağlar et al., 2009).
Information is scarce, however, about the adsorption of
ethylene (Choundry et al., 2002; Park et al., 2002; Cho
et al., 2005; Saini et al., 2011; Erdoğan Alver &
Sakızcı, 2012; Youngjan, 2012; Erdoğan Alver et al.,
2016) and hydrogen (Gil et al., 2007, 2009; Didier,
2012; Bardelli et al., 2014; Edge, 2015; Mondelli
et al., 2015) by clay and clay-based materials.
Furthermore, very few publications are available in
the literature that discuss the ethylene and hydrogen
adsorption properties of K, Na-, Li-, Ag- and Mg-
modified bentonites from Turkey. Hence, the aim of
the present study was to assess the influence of cation
exchange on the C2H4 and H2 gas-adsorption
properties of a bentonite sample from the Ünye
region for possible food- and energy-storage
applications.
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EXPER IMENTAL

Materials

A natural bentonite (B) sample originating from the
Ünye region of Turkey was supplied by Ünye Mining
Company. The composition of the natural bentonite
(wt.%) is as follows: 60.22 SiO2; 20.83 Al2O3; 3.23
Fe2O3; 4.67 MgO; 2.36 CaO; 0.30 Na2O; 1.82 K2O;
6.22 LOI (loss on ignition) The sample was crushed,
ground and sieved to pass through a <63 µm sieve. In
order to determine the changes in adsorption properties,
bentonite samples were treated with 100 mL of 1 M
KNO3, LiNO3, AgNO3 and Mg(NO3)2 solutions at 90°
C for 4 h in a shaker. Inorganic chemicals were supplied
by Merck (Darmstadt, Germany) and all solutions were
prepared by using de-ionized water. After the treatment,
samples were separated and washed several times with
hot distilled water, dried at room temperature and then
dried in an oven at 100°C for 20 h and stored in a
desiccator. The resulting salt-modified samples were
denoted as Ag-B, K-B, Li-B and Mg-B, according to
their corresponding treatments with Ag- K-, Li-, and
Mg-nitrate solutions, respectively.

Methods

Powder X-ray diffraction (XRD) measurements
were performed with a Bruker D8 Advance X-ray
diffractometer, using Cu-Kα radiation (λ = 1.54 Å) at
40 kVand 40 mA, within the 5° < 2θ < 40° range. The
samples were scanned with a 0.02° 2θ step. The BET
(Brunauer et al., 1938) surface areas were calculated
from the first part of the N2 adsorption isotherm (0.05
< P/P0 < 0.35) obtained at liquid nitrogen temperature
using N2 in an Autosorb 1 instrument (Quantachrome
Instruments, Boynton Beach, Florida, USA). The
t-plot method was used to calculate the micropore
surface area and micropore volume. High-purity
(99.99%) nitrogen was used in adsorption measure-
ments. All the samples were outgassed at 125°C for
12 h prior to N2, C2H4 and H2 adsorption. All
experiments were run in duplicate in order to confirm
the reproducibility of the results obtained.

RESULTS AND DISCUSS ION

X-ray diffraction

The powder XRD patterns for raw (B) and ion-
exchanged bentonite samples are shown in Fig. 1.
Sample B consists mainly of smectite (Moore &

Reynolds, 1997). In addition, the sample contained
mica/illite and feldspar. According to the d001 spacing
of smectite (14.45 Å) the original material was Ca-
bentonite.

As a result of the ion-exchange treatment, consider-
able variation occurred in the XRD traces, especially in
the positions of the 001 peaks due to the different
amounts of water layers in the interlayer space of
smectite. The d001 spacing values ofK

+-, Li+- andMg2+-
exchanged forms of smectitewere: d001Mg-B (14.04 Å) >
d001Li-B (11.89 Å) > d001K-B (10.73 Å). The d001 spacing
values increased as the cation valence and hydrated
radius increased, in accordance with previous studies
(Berend et al., 1995; Balek et al., 2008; Li et al., 2012).
On the other hand, ion exchange with 1 M AgNO3

solution led to the disappearance of the 001 peak in the
XRD pattern of the Ag-B sample (Fig. 1). Pessanha et al.
(2014) observed similar behaviour after treatment of
montmorillonite with silver nitrate solution. In addition,
the relative intensities of prismatic smectite reflections
decreased after treatment with AgNO3.

N2 adsorption

The d001 spacing value indicating the distance
between layers does not indicate the presence of free
space to host gas molecules (Volzone & Ortiga, 2004).
The specific surface area is a very effective method for
providing quantitative assessment of the area available
for the surface reactions. Nitrogen adsorption isotherms
of raw bentonite (B) and of Ag-B, K-B, Li-B and
Mg-B samples are shown in Fig. 2. All the isotherms
were of type II (Brunauer et al., 1940; Gregg & Sing,
1982).

Table 1 presents some important parameters
obtained from the analysis of the adsorption isotherms.
The N2 adsorption data show that the BET surface
areas (72–98 m2 g−1) of the ion exchanged bentonites
are larger than those of the original Ca-bentonite
(71 m2 g−1), which might be due to the accommoda-
tion of the cations in interlayer space of the
montmorillonite (Table 1). Except for the Ag-B, the
specific surface areas increased with increasing ionic
radius of the exchangeable cation. This result is in
agreement with previous studies on bentonites satu-
rated with different cations (Berend et al., 1995;
Volzone & Ortiga, 2004; Li et al., 2012).

Adsorption of C2H4

Adsorption of high-purity C2H4 gas on the B, Ag-B,
K-B, Li-B and Mg-B samples was done at 273 K and
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pressures up to 100 kPa and the absolute amounts of
C2H4 adsorbed per gram of bentonite are listed in
Table 2. Experimental C2H4-adsorption isotherms are
presented in Fig. 3. The maximum ethylene adsorption
capacity was obtained for bentonite modified by Ag+

ions. The adsorption of C2H4 by the different ion-
exchanged montmorillonites decreased in the follow-
ing order: Ag-B > K-B > B > Li-B >Mg-B.

The physicochemical characteristics of the
adsorbate gas and the adsorbents such as clay minerals
and zeolites play an important role in the gas-
adsorption capacity (Baksh & Yang 1992). Changes
in the interlayer space, the size of exchangeable cation,
the amount of internal and external surface area, the
porosity and the pore volume result in significant
variations in gas retention (Volzone & Ortiga, 2004;

Volzone, 2007). In the present study, other than for Ag-
B, the amount of C2H4 retention was found to increase
as a function of the specific surface area. Ag+ exchange
in smectite influenced its gas-adsorption behaviour
significantly and the Ag-B sample exhibited preferential
adsorption towards ethylene. Nevertheless, the specific
surface area of the Ag-B sample was moderate
(72 m2 g−1). The adsorption selectivity was ascribed
to specific interaction between the π electrons of C2H4

and silver ions (Choundry et al., 2002; Yang, 2003; Cho
et al., 2005). Due to the presence of π electrons, the high
polarizability and the quadrupole moment, ethylene
interacts with the surface of Ag-Bmore strongly than the
remaining ion-exchanged forms.

Adsorption of C2H4 by Ag-B determined in the
present study (1.817 mmol g−1 at 273 K) was slightly

FIG. 1. XRD patterns of B, Ag-B, K-B, Li-B and Mg-B samples (S: smectite; F: feldspar; I: illite).

FIG. 2. N2 adsorption isotherms of B, Ag-B, K-B, Li-B and Mg-B samples.
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greater than the same bentonite from the same region
treated with Ag-, Cu- and Fe-nitrate solutions (1.738–
0.167 mmol g−1 at 273 K) at 90°C for 3 h (Erdoğan
Alver & Günal, 2016) or modified with various HCl

solutions (0.249–0.719 mmol g−1) at 273 K (Erdoğan
Alver et al., 2016). Similarly it was greater than that of
the natural and acid-modified bentonites from the
Çankırı and Mihalıçık regions (0.101–0.144 mmol g−1)
at 273 K (Erdoğan Alver & Sakızcı, 2012), of an
Ag+-impregnated clay-based adsorbent, olesorb-1
(1.17 mmol/g), at 30°C (Choundry et al., 2002) and of
a AgNO3/clay (1.26 mmol g−1) at 25°C (Cho et al.,
2005), probably due to structural and textural properties.
The greatest gas-retention level of C2H4was achieved by
the Ag-B sample, which could therefore be used to delay
the deterioration of food (e.g. fruit and vegetables), by
removing the ethylene gas generated during storage.

Adsorption of H2

Adsorption isotherms of H2 for raw and cation-
exchanged forms were measured at 77 K up to 100 kPa

TABLE 1. N2 adsorption data of the B, Ag-B, K-B, Li-B andMg-B samples at 77 K.

Sample
BET surface
area (m2 g−1)

Micropore surface
area (m2 g−1)

Micropore volume
(cm3 g−1)

B 71 29.6 0.012
Ag-B 72 27.2 0.011
K-B 98 41.3 0.017
Li-B 92 32.6 0.013
Mg-B 72 26.9 0.011

FIG. 3. Adsorption isotherms of C2H4 on B, Ag-B, K-B, Li-B and Mg-B samples.

TABLE 2. C2H4 and H2 adsorption data of the B, Ag-B,
K-B, Li-B and Mg-B samples.

Sample

C2H4 adsorption
(mmol/g) at 273 K and

up to 100 kPa

H2 adsorption (mmol/g)
at 77 K and up to

100 kPa

B 0.292 0.396
Ag-B 1.817 0.436
K-B 0.335 0.522
Li-B 0.240 0.388
Mg-B 0.201 0.503
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(Fig. 4). High-purity hydrogen gas was used. The
hydrogen isotherms were of type I. Other than for Li-B,
the treatment of bentonite with alkaline solutions led to
an increase in adsorption capacity for H2 gas. Uptake
values of H2 by different cation-exchanged forms of
montmorillonite were in the following sequence: K-B
>Mg-B > Ag-B > B > Li-B. The ion-exchanged ben-
tonites showed different tendencies with respect to H2.

The different retention values of C2H4 and H2 gases by
the alkaline-treated bentonites could be attributed to
differences in temperature and physicochemical prop-
erties of the adsorbates (Venaruzzo et al., 2002).

Due to the different experimental conditions
used, it is difficult to compare the results of experi-
ments with H2 adsorption data reported in the
literature. Hydrogen adsorption by the K-B sample
(0.522 mmol g−1 at 77 K) was comparable to that of
montmorillonite (from Gador) calcined at 473 K for
4 h (∼0.5 mmol g−1) (Gil et al., 2007) and slightly
less than that of intercalated montmorillonite (from
Tsukinuno) calcined for 4 h at 473 K (Gil et al., 2009),
Na-montmorillonite for H2 adsorption at high pres-
sures (up to 90 bar) and 363 K (Mondelli et al., 2015)
and a Callovo-Oxfordian clay rock studied by Bardelli
et al. (2014). Experimental results indicated that ion
exchange of B with aqueous solutions of KNO3,
LiNO3, AgNO3 andMg(NO3)2 had a marked influence
on H2 gas adsorption. The degree of retention of
H2 was small in the original bentonite. In contrast, the
Ag+-, Li+- and Mg2+-exchanged forms and the K-B
sample may be proposed as a potential material for

energy-storage applications. The results here revealed
that retention of C2H4 and H2 could be improved by
cation-exchange treatments with K+, Ag+ and Mg2+

due to the changes in the interlayer space.

CONCLUS IONS

The XRD patterns of all samples are not identical and
different d spacings are observed due to the different
interlayer cations and different numbers of water layers
in the interlayer space. The original bentonite B had a
smaller specific surface area than that of its alkaline-
treated counterparts. As awhole, ion exchange of natural
bentonite with aqueous solutions of KNO3, LiNO3,
AgNO3 and Mg(NO3)2 and subsequent washing with
deionized water improved significantly both the specific
surface areas and retentions of C2H4 and H2 gases. The
K+-exchanged form of bentonite was found to be
suitable for adsorption of H2 and the Ag-form for C2H4

adsorption, which could therefore be used for applica-
tions in food storage and energy storage.
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Erdoğan Alver B. & Günal A. (2016) Thermal, structural
and ethylene adsorption properties of Ag-, Cu- and

Fe-modified bentonite from Turkey. Journal of
Thermal Analysis and Calorimetry, 126, 1533–1540.
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