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Abstract In this study, the adsorption of methane (CH4)

on chabazite tuff from Bala, Turkey, and that of salt-treated

forms (Na?, K?, Li?, Ca2? and Mg2?) was investigated.

Structural and thermal characterization of chabazite sam-

ples were examined using X-ray diffraction, X-ray fluo-

rescence, thermogravimetry, differential thermal analysis

and N2 adsorption methods. The heats of immersion of the

zeolite samples were measured with a Calvet-type C-80

calorimeter. At 30 �C, the Qimm values for heat of immersion

decreased in the following order: Mg-CHA (113.62 J g-1)

[Li-CHA (112.82 J g-1)[CHA (108.50 J g-1)[Ca

-CHA (99.82 J g-1)[Na-CHA (80.00 J g-1)[K-CHA

(63.79 J g-1). Adsorption properties of methane for all

chabazite samples were obtained at 0 and 25 �C pressures up

to 100 kPa. It was found out that CH4 adsorption capacities

of the natural and salt-treated chabazites at 0 �C
(0.831–1.315 mmol g-1) were higher than those at 25 �C
(0.672–1.163 mmol g-1) as expected.

Keywords Chabazite � Adsorption � Methane � XRD �
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Introduction

Chabazite (CHA) is naturally occurring zeolite with ideal

composition (Ca0.5,Na,K)4[Al4Si8O24]�12H2O [1]. Alu-

minosilicate zeolite chabazite with Si/Al ratios of 1–5

has three-dimensional channel system with ellipsoidal-

shaped large cavities (6.7 Å 9 10 Å) that are accessible

via eight-ring windows (3.8 Å 9 3.8 Å) [2–4]. The

double six-ring unit (D6R) has a free aperture diameter

of 0.26 nm [5]. There are five possible cation sites in the

dehydrated chabazite. SI is found at the center of the

prism (D6R). SII is associated with the double six-ring

(D6R) window and is displaced into the ellipsoidal

cavity. SIII is close to the corner of the four-ring window

of the hexagonal prism [6–10]. SIII0 is located near the

center of the ellipsoidal cavity (the eight-ring window)

[11]. SIV is near the eight-ring window [12, 13, 18].

Different types of ions have different site preferences and

occupancy in these sites. Li? resides both SII and SIII.

K? locates mainly at SIII0 and SIII. Na? coordinates the

three favorable positions in the order SIII0 [ SII[ SI

[14, 15]. In addition, site SI and site SII are preferentially

adopted by Ca2? ions [6, 16].

In many technological processes, the property of zeo-

lites in emitting and absorbing water reversibly is one of

the most important and interesting subjects. The intensity

of the interaction water molecules with zeolite surfaces can

be determined by measurement of heat of immersion.

When a solid is immersed into a wetting liquid in which it

does not dissolve nor react, it gives some amount of heat

[17]. This measured heat is called immersion heat, Qimm

(J g-1). Zeolites are minerals that give relatively high

immersion heat. Both the surface accessibility of the

immersion liquid and the specific interactions between the

solid surface and the molecules of liquid are responsible for

the total value of the heat of immersion. Many workers

have been investigated hydration enthalpy of zeolite from

liquid water [18–20]. Because of their high absorption

capacities, natural zeolites have been used in various

heating and cooling applications. Energy storage is an

important part of these applications.
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Methane is a colorless, odorless, flammable and explo-

sive gas that is the simplest alkane and is the principal

component of natural gas [21]. It is one of the most dam-

aging greenhouse gases that contributes to potential global

warming [22]. CH4 is emitted from a variety of natural and

human-related sources, for example, wetlands, landfills, the

oceans and sewers. A large portion of methane emissions

are caused by the production, transportation and use of

fossil fuels [23]. Therefore, reducing methane emissions

will lead to substantial economic and environmental ben-

efits. The chabazite-type zeolites have been applied in

industrial adsorption and ion exchange applications. Cha-

bazite zeolite shows a distinct change in its adsorption

capacity and surface properties (e.g. surface area, charge)

by cation exchanging with different cations [24–26]. The

performance of such tailoring, however, rests heavily on

the interactions between guest gas molecules and the

exchangeable cations. Early investigations exhibited that

the effective adsorption pore sizes could be considerably

changed by ion exchanging [27–30]. The adsorption of

CH4 on natural and modified zeolites has been reported in

various studies [24, 31–49]. However, studies on adsorp-

tion of CH4 based on natural zeolites from Turkey are very

limited in the literature. Ackley and Yang [32, 33] deter-

mined that uptake of methane on clinoptilolite samples

increased in the order Ca2?\Na?\Mg2?\
Nat.\H?\K?. The adsorption of methane on ion-ex-

changed clinoptilolite samples at 22 �C was reported by

Jayaraman et al. [41]. They determined that CH4 adsorp-

tion capacities of the clinoptilolite samples increased in the

following order: Ca2?\Li?\Nat.\Mg2?\H? =

K?\Na?. Shang et al. [46] investigated the methane

adsorption properties of potassium forms of chabazite at

6 �C and found a methane adsorption capacity of

1.97 mmol g-1 at 1 MPa.

The novelty of this study is the investigation of the

structural, thermal behavior and methane adsorption

properties of chabazite zeolites after salt treatment and to

evaluate their immersion heats in water using Calvet

calorimeter.

Experimental

Materials and methods

The chabazite sample was obtained from the Bala deposit

of the Ankara region of Turkey. Chabazite sample was

ground and sieved to obtain \45 lm fractions. The cha-

bazite-rich samples were boiled in deionized water

(100 mL deionized water for 5 g of chabazite) at 50 �C for

2 h in order to remove the soluble salts. Then, the nitrate

solutions were prepared with KNO3, LiNO3, NaNO3,

Mg(NO3)2 and Ca(NO3)2 for ion exchange batch experi-

ments. All cationic solutions were intensely shaken using

1 M solutions at 90 �C for 5 h. The treated samples were

washed repeatedly with deionized water and dried out in air

and then at 110 �C for 16 h before the measurements.

Instrumentation

Prior to the study of methane adsorption, the structural and

thermal properties of chabazite-rich mineral and those of

salt-treated forms were determined by using XRD, XRF,

TG–DTG, DTA and N2 adsorption techniques. Chemical

compositions were obtained on powdered samples fused

with lithium tetraborate using X-ray fluorescence analysis

(XRF—Rigaku ZSX Primus instrument). Loss on ignition

(LOI) was determined from the mass loss after heating the

samples to 1000 �C for 2 h. The XRD patterns of all

samples were measured on a Bruker AXS powder

diffractometer (D8 Advance) using CuKa radiation

(k = 1.54 Å) at 40 kV and 20 mA to scan over the 2h
range 3–40�. The samples were scanned at 2h steps of

0.02�.
Thermal analysis (TG–DTG–DTA) was carried out

using a Setsys Evolution Setaram apparatus at a heating

rate of 10 �C min-1 from 30 to 1000 �C. About 30 mg of

the sample was used in each run. The enthalpies of

immersion (in water) of the chabazite samples were

determined with a Setaram Calvet-type C-80 immersion

calorimeter at 30 �C. Prior to the calorimetric experiments,

about 400 mg of chabazite sample was heated for 24 h at

150 �C in order to remove the adsorbed water. In these

immersion experiments, water was used as immersion

liquid for zeolites with hydrophilic surfaces. The whole

system is located into the calorimeter, and time is allowed

for temperature equilibration between the sample setup and

the calorimeter. Once the thermal equilibrium was

achieved in calorimeter, the ampoule of sample container

was broken and the liquid water allowed to entering into

the ampoule and wets sample, the heat flow evolution

being monitored as a function of time. Integration of this

signal gives the total experimental heat of immersion.

Using a Quantachrome Autosorb 1-C volumetric gas

analyzer, the textural properties of the zeolites were mea-

sured with N2 at -196 �C. Previously, the samples were

outgassed at 300 �C for 7 h. High-purity nitrogen (99.99%)

was used. Surface area of the samples was calculated from

the adsorption isotherms according to the Brunauer–Em-

mett–Teller (BET) method in the range of relative pressure

0.05–0.2 [50]. The micropore surface area and volume

were determined using the t-plot (de Boer thickness

equation) [51]. In addition, total pore volume and average

pore diameter values of chabazite samples were obtained

using of N2 adsorption data. CH4 adsorption isotherms of
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the chabazite samples were measured at 0 and 25 �C up to

100 kPa using an Autosorb 1-C gas analyzer. Prior to the

adsorption measurements, the samples were degassed by

heating at 300 �C under vacuum for 7 h using degassing

system Autosorb Turbo. CH4 with purity of 99.99% was

used for adsorption experiments.

Results and discussion

Element composition

The chemical compositions of the natural and that of salt-

treated (Na-CHA, K-CHA, Li-CHA, Mg-CHA and Ca-

CHA) forms, expressed in terms of oxide species, are given

as % mass in Table 1. As Table 1 shows, the major ele-

ments of natural chabazite sample were Si, Al, Mg, Ca in

addition to small amounts of Na and K.

X-ray analysis

In order to indicate the influence of salt treatment on the

structure of chabazite, the X-ray diffraction patterns of all

the samples (CHA, Na-CHA, K-CHA, Li-CHA, Mg-CHA,

Ca-CHA) are shown in Fig. 1. The XRD pattern of CHA

sample indicated that it contained chabazite as the major

mineral (characteristic peaks at 2h = 9.40�, 12.76�, 15.90�,
17.78�, 20.48�, 22.98�, 30.50� and 34.39�) with smaller

amounts of clinoptilolite (peaks at 2h = 9.87� and 30.05�)
and erionite (peaks at 2h = 7.56� and 23.56�) [52–54].

There was no appreciable change of the XRD patterns of

Mg-CHA and Na-CHA after ion exchange treatment. The

powder XRD data and XRF results are consistent in that

Mg-CHA has a weaker interaction with the magnesium

ions. However, the intensities of reflection observed at 2h

Table 1 Chemical analyses in oxides (%) for natural and salt-treated chabazite samples

Chemical analysis/% CHA Na-CHA K-CHA Li-CHA Ca-CHA Mg-CHA

SiO2 57.95 57.87 57.63 59.03 57.74 57.40

Al2O3 14.44 14.82 14.64 14.96 14.49 14.44

MgO 3.48 2.47 2.41 2.77 2.38 4.48

CaO 2.37 0.88 0.80 1.86 4.65 1.41

Fe2O3 0.92 0.79 0.85 0.80 0.90 0.90

K2O 1.33 0.92 7.83 1.35 1.23 1.33

Na2O 1.07 4.45 0.19 0.45 0.30 0.75

TiO2 0.11 0.07 0.08 0.09 0.10 0.08

P2O5 – 0.01 0.01 0.01 0.01 0.01

SrO 0.13 – – 0.12 0.08 0.12

SO3 0.01 – – 0.01 – –

LOI 18.13 17.67 15.51 18.48 18.04 19.02
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Fig. 1 XRD patterns of the natural and salt-treated chabazites.

Ch chabazite, Clp clinoptilolite, E erionite
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values of 9.40�, 15.90�, 20.48� and 30.50� corresponding to

the chabazite amount decreased significantly due to the salt

treatment with calcium, lithium and potassium solutions.

This can be related to cation migration and the elimination

of water molecules from the framework channels due to

heating.

Specific surface area

The textural properties of all chabazite samples were

determined from adsorption isotherms of N2 at -196 �C
and are shown in Fig. 2 and Table 2. The N2 adsorption

isotherms are of the type I [55]. The effect of cation type is

clearly seen through the observed adsorption affinities of

the salt-treated chabazites.

The BET surface areas decreased in order Li-CHA[Na-

CHA[CHA[Ca-CHA[Mg-CHA[K-CHA. It was

found that the specific surface areas and micropore volumes

of the Li- and Na-exchanged chabazites were high compared

to natural chabazite (Table 2). The surface area and microp-

ore volume for Li-CHA were 472 m2 g-1 and 0.177 cm3 g-1,

respectively, maximum among the studied samples. The high

specific surface area of Li-CHA can be ascribed to strong

interaction between the nitrogen quadrupole moment and the

electrostatic field gradient generated by Li? cations

[14, 56, 57].

However, the surface areas in the chabazite samples

decreased after they were treated with potassium, calcium

and magnesium nitrate solutions. It is well known that K?

ions are weaker adsorption positions as compared to Li?

and Na? ions in the zeolite framework [4, 58, 59]. Previous

studies demonstrated that K form of chabazite has a nota-

bly reduced effective adsorption pore size because of a

massive channel blockage of eight-ring windows

[5, 13, 28, 46, 60]. As shown in Table 2, K-CHA gives

micropore volume of 0.137 cm3 g-1 in comparison with

0.174 and 0.177 cm3 g-1 on Na-CHA and Li-CHA,

respectively. The diminished micropore volume corre-

sponds to a low BET surface area of 355 m2 g-1. The

specific surface area of the natural chabazite sample

decreased from 446 to 435 m2 g-1 after treatment with

1 M magnesium nitrate solution. This was likely related to

very small ionic radius of Mg2? cations [57, 61].

Thermal properties

Studies on the thermal behavior of chabazite were carried

out by several authors [62–74]. The thermal stability of
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Fig. 2 N2 adsorption isotherms of natural and salt-treated chabazites

Table 2 Physical properties and CH4 adsorption capacities of natural and salt-treated chabazite samples

Sample Amount adsorbed/mmol g-1 BET surface

area/m2 g-1
Micropore

volume/cm3 g-1
Micropore

area/m2 g-1
Total pore

volume/cm3 g-1
Average pore

diameter/Å
0 �C 25 �C

CHA 0.946 0.761 446 0.167 414 0.295 26.45

Na-CHA 1.315 1.163 458 0.174 430 0.227 19.84

K-CHA 1.162 0.933 355 0.137 330 0.201 22.64

Li-CHA 1.130 0.825 472 0.177 437 0.224 18.94

Ca-CHA 0.831 0.728 441 0.165 407 0.220 19.92

Mg-CHA 0.927 0.672 435 0.161 398 0.207 18.99
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chabazite is majorly dependent on the nature of the

exchangeable cations [8, 53, 75]. Natural and Li-, Na-, K-,

Mg- and Ca-exchanged chabazite samples were charac-

terized by a single endothermic peak with a minimum at

about 200 �C, which was ascribed to the loss of hydro-

scopic and zeolitic water (Fig. 3). Endotherm minima

temperatures increase in the sequence: K-CHA

(190 �C) ? Ca-CHA (192 �C) ? Na-CHA (197 �C) ?
CHA (202 �C) ? Li-CHA (203 �C) ? Mg-CHA

(213 �C). These results are similar to those reported by

Barrer and Langley [65]. They showed that chabazite

samples are characterized by a large endothermic peak

extending from room temperature to about 400 �C. In

addition, these samples was characterized by a very sharp

exothermic peak at about 880–930 �C. This exothermic

peak shows an irreversible structural change in the zeolite

samples.

The TG curves for the natural and salt-treated chabazite

samples exhibited a rather smooth and similar curve

(Fig. 3). Breck demonstrated that intracrystalline zeolitic

water in chabazite is removed continuously and reversibly

[5]. In this study, the thermogravimetric curves show that

water losses of chabazite samples are nearly complete at

temperatures approaching 400 �C, but continue very

slowly up to 1000 �C. The mass loss of this temperature

reaches 11.04–14.42% (Table 3). The destruction of the
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structure begins only after 700 �C and quickly completed

within a short temperature range. The total mass loss while

heating zeolite up to 700 �C is 12.17–16.39%. The Mg-

exchanged chabazite gave the highest rate of mass loss

(Table 3).

Heats of immersion

The heats of immersion of Na-, K-, Li-, Ca- and Mg-ex-

changed chabazite samples have been determined by Cal-

vet calorimeter. The calorimetric results for these samples

are expressed in terms of the heat evolved (Qimm)

(Table 4). The results obtained for the immersion heats

showed values between 63.79 and 113.62 J g-1 for water.

At 30 �C, the Qimm values for heat of immersion decreased

in the following order: Mg-CHA[Li-CHA[CHA[
Ca-CHA[Na-CHA[K-CHA.

The results showed that the heats of immersion in water

(in J g-1) for modified chabazite with magnesium and

lithium increased compared to natural chabazite. For Ca-

CHA, Na-CHA and K-CHA samples, the heats of immer-

sion in water decreased. In general, the value of the heat of

immersion is proportional to the surface area. Modifica-

tions of chabazites affected the specific surface area and as

a consequence the heat of immersion in water. K-CHA is

characterized by significantly decreased value of surface

area because of larger size of cation than the other cations.

This caused a decrease in the heat of immersion in water.

In addition, the heat of immersion in water on ion-ex-

changed forms decreased with increasing cation radius.

The presented values are generally the average values of

three experiments.

Adsorption of CH4

The CH4 adsorption isotherms of CHA and salt-treated

chabazite samples (Na-CHA, K-CHA, Li-CHA, Mg-CHA

and Ca-CHA) were measured at 0 and 25 �C and pressures

up to 100 kPa using a static volumetric system. These two

temperatures employed are above the critical temperature

for CH4 (Tc = -82.6 �C). CH4 adsorption isotherms of all

samples are shown in Figs. 4 and 5. The absolute amounts

adsorbed per gram of natural and salt-treated chabazites are

given in Table 2. The maximum CH4 adsorption capacity

of all forms of chabazite samples ranged from 0.672 to

1.315 mmol g-1. Methane (3.8 Å) [76] can enter into the

pore openings of chabazite (about 4.9 Å) [28].

At 25 �C, the adsorption capacity of CH4 at 100 kPa is

in the sequence Na-CHA[K-CHA[Li-CHA[
CHA[Ca-CHA[Mg-CHA, and at 0 �C, this becomes

sequence Na-CHA[K-CHA[Li-CHA[CHA[Mg-

CHA[Ca-CHA. At 0 �C, the amount of CH4 retained by

the natural chabazite (CHA) was 0.946 mmol g-1, whereas

the corresponding value was 0.761 mmol g-1 at 25 �C.

Na-, K- and Li-exchanged chabazite showed increase in

methane adsorption capacity. Of all salt-treated chabazites,

Na form exhibited the best properties in terms of adsorp-

tion capacity at both temperatures studied. The significant

increase in adsorption capacity of CH4 on Na-CHA was

Table 3 Mass loss (%) of the natural and salt-treated chabazites used at different temperature ranges

Sample 30–100 �C 100–200 �C 200–300 �C 300–400 �C 400–500 �C 500–600 �C 600–700 �C 700–1000 �C Total

mass loss/%

CHA 0.33 5.10 6.15 2.03 0.84 0.57 0.25 0.16 15.43

Na-CHA 0.31 5.15 6.11 1.26 0.67 0.52 0.17 0.10 14.29

K-CHA 0.32 5.17 4.70 0.85 0.55 0.42 0.16 0.12 12.29

Li-CHA 0.37 5.45 6.14 1.86 0.75 0.63 0.23 0.11 15.54

Ca-CHA 0.47 5.58 4.92 2.42 0.96 0.67 0.32 0.20 15.99

Mg-CHA 0.51 5.31 6.76 1.84 1.03 0.65 0.29 0.23 16.62

Table 4 Immersion heats of the natural and salt-treated chabazites

Sample Qimm/J g-1

CHA 108.50

Na-CHA 80.00

K-CHA 63.79

Li-CHA 112.82

Ca-CHA 99.82

Mg-CHA 113.62
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mainly due to effective dispersion interactions between

methane and chabazite structure. Thus, as shown in

Table 2, the adsorption capacity of CH4 on Na-CHA

increased from 1.163 to 1.315 mmol g-1 as the tempera-

ture decreased from 25 to 0 �C. For sample Li-CHA, the

amount of CH4 adsorbed increased from 0.825 to

1.130 mmol g-1 on decreasing the temperature from 25 to

0 �C. K-CHA sample demonstrated higher adsorption

capacity of CH4 relative to the natural chabazite sample

(Table 4). This is likely related to the large K? atomic

diameter. K? has the biggest atomic diameter compared to

the other cations. The low shielding of big cations by CH4

molecules increases their electrostatic interactions, and so

they can strongly interact with CH4 molecules. From 25 to

0 �C at 100 kPa, CH4 adsorption amount is increased from

0.933 to 1.162 mmol g-1 for K-CHA. The total pore vol-

ume of Na-CHA (0.227 cm3 g-1) is larger than that of

K-CHA (0.201 cm3 g-1). This accounts for the larger

adsorption capacity in Na-CHA at higher pressure.

The chabazite samples treated with calcium and mag-

nesium nitrate solutions had the lowest methane adsorption

capacities at both temperatures. The shielding of cations by

CH4 molecules increases with decrease in cation size.

Therefore, the decrease in methane adsorption capacity on

Mg-CHA was because of the decrease in interaction

between Mg2? cations and CH4 molecules [61]. At 0 �C,

Mg-CHA has higher charge density than Ca-CHA which

explains the greater Ca-CHA capacity. Ca-exchanged

chabazite showed methane adsorption capacity of

0.831 mmol g-1 at 0 �C and 100 kPa pressure, minimum

among the studied samples.

Conclusions

• Based on X-ray patterns, the characteristic peaks of

Mg-CHA and Na-CHA remained essentially unchanged

with only small reduction in peak intensity compared to

natural chabazite sample. However, the most charac-

teristic peaks of chabazite decreased considerably with

salt treatment with calcium, lithium and potassium

solutions.

• The natural and salt-treated chabazite samples showed

similar thermal behavior. The DTA curves of all forms

of chabazite samples exhibited a single endothermic

peak at 190–213 �C between 30 and 400 �C due to the

loss of hydroscopic and zeolitic water. In addition,

these samples displayed a rather sharp exothermic peak

at 880–930 �C corresponding to the irreversible struc-

tural changes in the zeolite samples.

• The heat of immersion (in water) was determined with

a Calvet calorimeter for chabazite samples. Mg-CHA

sample exhibited the highest Qimm value (113.62 J g-1)

among the modified zeolites.

• Among ion-exchanged chabazite samples, it was found

that the Na-CHA had the highest methane adsorption

capacity at both temperatures. However, the samples

with alkaline earth cations (Mg2? and Ca2?) showed a

lower methane adsorption capacity than the natural and

alkali-exchanged chabazite samples (Na?, K? and Li?)

due to decrease in the electrostatic and polarization

interactions. Sodium ion-exchanged chabazite tuff

appeared to be a particularly suitable adsorbent for

the removal of CH4.
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