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a b s t r a c t
Natural minerals are widely used in numerous environmental applications, mainly as sorbents in 
ion exchange and sorption processes. Minerals, such as zeolites and clays, can be found all over the 
world, but they are mined containing a variety of different impurities; this prevents their accurate 
characterization. The present study examines various methods used for the characterization of three 
common natural silicate minerals, one zeolite (clinoptilolite) and two clays (montmorillonite and ver-
miculite). Their characterization was performed through a series of analytical measurements so as to 
gather all the information needed regarding their structural properties. Therefore, “similar” minerals 
such as clinoptilolite vs. heulandite and vermiculite vs. hydrobiotite can be distinguished; revealing 
important properties when comes to their practical application. The methods used in the present study 
are X-ray powder diffraction (XRD), X-ray fluorescence, Fourier transform infrared (FTIR) spectroscopy, 
TG/DTG/DTA and N2-porosimetry (BET). An extensive literature review of the natural silicate minerals 
has been conducted and the relevant results and methods are comparatively reported. The analytical 
results enabled the distinguish of the examined minerals. XRD, FTIR, TG/DTG/DTA showed that all 
three minerals have characteristic bands that can be used to easily distinguish from others. 

Keywords:  Bentonite; Brunauer–Emmett–Teller; Characterization; FTIR; Ion exchange; TG/DTA; 
Vermiculite; XRD; XRF, Zeolites

1. Introduction

Zeolites and clays are considered suitable materials for 
a wide variety of industrial and environmental applications 
as liquid and gas phase adsorption tools. This is due to their 
worldwide abundance, their low cost, their high cation 
exchange capacity (CEC) and their porous structure [1–3].

Clinoptilolite is one of the most abundant natural 
zeolites. Its structure is generally described as an outer 
tetrahedral framework of silica and alumina, within 
which migration of water molecules and exchangeable 
cations (Ca2+, K+ and Na+) may occur [4,5]. Bentonite 
rock main component is montmorillonite mineral which 
consists of clay layers that form lamellar platelets, held 
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together by electrochemical forces. Each platelet is 
formed by three arranged layers: two tetrahedral silica 
(SiO2) layers around a central octahedral alumina (Al2O3) 
layer [6]. Vermiculite is typical clay which belongs to the 
montmorillonite–vermiculite group. The general structure 
of vermiculite can be described as a silicate sheet consisted 
of two flat layers of silica and alumina tetrahedral layers 
joined in an octahedral layer of oxygen, magnesium, iron 
atoms and hydroxyl molecules [7]. An extended literature 
review on the environmental applications of these materi-
als is summarized in Table 1.

A variety of analytical instruments are used for the 
structural, physical and chemical characterization of natu-
ral minerals. Among others, the most popular are: Fourier 
transform infrared spectroscopy (FTIR), X-ray fluorescence 
(XRF), X-ray powder diffraction (XRD), thermogravimet-
ric analysis (TGA), differential thermal analysis (DTA) and 
N2-porosimetry. In the present study, each analytical tech-
nique is presented and discussed in detail. Literature data are 
compared in relation to the analytical results obtained from 
the different minerals. 

FTIR produces an infrared absorption spectrum to iden-
tify chemical bonds and to detect functional groups in a mol-
ecule. In total, 29 samples are collected and discussed; 15 for 
clinoptilolite, 8 for bentonite and 6 for vermiculite. XRF is 
applied to determine the chemical composition of minerals, 
including Si/Al ratio, which is an important parameter for 
these minerals. Thus, data of 39 samples are collected; 21 for 
clinoptilolite, 12 for bentonite and 6 for vermiculite. XRD 
is a rapid analytical technique primarily used for phase 
identification of crystalline materials. Therefore, 27 sam-
ples are collected and analyzed; 13 for clinoptilolite, 4 for 
bentonite and 10 for vermiculite. TGA is a thermal analysis 
method in which changes in physical and chemical proper-
ties of materials are measured as a function of temperature. 
TG/DTG/DTA analysis is very important when character-
izing natural minerals because of the information that can 
be collected for their nature and chemical species that can 
be lost upon heating. Also, important parameters can be 
obtained from endothermic and exothermic peaks present 
on DTA curves, showing the dehydration and amorphiza-
tion/recrystallization of a mineral [8]. In total, 48 samples 
are presented; 25 for clinoptilolite, 12 for bentonite and 11 
for vermiculite. Finally, Brunauer–Emmett–Teller (BET) 
analysis provides information on the surface area, pore 
volume and pore size distribution of materials. In total, 
19 samples are included and discussed; 10 for clinoptilolite, 
5 for bentonite and 4 for vermiculite. 

In the present study, the importance of three differ-
ent natural minerals (clinoptilolite, bentonite, vermiculite), 
widely employed in sorption technologies is highlighted. 
Their analytical characterization is performed using a num-
ber of analytical techniques. The experimental findings are 
presented, commented and widely discussed and compared 
with literature. According to our knowledge, very few stud-
ies present such a complete data set. This information can be 
used by environmental scientists, which focus on the study of 
natural silicate minerals in environmental applications. The 
present study provides all the necessary steps so as to distin-
guish the minerals under study between others, with similar 
characteristics.

2. Materials and methods

2.1. Examined silicate minerals

Three different natural minerals were used in this 
study: zeolite (clinoptilolite, <5 mm), vermiculite (<5 mm) 
and bentonite (<90 μm). Zeolite and bentonite were sup-
plied by S&B Industrial Minerals SA (Greece) and vermic-
ulite by IGME (Institute of Geology & Mineral Exploration, 
Greece). Clinoptilolite and vermiculite were further 
crushed and milled into powder (<90 μm), prior to further 
analysis.

2.2. Mineral characterization methods

2.2.1. FTIR spectroscopy

An FTIR spectrophotometer (Perkin Elmer 880 spectrom-
eter) was used to measure the infrared absorption on the 
three mineral samples. The FTIR spectra in the 4,000–400 cm–1 
range were recorded for all minerals at room temperature. 
Samples were prepared by the standard KBr pellets method. 
Solid samples have been milled together with potassium 
bromide (KBr) to form a very fine powder, which is then 
uniaxially compressed into a thin pellet that can be further 
analyzed.

2.2.2. X-ray fluorescence 

The samples were ground (<90 μm) to eliminate large 
and/or inconsistent grain sizes and then compressed into 
pellets to be subjected to XRF analysis, by means of an ARL 
Advant XP sequential (wavelength dispersive) system. It is 
noted that prior to being compressed, vermiculite samples 
were dried at 105°C and kept in a desiccator, as this mineral 
is particularly hydroscopic and its powders may damage the 
compression dies by sticking to their metallic walls. 

2.2.3. X-ray diffraction

The powder X-ray diffraction patterns of the mineral 
samples were recorded on a Siemens D-5000 X-ray powder 
diffractometer over 2θ range of 5° to 55° at a scanning speed 
of 2° (2θ) per minute and a step size of 0.05°. The diffractom-
eter was equipped with Ni-filtered Cu Kα radiation source 
(8,978 eV or λ = 1.5418 Å). The X-ray source was operated at 
30 mA and 40 kV. Sample preparation for the X-ray analysis 
involved gentle grinding of the solid into a fine powder and 
packing of approximately 0.3–0.5 g of the sample into an alu-
minum sample holder with light compression to make it flat 
and tight. 

2.2.4. TG/DTG/DTA thermal analysis

DTA and TGA or DTG were obtained simultaneously, by 
means of a Mettler Toledo 851 thermal analyzer at a heating 
rate of 10°C/min, using air atmosphere. The samples (10 mg) 
were heated in a platinum crucible in the temperature range 
25°C–1,200°C. Table 2 summarizes the experimental condi-
tions usually reported in the thermal analysis of minerals, 
particularly zeolite, bentonite and vermiculite, as obtained 
by an integrated relative literature review. 
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Table 1
Environmental applications of clinoptilolite, bentonite and vermiculite

No. Mineral Environmental application Reference

B1 Bentonite Remediation of acid mine drainage [9]
B2 Attenuation of heavy metals from acidic wastewaters (Co2+, Cu2+, Ni2+, Pb2+ and Zn2+) [10]
B3 Removal of heavy metals from aqueous solutions [11–15] 
B4 Extractability of heavy metals from sewage sludge [16]
B5 Copper removal from sludge permeate with ultrafiltration membranes [17]
B6 Adsorption of polymers [poly(vinyl alcohol)] from aqueous solution [18]
B7 Adsorption of herbicide (diuron) [19]
B8 Immobilization and recovery of uranium(VI) from radionuclide polluted wastewater [20]
B9 Stabilization and remediation of cadmium (Cd) and lead (Pb) co-contaminated 

paddy soils 
[21]

B10 Pharmaceutical uses [22]
B11 Cesium ion sorption from aqueous solution (nuclear waste) [23]
B12 Adsorption of mercury from wastewater [24]
B13 Use as drilling mud [25]
B14 Ammonia removal [26] 
B15 H2S removal [27,28]
B16 Trapping of volatile organic sulfur derivatives [29]
B17 Removal of CO2 [30]
B18 Hydrogen storage [31–33]
B19 Mercury removal from the flue gas [34–36]
V1 Vermiculite Removal of heavy metals from aqueous solutions [37–50] 
V2 Copper removal from sludge permeate with ultrafiltration membranes [17]
V3 Removal of chromium from tannery effluent [49]
V4 Cesium ion sorption from aqueous solution (nuclear waste) [51]
V5 As catalyst for the Fenton reaction [52]
V6 Adsorption of phthalates [53]
V7 Ammonia removal [26]
V8 Air purification (volatile organic compounds removal) [54]
V9 Desulfurization of exhaust gases [55]
C1 Clinoptilolite Removal of heavy metals from aqueous solutions [15,37,56–78]
C2 Removal of ammonia [67,79–85]
C3 Adsorption of aflatoxin [86] 
C4 Additive in composting process [87]
C5 Additive in sewage sludge composting process [88]
C6 Purification of metal electroplating waste waters [89]
C7 Animal dietary addition; animal health [90–102]
C8 As active carrier for antibiotics in antiacne topical therapy [103]
C9 Medical and biomedical applications [104,105]
C10 Stabilization of metal contaminated soils [106–108]
C11 Cesium ion sorption from aqueous solution (nuclear waste) [109]
C12 As amendments in radiocaesium and radiostrontium contaminated soils [110]
C13 Additive in composting process [108,111–113]
C14 Immobilization of selected heavy metals in sewage sludge [114]
C15 The effect on the serotonergic receptors in the brain of mice with mammary carcinoma [115]
C16 Uses in agriculture and industry [116]
C17 Medical applications; adjuvant in anticancer therapy [117–120] 
C18 Uptake and release of phosphorus [121]
C19 Removal of H2S [122]
C20 Natural gas upgrading (removal of N2, NH3) [123–125]

(continued)
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2.2.5. Capacity measurements

In general, seven types of capacities can be defined 
[153,154]: ideal exchange capacity, theoretical exchange 
capacity (TEC), real exchange capacity, maximum exchange 
level (MEL), operating capacity, breakthrough capacity and 
effective capacity. “Ideal exchange capacity” corresponds 
to the actual amount of exchangeable cations and is a char-
acteristic property of pure zeolite species. In nature, zeo-
lites exist not in pure forms but as zeolite tuffs, containing 
several impurities. These impurities play an important role 
to the value of ion-exchange capacity. In relation to their 
activity (active or inactive in respect to ion exchange) they 
can increase or decrease capacity. The amount of possible 
exchangeable cations of a zeolite sample (tuff) with a specific 
purity is expressed with TEC. TEC is an overestimation of the 
exchange ability of the material due to the fact that some of 
the zeolite tuff cations are part of impurities or they are not 

available for ion exchange. Thus, real exchange capacity is 
introduced, which is defined as the amount of all removable 
cations and is equal to the active negative charge of the zeo-
lite framework.

Effective capacity (EC) is defined as the amount of 
cations of the zeolite contained in a specific amount of the 
material, which are exchangeable under specific experimental 
conditions. EC is equal to MEL when an infinite contact time 
and ratio of solution to volume of solid mass are utilized. 
The operating capacity is used in fixed bed ion-exchange 
models, as it is expressing the part of MEL that is available 
in the specific column operation. Breakthrough capacity is 
the capacity utilized in column operations and is used for 
the determination of selectivity series and for the design of 
column operations.

Most commonly used in the characterization of miner-
als are the TEC and the MEL. A common method for the 

No. Mineral Environmental application Reference
C21 Natural gas purification (removal of CO2) [126]
C22 Ar enrichment (removal of O2) [127]
C23 Air prepurification (removal of CO2) [127]
C24 Exhaust gas cleanup (removal of NOx) [128]

Table 1 (continued)

Table 2
Conditions used for the thermal analysis of minerals under study

Reference Temperature (°C) Heating rate Gas atmosphere Crucibles Reference standard

Zeolite
[129] 20–1,000 10°C/min Air Platinum Al2O3 
[130] 20–750 10°C/min Static air – –
[131] 20–1,200 10°C/min Static air – –
[132] 30–1,000 10°C/min – –
[133] 20–1,200 10°C/min Air – –
[134] 20–700 5°C/min Air – –
[135] 25–1,000 10°C/min Air (100 mL/min) Platinum –
[136] 25–1,025 10°C/min Air Platinum –
[137] 25–1,100 10°C/min Static air – Al2O3 
[138] 25–900 9°C/min – Al2O3 
[139] 25–1,050 10°C/min N2 Platinum α-Alumina 

Bentonite
[140] 20–1,200 10 K/min N2 – α-Al2O3 
[141] 25–1,000 10°C/min N2 – α-Alumina 
[142] 20–800 10°C/min N2 (120 mL/min) – –
[143] 20–1,000 10°C/min N2 – Calcinated α-alumina
[144] 20–1,000 10°C/min N2 (80 mL/min) – Calcinated α-alumina
[145] 25–1,100 10 K/min N2 – α-Al2O3 

Vermiculite
[146] 25–1,000 5°C/min and 15°C/min Air Platinum Calcined alumina 
[147] 25–1,100 6 K/min Air (40 mL/min) Corundum –
[148] 25–1,020 10°C/min – – –
[149] 25–1,000 12°C/min Air – –
[150] 25–1,000 10 K/min Air – –
[151,152] 20–1,200 10 K/min Air – –
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determination of the TEC of ion exchangers is the chemical 
analysis. For natural minerals containing impurities, which 
can be active or inactive with respect to ion exchange, TEC is 
expressing the amount of potential exchangeable cations. The 
most common exchangeable cations are Mg, Ca, K and Na. 
Thus, TEC is the total sum of the mineral exchangeable cations. 
MEL is a characteristic property of the specific ion-exchange 
system. An ion-exchange system is defined as a system consist-
ing of a material and a liquid solution which contains the ion 
to be exchanged, under a specified temperature and normality. 
MEL is straightforwardly related to the equilibrium behavior 
of the specific ion-exchange system and like the equilibrium 
isotherm depends only on the temperature and the normality 
of the solution. MEL is measured by repeated equilibrations 
or by determinations using equilibrium data (equilibrium iso-
therm) and is expressed in terms of exchangeable ions per unit 
mass of the exchange material [153]. In the present study, MEL 
experiments were conducted as follows: a measured quantity 
of zeolite, bentonite or vermiculite (0.2–0.8 g) was added in a 
vessel containing specific volume of metal solutions (100 cm3) 
at the initial concentration of 0.01 N, with pH initial adjustment 
(pH = 4). Every 7 d the solution was analyzed for metal con-
centrations and then replaced with fresh solution of the same 
metal, until no further uptake from mineral was observed.

2.2.6. Specific surface area and porosity

The most widely used technique for estimating surface 
area is the so-called BET method [155]. BET is a well-known 
equilibrium model for the physical adsorption of gas mole-
cules on a solid surface and is the basis for the measurement 
of the specific surface area (SSA) of a material [155,156]. The 
SSA and the pore characteristics of minerals (50 mg) were 
determined volumetrically by physisorption of N2 at nor-
mal boiling point temperature (77 K) in a static mode using 
a Nova-2000 6.11 Quantachrome instrument. The pretreat-
ment (degassing) of the samples took place under vacuum 
(10–2 Torr) at 150°C.

3. Results and discussion 

3.1. FTIR spectroscopy

Natural minerals, such as zeolites, montmorillonites and 
vermiculites, are used in ion-exchange systems because of 
some specific characteristics regarding their structure, chan-
nel size and cation substitution in the tetrahedral sites of 
the minerals, which makes them proper materials for such 
systems. FTIR spectroscopy is powerful tool for the determi-
nation of the chemical composition and identification of the 
functional groups of minerals [133]. 

In general, FTIR spectra of zeolites are characterized by 
bands occur at different regions of cm–1 [133]: 

1. The region of 3,700–1,600 cm–1: bands are attributed to 
zeolite water [136,157]. In this region, three typical bands 
are observed [133]: 
a) Close to ~3,620 cm–1: OH stretching vibration.
b) Close to ~3,440 cm–1: the band that is characteristic of 

hydrogen bonding of the water to surface oxygen ions.
c) Close to ~1,630–1,640 cm–1: OH bending vibration of 

water. 

2. Regions 1,200–950 and 420–500 cm–1: bands due to 
Si–O–Si and Si–O–Al vibrations. 
a) In the region 1,200–650 cm–1 strong vibration bands 

appear which are attributed to the internal tetra-
hedron vibrations, and are assigned to symmetric 
(~670 cm–1) and asymmetric (~1,030–1,060 cm–1) T–O 
stretching mode. 

b) In the second region 420–500 cm–1, the band is 
attributed to T–O bending mode (where Τ is SiO4 or 
AlO4) [133,136,157,158]. 

3. The region of 500–800 cm–1: bands due to pseudo-lattice 
vibrations, which are insensitive to the nature of the 
channel cations, and to the Si/Al ratio [133,136,157].

The basic findings by the FTIR spectroscopy characteriza-
tion of the examined zeolite samples are summarized below: 

1. Bands attributed to zeolite water in the region of 
3,700–1,600 cm–1:
a) OH-stretching: the band of zeolite under study is 

found at ~3,622 cm–1, which is attributed to the inter-
actions of the water hydroxyl with the cations. Bands 
in Table 3 show very close bands for clinoptilolite and 
heulandite, with values close to 3,620 cm–1.

b) Hydrogen bonding of the water to surface oxygen: the 
band of zeolite under study is found at ~3,446 cm–1. 
From Table 3, it can be seen that the bands for clinop-
tilolite and heulandite are very close, with values 
in the range of 3,413–3,459 cm–1 for clinoptilolite, 
3,420 cm–1 for heulandite and 3,437–3,450 cm–1 for 
heulandite type-II.

c) OH-bending: bending mode of the water is found 
at ~1,635 cm–1 [133]. Table 3 reports literature data 
concerning this band group. Clinoptilolite bands 
are from 1,630 to 1,650 cm–1, heulandite bands are 
in the same range, while heulandite values close to 
1,638–1,640 cm–1.

2. Bands attributed to the Si–O–Si and Si–O–Al vibrations in 
the regions 1,200–950 and 420–500 cm–1: 
a) Asymmetric T–O stretching: the strongest T–O stretch-

ing vibration appears at 1,036 cm–1, which as reported 
by Perraki and Orfanoudaki [133], is a very significant 
band for the estimation of aluminum content in the crys-
talline framework and it depends on the Al/Si ratio. It 
shifts to a lower wave number with increasing number 
of Al atoms in the framework tetrahedral sites [133]. In 
general, clinoptilolites have less Al atoms per formula 
unit in relation to heulandites, and TO-stretching band 
is expected to be found in higher wavelength values 
than in heulandites. Mozgawa et al. [157] compared a 
clinoptilolite with six Al atoms per formula unit with 
a heulandite with nine Al atoms per formula unit, and 
reported a clinoptilolite peak at 1,059 cm–1, while heu-
landite showed a peak at 1,022 cm–1 [157]. Comparing 
these results with other data from Table 3, it can be 
seen that in general heulandites are indeed in lower 
wavelength values (1,022–1,030 cm–1), where clinopti-
lolite are in higher ones but some are very close to heu-
landites (1,032–1,088 cm–1). Perraki and Orfanoudaki 
[133], reported a heulandite type-II zeolite, with an 
intermediate content in Al atoms per formula unit, 
which gave a peak at 1,045 cm–1 [133].
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b) Symmetric T–O stretching: most bands found in 
literature (Table 3) are close to 670 cm–1. 

c) T–O bending: Table 3 reports data from the literature 
concerning this band group. Clinoptilolite bands are 
from 461 to 480 cm–1, heulandite bands from 440 to 
466 cm–1, and heulandite type-II from 420 to 500 cm–1. 
The intensity of the bands is autonomous to the level 
of crystallinity [133].

3. Pseudo-lattice vibrations: in the pseudo-lattice band 
range, the exact position of the vibration is found at 
610 cm–1. In the literature (Table 3), clinoptilolite bands 
are in the range of 602–615 cm–1, heulandite bands 
594–604 cm–1 and heulandite type-II at 597 cm–1.

In Table 3, it can be seen that most bands of heulandites 
are in lower values than that of clinoptilolite [133,157]. In 
the study of Christidis et al. [158], for the FTIR analysis 
of three zeolites (two heulandites and one clinoptilolite) 
the bands of heulandites were in lower values than that of 
clinoptilolite (~10 cm–1) [158]. In Table 3, it is also showed 

that the bands near ~520 cm–1 are attributed to the pore 
opening of the minerals [133,135,159]. From Table 3, it can 
be concluded that the presence of mordenite can give anti-
symmetrical stretching vibration of the tetrahedral T–O 
bonds at ~1,064 cm–1, while the presence of shoulder at 
~1,095 cm–1 is due to the presence of cristobalite and smectite 
with a possible contribution of amorphous silica [160,161]. 
Interferences may also exist by the presence of some ions 
and also due to the pretreatment of minerals. Korkuna et al. 
[129] showed that in the analysis of a Pb-containing clinop-
tilolite, there is an ammonia band at ~1,449 cm–1, which can 
be connected both to absorbed ammonia complexes on pal-
ladium and to the interactions with surface acidic hydroxyl 
species [129]. Mozgawa [162] showed that the change of the 
intensity of the band at 675 cm–1 is linked to heavy metals 
sorption, and therefore this band can be considered the 
sorption process indicator [162].

Figs. 1 and 2 shows the FTIR spectra of bentonite as 
determined in the current study, while Table 4 summa-
rizes previous relevant data reported in literature. In the 

Fig. 2. FTIR spectra of bentonite.

Fig. 1. FTIR spectra of clinoptilolite.



bentonite band, the vibrations given at 469 and 522 cm–1 are 
due to the absorption of the characteristic bond of Si–O–Si 
and Si–O–Alvi, whereas the vibrations given at 878 and 917 
and 3,628 cm–1, are due to the Alvi–OH–Rvi (where R: Α13+, 
Mg2+, Fe3+ and Fe2+) [164]. Perraki and Orfanoudaki [164] 
reported that the vibration given at 543 cm–1 is characteris-
tic of the Si–O–Alvi bond and that its exact position depends 
on the cation that occupies the octahedral position. When 
substitution of Αlvi by Mg2+ takes place (Si–O–Mg2+ bond), 
a shift to lower vibration positions turns up [164,165]. The 
vibration given at 917 cm–1 refers to the Αlvi–ΟΗ–Αlvi bond 
and corresponds to pure montmorillonite. Smectites with 
high content of Mg, as a substitution of Alvi(Alvi–OH–Mg), 
vibrate at lower frequencies (845 cm–1). Smectites that 
contain Fe, as a substitution of Alvi(Alvi–OH–Fevi), show 
vibration at ~870 cm–1. In the region of 3,600–3,700 cm–1, 
the vibration at 3,628 cm–1 characterizes the group of 
Alvi–OH–Alvi [164]. The low vibration at 878 cm–1 indicates 
low substitution of Alvi by Fe3+. Finally, the wide vibra-
tion at 3,446 cm–1 and the sharp vibration at 1,637 cm–1 are 
attributed to the adsorbed water. 

Fig. 3 shows the FTIR spectra of vermiculite as obtained 
in the current study, whereas Table 5 summarizes previous 
relevant data reported in literature. In vermiculite band, the 
vibrations given at 3,419 cm–1 are characteristic of hydroxyl 
stretching vibration (OH stretch) and at 1,646 cm–1 they are 
characteristic of hydroxyl bending vibration (OH band). The 
vibrations at 1,013 and 457 cm–1 are due to Si–O stretching 
and Si–O–Si bending, respectively. Interferences to the IR 
band of clay minerals, such as montmorillonite and ver-
miculite, may occur due to impurities in the raw material. 
In the IR studies of clay, the Si–O stretching vibrations 
were observed at 791, 693, 539 and 469 cm–1, showing the 
presence of quartz. The appearance of ν (Si–O–Si) and δ 
(Si–O) bands also support the presence of quartz. Most of 
the bands reported in the literature (Table 4), such as 3,697, 
3,623, 3,450, 1,033, 915, 791, 693, 539 and 469 cm–1 are indic-
ative of the presence of kaolinite. Furthermore, other stud-
ies in the literature report that the vibrations observed at 
915 cm–1 indicate the possibility of the presence of hema-
tite. Also, the presence of bands at 3,697, 3,623, 3,450, 2,370, 
1,633, 1,033, 915 and 791 cm–1 indicate the possibility of the 
presence of illite, whereas 3,623, 1,633 and 1,033 cm–1 are 
indicative of gypsum and 693 cm–1 suggests that calcite may 
be present [166]. 

3.2. X-ray fluorescence and capacity measurements

3.2.1. X-ray fluorescence

Table 6 shows the XRF results determined in the present 
study, while Table 7 presents a set of relevant literature data 
for the three minerals under study. The overall Si/Al ratio for 
zeolite samples is higher than 4. As mentioned in literature, 
minerals with Si/Al ratio <4 are classified as heulandites, 
whereas Si/Al > 4 are indicative of clinoptilolites [4,174]. The 
SiO2 + Al2O3 is higher than 75%, the rest being water and 
exchangeable cations. Bentonite samples show Si/Al ratio 
lower than 4, while SiO2 + Al2O3 is higher than 65%, and in 
general lower than clinoptilolite samples. Finally, vermicu-
lite samples show Si/Al ratio lower than 4, while SiO2 + Al2O3 Ta
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is higher than 50%, and in general lower than clinoptilolite 
and bentonite samples. XRF analysis showed that vermiculite 
sample is rich in MgO (Mg-vermiculite) and low concentra-
tion of K2O revealed the presence of vermiculite instead of 
hydrobiotite.

3.3. X-ray diffraction 

3.3.1. Zeolite mineralogy

Fig. 4 shows the diffraction spectra of the examined 
zeolite. The parental material is identified as clinoptilolite 
((Na,K,Ca)5Al6Si30O72.18H2O), and its characteristic peaks 
were recognized at 2θ = 9.87° (d spacing: 8.94 Å), 22.487° 
(d = 3.95 Å) and 30.360° (d = 2.94 Å). The sample also con-
tains small amounts of mica/illite, cristobalite (SiO2), 
dolomite (CaMg(CO3)2) and feldspar [albite (Na,Ca)
(Si,Al)4O8/anorthite (Ca,Na)(Si,Al)4O8] (possibly). The 
characteristic peaks found in the present study are in accor-
dance to other studies, as shown by the comprehensive 
relative data of Table 8, which are typical for clinoptilolite 

samples. As reported by Perraki et al. [163], in heulandite, the 
highest peak is attributed to the (020) reflection (d = 8.99 Å), 
whereas in clinoptilolite the higher peak is attributed to 
the (040) reflection (d = 3.98 Å) [163]. The (020) reflection 
of heulandite at 9.9°2θ is always far more intense than the 
remaining lines of the pattern, while this same reflection in 
X-Ray tracings of clinoptilolite is, in many samples, exceeded 
in intensity by the (004) peak at about 22.3°2θ. The differ-
ences between diffractometer tracings of clinoptilolite and 
heulandite have been reported enough for distinguishing 
these two similar zeolites [184]. The thermal behavior of 
the zeolite samples in conjunction to XRD analysis, shown 
in Fig. 5, has been studied in a wide range of temperatures 
(25°C–400°C–540°C–600°C–740°C–940°C). The key difference 
between heulandites and clinoptilolite is their behavior upon 
heating. Clinoptilolite is stable at temperatures exceeding 
450°C; heulandites undergo structural collapse below 450°C 
[160]. A partial framework breakdown indicates the presence 
of an intermediate member of the heulandite–clinoptilolite 
isomorphous series, “heulandite type-II” [163]. 

Fig. 3. FTIR spectra of vermiculite.

Table 5
IR spectral data of vermiculite

Reference [170] (cm−1) [172] (cm−1) [149] (cm−1) [173] (cm−1) [168] (cm−1) Present study (cm−1)

Al(Mg)–O–H stretching 3,626; 3,691 3,630 – – – –
H–O–H stretching (for H2O) 3,417 3,440 3,394 – – 3,419
H–O–H bending 1,643 – 1,632 1,639 – 1,646
CO3 stretching of calcite and 
dolomite

– – – – – 1,456

Si–O stretching – – – 989 985 –
Si–O–Si stretching 1,004 – 993 1,074; 1,036 – 1,013
Si–O/Al–O vibrations – – – 820 812 –
Si–O/Al–O/Al–O–Si vibrations – – – 758, 726, 691, 661 670 669
Mg–O stretching – – – 531, 486 – –
Si–O–Si bending 450 – 449 461 480 457
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3.3.2. Mineralogy of bentonite and vermiculite

The XRD pattern of the natural bentonite (Fig. 6) shows 
reflection peaks at about 2θ = 7.28°–13.29°–19.91°–28.5°, cor-
responding to a spacing of 12.13–6.66–4.46–3.13 Å. These 
reflections are attributed to montmorillonite, which is the 
main component of the mineral, with mass percentage up to 
~76 wt%. Small amounts of mica/illite, dolomite (2θ = 31.120°, 
d = 2.87) [CaMg(CO3)2], calcite (2θ = 29.74°, d = 3) [CaCO3], 
quartz (2θ = 26.921°, d = 3.30915) [SiO2], anatase (2θ = 25.55°, 
d = 3.48) [TiO2] and pyrite (2θ = 33.3°, d = 2.69) [FeS2] have 
been also identified. Mineralogy of bentonite samples (XRD) 
can be connected with the chemical analysis of the mineral 
(XRF), and more specifically, the reflection peaks of an XRD 
pattern are connected to the elemental content in the structure 
of the mineral [164]. Perraki and Orfanoudaki [164] reported 
that in minerals rich in calcium (Ca-montmorillonite), the 
main reflection peak is d(001) ~15 Å, but when it is referred to 
as a sodium form (Na-montmorillonite), the corresponding 
peak is d(001) ~12.5 Å. Caglar et al. [143] reported that when 
higher d(001) distance of raw bentonites (15.33 Å) than that 
of Na-montmorillonite (12.04 Å) are measured and the basal 
spacing values varied in the range 14.45–15.40 Å, this reveals 
the presence of a calcium-rich bentonite sample. The d(060) 

peak which is often used to identify the type of smectites, 
when located at 1.50 Å in the XRD pattern of raw benton-
ite reveals an Al-rich 2:1 dioctahedral montmorillonite [143]. 
Tabak et al. [141] reported that after treatment with water, 
the reflection peaks distance is expanded and is depended 
on the layer charge, the size and charge of the exchangeable 
cations [141].

The XRD pattern of natural vermiculite (Fig. 7) shows 
reflection peaks at about 2θ = 6.15°–24.71°–31.05°, corre-
sponding to a basal d spacing of 14.35, 3.59 and 2.88°Å. 

Perez-Maqueda et al. [147] studied three different ver-
miculite samples (Mg, Na and NH4 vermiculite) in different 
temperatures and showed that upon heating, interlayer dis-
tances decreased. More specifically, X-ray diffraction pattern 
of natural Mg2+ vermiculite is characterized by an interlayer 
distance of 14.4 Å. After heating at 125°C, 225°C and 250–
650°C, the interlayer distance decreased to 11.6, 10.25 and 
10 Å, respectively. In Na+-vermiculite sample with a layer 
distance about 12 Å, after dehydration, the interlayer dis-
tance decreased to 9.99 Å. The NH4

+-saturated vermiculite 
with an interlayer distance of 10.7 Å, when heated to 225°C 
and 325°C, the interlayer spacing was decreased to 10.6 and 
10.54 Å, respectively [147].

Table 6
Chemical analysis of minerals by XRF

Zeolite Bentonite Vermiculite
% w/w meq/g % w/w meq/g % w/w meq/g

SiO2 70.1 55.9 47 
Al2O3 12.0 18.0 16.6 
Fe2O3 0.727 3.85 12.3 
CaO 3.04 1.084 3.63 1.295 0.575 0.207
MgO 0.765 0.382 3.53 1.752 21.6 10.718
Na2O 0.304 0.097 3.52 1.136 – –
SO3 140 ppm 1.20 270 ppm
TiO2 0.113 0.706 0.922 
K2O 3.31 0.703 0.611 0.130 0.350 0.074
P2O5 – 0.136 520 ppm
Cl 52 ppm 550 ppm –
MnO 440 ppm 450 ppm 0.150 
BaO – 280 ppm 210 ppm
V2O5 270 ppm 280 ppm 89 ppm
ZnO 38 ppm 49 ppm 270 ppm
NiO 15 ppm 33 ppm 0.172 
SrO 130 ppm 32 ppm 25 ppm
CuO – 25 ppm –
Cr2O3 – 18 ppm 0.254 
Rb2O 93 ppm 15 ppm –
ZrO2 – 12 ppm –
Ag2O – 2 ppm –
PbO 13 ppm – –
Co3O4 – – 120 ppm
Nb2O5 – – 21 ppm
LOIa 9.45 8.75 –

aLOI: mass loss upon firing at 1,100°C.
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Table 7
Chemical analysis and CEC of natural minerals from different origin

Mineral/country 
of origin

Chemical analysis (%) CEC (meq/g) Reference

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 CEC

Clinoptilolite
Australia 68.26 12.99 1.37 2.09 0.83 0.64 4.11 0.23 1.20 [175]

Brazil 67.82 14.96 0.42 1.87 0.18 0.32 4.47 0.07 2.29 [175]
Greece 65.12 12.86 1.52 3.04 1.54 1.18 1.55 – – [56]
Greece 67.1 12.2 1.0 3.3 1.08 0.55 1.76 0.16 – [176]
Greece – – – – – – – – 1.47 [158]
Armenian – – – – – – – – 1.36 [158]
Georgian – – – – – – – – 1.81 [158]
Iran 70.00 10.46 0.46 0.2 – 2.86 4.92 0.02 – [175]
Iran 66.5 11.81 1.3 3.11 0.72 2.01 3.12 0.21 1.20 [175]
China 65.52 9.89 1.04 3.17 0.61 2.31 0.88 0.21 1.03 [175]
China 68.27 7.48 1.95 2.61 1.87 0.68 1.69 – – [175]
China 69.5 11.05 0.08 2.95 0.13 2.95 1.13 0.14 – [175]
Cuba 62.36 13.14 1.63 2.72 1.22 3.99 1.20 – – [175]
Croatia 64.93 13.39 2.07 2.00 1.08 2.40 1.30 – 1.45 [175]
Croatia 55.80 13.32 1.30 5.75 0.70 3.90 2.35 – – [175]
Ukraine 67.29 12.32 1.26 3.01 0.29 0.66 2.76 0.26 – [175]
Ukraine 66.7 12.3 1.05 2.10 1.07 2.06 2.96 – 0.64 [175]
Slovakia 67.16 12.30 2.30 2.91 1.10 0.66 2.28 0.17 – [175]
Turkey 70.90 12.40 1.21 2.54 0.83 0.28 4.46 0.089 1.6–1.8 [175]
Turkey 69.72 11.74 1.21 2.30 0.31 0.76 4.14 – 1.84 [175]
Turkey 69.31 13.11 1.31 2.07 1.13 0.52 2.83 – – [175]
Turkey 64.99 9.99 3.99 3.51 1.01 0.18 1.95 – – [175]
Turkey 70.00 14.00 0.75 2.50 1.15 0.20 2.30 0.05 – [175]
Chile 67.00 13.00 2.00 3.20 0.69 2.60 0.45 0.20 2.05 [175]

Bentonite
Algeria 57.50 19.0 3.0 1–3 1–2 1–3 – – – [177]
Germany (Mossburg) 59.42 19.08 4.64 2.14 4.72 0.08 – 0.26 – [178]
Greece 50.01 15.39 2.98 5.98 2.55 0.68 0.33 0.25 0.97–1.12 [179]
Greece (Milos, Komia) 67.46 16.10 3.60 2.62 1.40 0.72 – 0.26 – [178]
Greece (Milos, Trogalas) 69.98 17.09 2.16 0.96 2.18 0.44 – 0.20 – [178]
USA (Wyoming) 64.32 20.74 3.49 0.52 2.3 2.59 – 0.14 – [178]
USA (Mississipi) 64.00 17.10 4.7 1.5 3.8 0.2 – – – [178]
Italy (Ponze) 67.42 15.83 0.88 2.64 1.09 0.30 – – – [178]
Canada 61.4 18.1 3.2 0.6 2.3 2.2 0.4 0.1 0.85 [24]
Pakistan 70.68 16.22 3.21 4.62 3.0 0.71 1.05 0.33 0.77 [180]
Turkey 56.28 26.79 4.0 1.34 3.67 – – – – [181]
Turkey 60.53 15.21 4.31 4.11 2.17 3.57 0.75 – – [13]

Vermiculite
Africa (North Transvaal, 
Africa Rochester) 

44.62 9.18 5.46 0.78 20.44 0.11 0.48 – 0.94 [43]

Greece 37.62–
40.26

12.39–
14.79

8.16–
10.50

0.17–
0.36

21.19–
22.27

0 0–5.30 0.65–
0.91

1.48–0.94 [182]

India 40.13 17.99 8.73 – 12.04 – 9.14 – 0.62 [183]
Italy (Aldrich) 40.87 19.46 – 0.22 18.41 0.04 8.31 1.02 0.40 [39]
Italy 39.0 12.0 8.0 3.0 20.0 – 4.0 – 1.0 [45]
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Fig. 4. XRD pattern of clinoptilolite.

Table 8
XRD data of clinoptilolite, bentonite and vermiculite

Reference Mineral 2θ d spacing (Å)
Zeolite

[185] Clinoptilolite 9.85–22.4–30.0 9.029–3.971–2.977
[185] Quartz 26.8 3.347
[185] Mica 9.00 9.990
[186] Clinoptilolite – 9.044–3.97–2.979
[186] Clinoptilolite – 8.92–3.964–2.974
[56] Clinoptilolite Μ – 9.04–3.97–2.98
[56] Clinoptilolite Σ – 9.00–3.96–2.97
[187] Clinoptilolite 9.83; 10.07; 22.818
[160,188] Heulandite type-II – 8.92–3.958
[160] Cristobalite – 4.05
[160] Feldspar – 3.20
[132] Clinoptilolite 9.87–22.4–30.0 –
Present study Clinoptilolite 9.8a–11.16–17.29–

22.39a–22.8–28.17–29.98
9.01–7.92–5.12–3.96–3.89–3.16–2.97

Bentonite
[143] Bentonite 5.76–17.60–19.84–34.80–61.84 15.33–5.03–4.47–2.58–1.50
[143] Quarz 20.88–26.81 4.25–3.32
[143] Dolomite 23.43–29.83 3.79–2.99
[141] Bentonite W 6.20 14.24
[141] Bentonite R 7.04 12.54
[189] Na-bentonite d(001) = 14.29 Å and d(020) = 4.49 Å
Present study Montmorillonite 5.4–7.36a–13.7–20.02–28.64 16.35–11.99a–6.45–4.42–3.11
Present study Montmorillonite 7.28a–13.29–19.11–28.5 12.13a–6.65–4.45–3.12

(continued)
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Reference Mineral 2θ d spacing (Å)
Present study Montmorillonite – 12.4a

Present study Dolomite 31.12 2.87
Present study Calcite 29.74–35.73 3.00–2.51
Present study Quartz 26.92 3.30
Present study Pyrite 28.63–33.3 3.11–2.68
Present study Anatase 25.54 3.48

Vermiculite
[149] Vermiculite – 14.35
[149] Mg-Vermiculite – 14.43
[147] Mg-Vermiculite – 14.4
[147] Na-Vermiculite – 12.16
[147] NH4-Vermiculite – 10.7
[148] Vermiculite – 14.4
[190] Vermiculite – 14.1
[191] Vermiculite – 14.52
[38] Vermiculite 6.03 14.65
Present study Vermiculite 6.15a–12.29–18.56–24.70–31.04 14.33a–7.19–4.77–3.60–2.87

aMain peaks.

Table 8 (continued)

Fig. 5. XRD patterns of clinoptilolite vs. temperature pretreatment.
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3.4. Thermal analysis of minerals 

3.4.1. Thermal characterization of zeolite

Taking into account the dehydration behavior of zeolites, 
they can be distinguished into two main categories, the ones 
that do not show major structural changes and those that 
undergo structural changes with dehydration [8]. According 
to the literature, heulandite/clinoptilolite zeolites can be clas-
sified into three different types according to their thermal 
behavior. According to these types, information regarding 
their framework contraction and reversible dehydration, 
irreversible structural changes, hindered rehydration and 
structure collapse upon heating (>450°C, >550°C, >750°C, 
respectively) can be obtained [8]. In general, thermal stabil-
ity of a mineral increase with increasing Si/Al ratio, because 
more energy is required to break the Si–O bond compared 
with the Al–O bond [8].

Thermal characterization data for clinoptilolite reported 
in literature are summarized in Table 9. The TG/DTA and 
weight loss curves of the zeolite sample are presented in 
Fig. 8. The TG curve of the examined sample showed a rather 

continuous weight loss behavior when heated up to 700°C, 
due to the loss of hygroscopic water (25°C–100°C) and the 
loss of water residing in the channels and the cavities of the 
zeolite framework. The most important aspects of zeolite 
thermal analysis reported in literature and confirmed by the 
current study are summarized below:

• In the range 25°C–400°C, the endothermal (DTA diagram) 
process of dehydration occurs in two steps for heulan-
dites samples, but in one step for clinoptilolites [137,163].

• Continuous TG curve and the absence of a sharp peak 
in the corresponding DTG curve, which indicates the 
transformation of heulandites-to-heulandite B at about 
260°C–280°C, confirmed that the major constituent of the 
sample is clinoptilolite rather than heulandite [77,192].

• The dehydration process is characteristic of the weight 
loss in a TG curve and of the endothermal peak in a DTA 
and DTG curve, in the range of 25°C–700°C. 

• The process of dehydration, occurring in two separated 
steps, corresponds to the classification of water into 
two groups according to its bond strength with cations. 
Regarding channels, first leaves the weakly bonded 

Fig. 6. XRD pattern of bentonite.

Fig. 7. XRD pattern of vermiculite.
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water, whose content varies with the type of cation and 
the degree of occupancy of particular cationic sites. The 
water molecules strongly bonded with cations leave at a 
higher temperature [137].

• At the beginning of the heating process and up to 200°C the 
recorded weight loss corresponds to weakly bound water. 
The weight loss at between 250°C and 400°C is attributed 
to the dehydroxylation reaction (2OH– → O2– + H2O), and 
it occurs for solids which contain structural OH. There 
is also a third weight loss region (450°C–500°C), which 
corresponds to structural water and to the destruction of 
zeolitic structure [135].

• Perraki and Orfanoudaki [133] reported that in thermal 
studies of zeolite, for different grain fractions of the min-
eral, the weight loss of >63 μm fraction is 8.21%, while 
that of <2 μm fraction is 10.02%. This difference is due to 
the fact that the >63 μm fraction also contains minerals 
that do not lose weight upon heating, such as cristobalite 
and quartz [133]. 

• The zeolite water loss was higher in the zeolites 
exchanged with bivalent ions. Further, in the monovalent 
and bivalent ions, the larger cations had less zeolite water 
loss (sum of the weakly bound water and metal bound), 
since the greater is the size of the non-framework cation, 
the smaller is the space for the zeolite water [136].

• In the range of 400°C–1,000°C, several exothermic peaks 
can be observed in DTA and DTG curves, which corre-
spond to transformations or even collapse of the crystal 
structure of the zeolites. Vujakovic et al. [134] reported 
that the peak at 484°C is characteristic of the oxidation of 
pyrite [134].

• In the literature, DTA curves of heulandites show an 
endothermic reaction at 200°C, followed by a stronger 
endothermic peak at 360°C, while the DTA curves of 

clinoptilolites show a broad endothermic peak at around 
90°C–200°C [163]. If the differences in thermal stability 
between heulandites and clinoptilolite are solely due to 
the nature of the exchangeable cation in each species, one 
might expect a calcium-exchanged clinoptilolite to exhibit 
the low temperature reactions and the low thermal sta-
bility of heulandite. Inversely, a sodium-exchanged heu-
landite should be more thermally stable than the calcium 
variety [184].

• Exothermic peaks can be also found lower than 400°C, 
attributed to the desorption and oxidation of NH4 
[129,130].

3.4.2. Thermal characterization of bentonite

Thermal characterization data for bentonite reported in 
literature are summarized in Table 9. The most important 
observations regarding bentonite thermal analysis (Fig. 9) are 
summarized as follows: 

• In most DTA curves, some endothermic peaks are 
observed between 100°C and 400°C, which is the result of 
dehydration. The endothermic peak, which results from 
dehydroxylation and the exothermic peak that results 
from recrystallization are observed at 600°C–800°C. The 
exothermic peak resulting from the loss of the crystal struc-
ture of the 2:1 layers of calcium-montmorillonite (CaM) 
and recrystallization is observed at 950°C–1,050°C [140].

• Tabak et al. [141] reported that the noticeable differences 
between the mass losses of two untreated bentonites 
(Wyoming and Resadiye) in the temperature interval 
210°C–550°C, are attributed to the existence of external 
clay components such as dolomite, α-cristobalite, quartz, 
calcite, and illite of Resadiye bentonite [141].

Fig. 8. TG/DTA curves for clinoptilolite.



M. Stylianou et al. / Desalination and Water Treatment 112 (2018) 119–146138

• Above 900°C, all major structural changes result 
in the development of cristobalite and mullite in 
montmorillonite [143].

• Caglar et al. [143] reported that the dehydration of 
Na-bentonite occurs in the temperature range of 
30°C–290°C as a single-step (same for Pb, Cu and 
Zn-bentonite) process, which gives rise to an endother-
mic maximum, whereas the same process takes place in 
two stages for raw bentonite [143].

3.4.3. Thermal characterization of vermiculite 

Thermal characterization data for vermiculite reported 
in literature are summarized in Table 9. The most important 
aspects of the current vermiculite thermal analysis (Fig. 10) 
are summarized below:

• Pure vermiculites show large endothermic effects at 
145°C–150°C with smaller ones at 260°C–270°C and cor-
respond to Mg-vermiculites. Some samples show a small 
endothermic effect at about 550°C and a corresponding 
weight loss on the TG curve, which are attributed to dehy-
droxylation of mica present in vermiculite. Other samples 
show two endothermic effects at 110°C and 205°C which 
are characteristic of Mg-vermiculites. Weight loss on the 
TG curve associated with the endothermic effect at 575°C 
may be attributed to dehydroxylation of partially altered 
mica comprising this interstratification [146,149].

• Pretreated vermiculites, such as ground vermiculites, 
give different thermal curves than raw vermiculite [151].

• The exothermic peaks in DTA curve are due to: 
600°C–830°C release of ammonia, 700°C–850°C and 
850°C–975°C formation of enstatite [149], 800°C–900°C 
formation of clinoenstatite [148].

3.5. Capacity measurements 

Ion-exchange capacity is one of the most important 
parameters of natural silicate minerals and is connected 
to the level of undergoing ion exchange. It can be measured 
as the sum of the exchangeable cations that can be bonded by 
the mineral framework, and is expressed in meq/g (Table 7) 
[133]. Isomorphous substitutions of Al to Si in the tetrahedral 
framework and the open tectosilicate structure are the cause 

of ion-exchange capacity. In Table 10, the measured mineral 
capacities are provided. According to the mineral supplier, 
the mean value of CEC is equal to 1.88 meq/g for clinoptilo-
lite and 1 meq/g for bentonite. Kantiranis et al. [179] reported 
that bentonite deposits in Greece have a capacity between 
0.97 and 1.12 meq/g, with a mean value of 1.04 meq/g for 
bentonite deposits of Milos and 0.90–1.30 meq/g for bentonite 
deposits from Milos Aggeria [179].

TEC is the total sum of the mineral exchangeable cat-
ions. The combined concentration of exchangeable cation 
oxides (MgO + CaO + Na2O + K2O) for the examined sam-
ples is: 7.4 wt% for clinoptilolite, 11.3 wt% for bentonite and 
22.5 wt% for vermiculite. It has to be noted that there is a 
great difference between the structure of zeolites (tectosili-
cates) and smectite and vermiculite (2:1 phyllosilicates). Mg 
is mainly a structural cation, that is, not exchangeable cation, 
in both smectite (montmorillonite) and vermiculite. So the 
exchange capacity of those has to be greater than the sum 
of CaO + Na2O + K2O, which in the present case is 2.561 for 
montmorillonite and 0.281 for vermiculite. 

In several literature sources, it is stated that the capacity 
of the two investigated clays is similar; in reality there is some 
differentiation, mainly attributed to the value of the oxides 
of the bivalent cations (Ca/Mg) and to the different places of 
the cations placed into the crystal structure of the two min-
erals. Bentonite has a ratio of Ca/Mg equal to 0.74, whereas 
in vermiculite the same ratio is equal to 0.019. It is noted that 
bentonite presents elevated concentrations of Na2O and K2O 
compared with vermiculite. Calcium ions in bentonites (mont-
morillonite) are usually hydrated and weakly bound into the 
structure of the mineral, which makes them easily replaceable 
by other cations. Further, Mg in clay minerals is more difficult 
to exchange compared with calcium, and this make clays with 
high Ca concentration to present higher ion-exchange capaci-
ties than those rich in magnesium ions [179].

3.6. Porosimetric and microstructural investigations 

Natural zeolites are characterized by primary and 
secondary porosity. The primary porosity (microporosity 
<20 Å or <2 nm) results from the specific crystalline struc-
ture of the zeolite particles, which in turn depends upon its 
composition. Matrix inserted between zeolite particles causes 
secondary porosity, that is, the presence of transitional 

Fig. 9. TG/DTA curves for bentonite. Fig. 10. TG/DTA curves for vermiculite.
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(20–200 Å) and macropores (>200 Å) [4,174]. The adsorp-
tion/desorption isotherm curves of N2 at normal boiling 
temperature are used for the understanding of the textural 
properties of porous materials [4]. As it has been mentioned, 
the heterogeneity parameter (n) shows a dependence on 
the microporous structure of solids and in particular on the 
breadth of the pore distribution; the more homogeneous 
the pores are (decreased breadth), the greater its value. 
Porosimetric measurements can be used to obtain this type 
of information: Figs. 11(a)–(c) and Table 11 show the N2 poro-
simetry results for the tested minerals [15], whereas Table 12 
presents reference data. Upon observing Figs. 11(a)–(c), it 
becomes evident that the discussed minerals refer to Type IV 
isotherms. This type of isotherm exhibits a hysteresis loop, 
which is associated with capillary condensation taking place 
in mesopores, and has a limited uptake over a range of high 
P/P0. The initial part of Type IV isotherm is attributed to a 
monolayer–multilayer adsorption, since it follows the same 
path as the corresponding part of a Type II isotherm obtained 
with the given adsorptive on the same surface area of the 
adsorbent in a non-porous form. Type IV isotherms are char-
acteristic of many mesoporous industrial adsorbents [15].

It is well known that the heterogeneity parameter (n) is 
characteristic of the adsorbent and it is related to its structure. 
However, (n) values depend on both the adsorbate and the 
adsorbent and it is very difficult to have a universal exponent 
[194,195]. For adsorption on zeolites, (n) values greater than 
4 have been proposed [196]. It is well known that hysteresis 
loops are connected to pore structure. All three materials fol-
low similar hysteresis loop patterns, in particular of H3 type. 
According to IUPAC classification, this type of loop is usually 
given by the aggregates of platy particles or adsorbents con-
taining slit-shaped pores. The presence of a broad hysteresis 
loop at the desorption isotherms (Fig. 11(a)) reveals the exis-
tence of limited-order mesoporosity–macroporosity and in 
the case of clinoptilolite, the inclusion of layered materials 
such as clays (Fig. 11(b)). However, the disordered pores 
may be considered a pore network with a rather undefined 
structure. It is interesting to note that for clinoptilolite, the 
most probable hysteresis loop is H1, which is produced by 
adsorbents having a narrow distribution of uniform pores. 
Indeed, pure clinoptilolite pores come in regular arrays 
and have a very uniform size, which is typically lower than 
approximately 10 Å. However, it should be mentioned that 
natural clinoptilolite samples contain various impurities and 
very rarely found in pure form. Thus, their pore structure 

consists of micropores, mesopores as well as macropores of 
several materials giving rise to an overall disordered meso-
pore and macropore structure. The hysteresis loop of desorp-
tion branch for clinoptilolite is less distinct compared with 
bentonite and vermiculite, indicating the existence of larger 
pores and a more open surface area. As expected, the slit-
shaped pores of clays (bentonite and vermiculite) are also in 

Fig. 11. N2 sorption–desorption isotherm curves of (a) bentonite, 
(b) clinoptilolite and (c) vermiculite.

Table 10
Mineral ion-exchange capacities

Capacity 
(meq/g)

Clinoptilolite Bentonite Vermiculite

TEC <2.266 <4.312 <11.00
MEL
Pb 1.668 ± 0.122 2.667 ± 0.310 1.974 ± 0.341
Cu 0.856 ± 0.144 2.600 ± 0.491 1.699 ± 0.079
Zn 0.821 ± 0.244 2.607 ± 0.083 1.335 ± 0.113
Mn 0.575 ± 0.019 2.336 ± 1.065 1.246 ± 0.032
Cr 0.829 ± 0.124 3.398 ± 0.585 2.019 ± 0.280
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line with the H3 hysteresis type, as observed in the nitrogen 
adsorption isotherms, shown in Figs. 11(a) and (c). Finally, 
in the case of vermiculite the different pattern in the curves 
for 0.9 < P/P0 < 1 could be interpreted as H4 hysteresis loop. 
Fig. 12 shows that the breadth of pore distribution follows 
a decreasing order as follows: bentonite > zeolite > vermicu-
lite. Thus, the expected decreasing order of the heterogeneity 
parameter is the following: vermiculite > zeolite > bentonite. 
A difference between these materials is that clinoptilolite 
pores tend to group in two regions, that is, small mesopores 
(around 2 nm) and larger ones (around 5 nm). Similar results 
have been observed elsewhere [15]. Regarding the micro-
structure of the examined materials, they demonstrate well-
formed plate or lath crystals in all cases. 

4. Conclusions

The experimental results of three common natural sili-
cate minerals – one zeolite (clinoptilolite) and two clays (ben-
tonite and vermiculite) – are presented and compared with 
literature. The methods used for their structural characteri-
zation are XRD, XRF, FTIR spectroscopy, TG/DTG/DTA and 
N2-porosimetry (BET). Concerning XRD, the most intense 
reflection in clinoptilolite corresponds to the d-spacing at the 
asymmetric position 3.97–3.98 Å plane, typical of most miner-
als of this type. Bentonite is mostly composed of montmoril-
lonite, which has its characteristic features at d(001) = 14.29 Å 
and d(020) = 4.49 Å. The XRD pattern of natural vermicu-
lite shows the reflection peaks at about 2θ: 6°, 24° and 31°, 

Table 12
Literature BET analysis data

Mineral BET area (m2/g) Type of isotherm Mean diameter of pores (Å) Reference

Clinoptilolite
Clinoptilolite 31.0 Type ΙΙΙ <20 [135]
Clinoptilolite 17.1 Type ΙΙ – [158]
Heulandite 19.6 Type ΙΙ – [158]
Heulandite 16.8 Type ΙΙ – [158]
Clinoptilolite 60 Type II – [132]
Clinoptilolite-Na 54 Type II – [132]
Clinoptilolite-K 96 Type II – [132]
Clinoptilolite-Ca 29 Type II – [132]
Clinoptilolite 14 Type IV 90 [132]

Bentonite
Bentonite 42 Type ΙΙ 30 [145]
Bentonite 35 Type ΙΙ – [145]
Bentonite-Na 22 Type ΙΙ – [145]
Bentonite-Ca 31 Type II – [145]

Vermiculite
Vermiculite-Mg 7.1 Type ΙΙ – [151]
Vermiculite-Na 11.6 Type ΙΙ – [151]
Vermiculite-K 17.8 Type ΙΙ – [151]

Table 11
N2 porosimetry analysis results

Clinoptilolite Bentonite Vermiculite

ΒΕΤ BET area [SBET (m2/g)] 28.64 41.87 20.82
BET Ca 375.675 583.216 216.720
Vmb 6.574 9.613 4.779

Langmuir Area (m2/g) 28.18 38.12 23.44
Micropore volume (mL) 0.01 0.014 0.0083
Microporosity 0.023 0.030 0.019
TPVc (mL) 0.085 0.087 0.028
Porosity (%) 16.3 16.7 6.1

aBET C: dimensionless constant that is related to the enthalpy of adsorption of the adsorbate gas on the powder sample [calculated as 
(slope/intercept) + 1].
bVm: volume of gas adsorbed at standard temperature and pressure (STP), to produce an apparent monolayer on the sample surface, in 
milliliters [calculated as 1/(slope + intercept)].
cTPV: total pore volume (mL).
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which correspond to the spacing d(002) = 1.43, d(008) = 0.48 
and d(010) = 0.288, respectively. FTIR analyses show that 
clinoptilolite exhibits characteristic water bands centered at 
3,444 and 16,737 cm–1. The asymmetric stretching vibration 
of T–O bonds in the tetrahedral sites corresponds to the band 
at 1,067 cm–1. In bentonite, the absorption peaks group lies 
between 3,620 and 3,404 cm−1, which is due to Al(Mg)–O–H 
stretching and stretching vibration bands (–OH) of water, 
respectively. The other peak bands at 460 and 1,031 cm−1 were 
attributed to Si–O–Si and Si–O bending vibrations, respec-
tively. In vermiculite, the main absorption band appears at 
3,387 cm–1, which is characteristic of the stretching vibra-
tions of the surface structural hydroxyl groups, whereas the 
bands around 996–957 cm–1 correspond to Si–O–Si stretching 
vibrations. XRF chemical analysis demonstrates that clinopti-
lolite Si/Al ratio is always higher than 4, while exchangeable 
cation oxides (MgO + CaO + Na2O + K2O) generally varies 
from 6 to 13 wt%. In bentonite and vermiculite, Si/Al ratio 
is normally less than 4 which is typical for heulandites as 
well. Typical characteristics of vermiculite include K2O con-
tent ranging from 0 to 3 wt% and high Mg concentrations 
(>15 wt%). XRF analysis shows that vermiculite sample is rich 
in MgO (Mg-vermiculite) and the low concentration of K2O 
revealed the presence of vermiculite instead of hydrobiotite. 
TGA shows that the main regions of clinoptilolite weight 
loss are the release of loosely bound water (50°C–200°C), 
release of “zeolitic” water (200°C–700°C) and finally col-
lapse of crystal structure (700°C–900°C). The key difference 
between heulandite and clinoptilolite is their behavior upon 
heating. Clinoptilolite is stable at temperatures exceeding 
450°C, where heulandites undergo structural collapse below 
450°C. Furthermore, in the range 25°C–400°C, the endother-
mal (DTA diagram) process of dehydration occurred in one 
step which reveals the presence of clinoptilolite, because for 
heulandites dehydration occurs in two steps. In the case of 
bentonite, the adsorbed water is typically released at about 
130°C, while weight loss at 525°C and between 600°C and 
1,200°C are attributed to surface dehydroxylation, result-
ing in two endothermic peaks of absorbed water and crys-
tallinity water losses. Dehydration of natural vermiculite 
occurs in two steps in the range of 30°C–300°C; the first step 

(up to 125°C) refers to the release of physically adsorbed 
water molecules, that are not in the contact with sample ions, 
whereas the second step (up to 200°C–250°C) refers to the 
release of water molecules intermediately contacting mineral 
ions. As far as porosity is concerned, all three minerals are 
generally dominated by micro/mesopores. BET surface area 
for clinoptilolite is between 17 and 100 m2/g, for bentonite 
22–42 m2/g and for vermiculite 7–18 m2/g. The above analyt-
ical results enabled the full characterization of the examined 
minerals, despite their common properties. 
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