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a b s t r a c t

Sorption of the cationic surfactant, hexadecyltrimethylammonium cations (HDTMA), on the solid/liquid
interface of the natural mordenite tuff (MT) was studied. The examined tuff originated from Croatia
consisting of 30% of mordenite. SEM observations confirmed the crystalline nature of mordenite which
can be described in terms of aggregates of many small platelets with diameters in the range of 1 �m.
Studying the porosity properties of MT, it was found that the average pore diameter (4.42 nm) between
eywords:
ordenite tuff
exadecyltrimethylammonium Cation
orption

mordenite’s platelets allows penetration of HDTMA cations. The measurements of zeta potential indicated
that in MT samples with surfactant concentration in the range between 0.013 and 0.25 mmol/g, HDTMA
cations fill the mesopores of MT. By further increase in HDTMA concentration, the surfactant sorbs on the
external zeolite surface, as revealed by the SEM micrographs. Vibrational (FTIR and FT Raman) spectra
showed that in the MT samples with initial HDTMA concentration from 0.013 to 0.25 mmol/g, alkyl chains
adopt mainly gauche conformation, whereas in the MT samples with higher initial HDTMA concentrations

omin
trans conformers are pred

. Introduction

Zeolites are highly crystalline aluminosilicates, described by the
eneral formula Mn+

x/n[(AlO2)x(SiO2)y]x−·zH2O (where M is a metal
ation, a proton or, less frequently, a charged molecule) and hav-
ng as characteristic feature a three-dimensional, regular array of
ntracrystalline nanovoids. In the process of formation of synthetic
r natural zeolites, by substituting the Si atoms by Al atoms, a net
ormal charge (−1) is created at the Al–O tetrahedra which must
e balanced by a positive counterion in order to ensure electrical
eutrality [1]. Due to ability to attract positively charged ions, zeo-

ites are widely used for sequestration of cations, particularly the
elatively small ones such as ammonium and metal ions [2–7].

Surfactant adsorption and intercalation has been the subject of
umerous studies involving clay minerals [8–17] and synthetic zeo-

ites [2,18–20]. While extensive research has been done on sorption
f surfactants on the natural zeolite clinoptilolite tuffs [21–28], only
few studies aimed at modification of the natural mordenite tuffs

29].
Surfactant modified zeolites and clay minerals have been
eveloped by treatment with surface modifiers such as hex-
decyltrimethylammonium bromide and tetramethylammonium
romide [2]. These modified minerals are particularly attractive
ince they can sorb organic compounds, inorganic cations and inor-

∗ Corresponding author. Tel.: +385 1 23 71 080; fax: +385 1 23 71 077.
E-mail addresses: mirela.rozic@grf.hr, mirelarozic@yahoo.co.uk (M. Rožić).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ant and form a highly ordered structure on the mordenite surface.
© 2010 Elsevier B.V. All rights reserved.

ganic anions. The positively charge head groups are balanced by
anionic counterions making surfactant modified zeolites and clays
potential sorptive media for anionic contaminants. Oxyanions such
as arsenate can be sorbed from water onto the alternated min-
eral surface via an ion exchange mechanism [12,20,22,25,26,30].
On the other hand, phenol, benzene, xylene, pyrene, naphthalene
can be sorbed on organozeolites and organoclays owing to the
increased hydrophobicity of the mineral surface after replacement
of hydrated cations with various organocations [8,9,12,25,28,31].
The sorption of hydrophobic organic contaminants seems to be due
to partitioning of organics into the organic pseudo phase created
by the surfactant tail groups [12,25,27,28].

The aim of the present work was to study the sorption phe-
nomena of hexadecyltrimethylammonium cations on the natural
mordenite tuff (MT). Sorption of HDTMA cations on MT was stud-
ied and zeta potentials of modified MT samples were determined.
Based on the textural properties of the MT, FT infrared and Raman
spectra of the MT samples as well as on the SEM micrographs of
the original and modified zeolite surface, a mechanism of HDTMA
sorption on MT was proposed.

2. Experimental
2.1. Materials

Quaternary ammonium salt hexadecyltrimethylammonium
bromide, (HDTMABr, Merck), with a molar mass of 364.46 g/mol
and a minimum of 99% of active substance was used. Critical micelle

dx.doi.org/10.1016/j.jhazmat.2010.09.050
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mirela.rozic@grf.hr
mailto:mirelarozic@yahoo.co.uk
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oncentration (CMC) of HDTMABr at 30 ◦C was 0.94 mmol/dm3,
s estimated by conductivity measurements of aqueous HDTMABr
olutions of different concentrations.

Sorption of HDTMA cations was applied to a mordenite tuff from
roatia (Cerje Jesenjsko, Hrvatsko zagorje). Particles of the MT sam-
les were smaller than 0.125 mm. The mineralogical composition
f MT was determined by X-ray powder diffraction (XRD) using a
hilips diffractometer PW 1830 with Cu K� radiation. Data were
ollected between 5◦ and 60◦ 2� in a step scan mode with steps
f 0.02◦ and counting time of 5 s. The chemical composition of MT
as determined by classical chemical analysis. The cation exchange

apacity (CEC) of MT was determined by measurement of equi-
ibrium concentrations of exchangeable cations (Na+, K+, Ca2+ and

g2+) in the supernatant by atomic absorption spectrometry (AA-
800, Shimadzu) after saturation of the samples with NH4

+ ions
32].

.2. Methods

.2.1. Sorption of HDTMA cations onto MT samples
Surfactant solutions were prepared with deionised water. Con-

entrations of HDTMA cations were from 0.045 to 55 mmol/dm3.
ixtures of 2.0 g of MT and 0.1 dm3 of surfactant solutions were

tirred at 30 ◦C (above Krafft point which is 25 ◦C) during 48 h on
mechanical shaker (Innova 4080) at 150 rpm. Krafft point is the

emperature above which solubility of the surfactant rises sharply.
t this temperature a phase change of the surfactant occurs, turn-

ng a clear surfactant solution into a turbid one. Duration of stirring
48 h) has been chosen due to comparison with the sorption of
he HDTMA cations on clinoptilolite tuffs studied in our previous
ork [24]. Thereafter 0.05 dm3 of each mixture was centrifuged

3000 rpm for 5 min) and a supernatant was analyzed. The concen-
ration of a residual surfactant cation was determined as a content
f the total organic carbon in the obtained supernatants (Shimadzu
OC-5050A analyzer). Concentration of the sorbed HDTMA cation
n mmol/g was calculated using the mass balance equation:

e = (c0 − ce)
V

m
(1)

here c0 and ce are the initial and equilibrium liquid-phase con-
entrations of the surfactant cation (mmol/dm3), respectively; V is
he volume of the surfactant solution (dm3), and m is the mass of
he mordenite tuff sample (g).

The surfactant modified samples were filtered through the fil-
er paper (blue band) on the Büchner funnel. The samples were
ashed with distilled water until a reaction with 1% AgNO3 solu-

ion was negative. The modified samples were dried at the room
emperature.

.2.2. Determination of the permanent surface charge
The permanent charge resulting from isomorphic substitution

f silicium by aluminium in the crystal structure of mordenite was
etermined by potentiometric titration with HCl, c = 0.01 mol/dm3

33]. 0.5 g of MT and 0.025 dm3 of demineralised water were stirred
ntil the pH stabilized. Then aliquots of 0.02 cm3 of HCl solution
ere added to the prepared mixture, and the pH, when became

onstant, was recorded. The permanent surface charge, �H, was
alculated by subtracting the net consumed amount of protons in
he supernatant, nsup

H , from the net consumed amount of protons
n the suspension, nsusp

H , according to the equation:

1

H =

m
(nsusp

H − nsup
H ) (2)

here m is the mass of the sample (g), and n is the amount, indicated
n mmol. The permanent surface charge of the MT was taken as the
xternal cation exchange capacity (ECEC) of the mordenite tuff.
us Materials 185 (2011) 423–429

2.2.3. Determination of textural properties
The specific surface area, the cumulative pore volume and

the average pore diameter of MT samples were determined
using Brunauer–Emmet–Teller (BET) N2 gas adsorption–desorption
isotherms measured at 77 K on a Micromeritics ASAP-2000. The
samples were previously degassed at 473 K for several hours under
medium vacuum of 0.67 Pa.

2.2.4. Electrokinetic (zeta) potential measurements
The zeta potential of MT samples was measured by a Zetasizer

3000 instrument. The electrophoretic mobility of the particles was
automatically calculated and converted to the zeta potential using
the Smoluchowski equation. Each MT sample (0.010 g) was sus-
pended in redistilled water (0.050 dm3) by mixing for 15 min. The
samples were allowed to stand for 5 min. An aliquot taken from
the supernatant was used for measurements of zeta potential. The
average value of 10 measurements was taken as a representative
potential.

2.2.5. Scanning electron microscopy
An energy dispersive X-Ray spectrometer (SEM-EDS), “TESCAN

VEGA TS5136LS” with the EDS detector microscope was used for
taking the SEM micrographs of the natural and modified MT surface.
Specimens for SEM observations were prepared by coating the MT
powder with a thin gold/palladium layer by SC7620 Sputter Coater
Quorum.

2.2.6. FT infrared spectroscopy
FTIR spectra were taken on a Bruker Equinox 55 interferome-

ter using the KBr pressed disk technique. For each KBr pellet, 1 mg
of tuff and 100 mg of KBr were weighted, grounded in an agate
mortar, and pressed. Spectra were recorded over the spectral range
between 4000 and 400 cm−1 with a resolution of 4 cm−1.

2.2.7. FT Raman spectroscopy
FT Raman spectra were measured on a Bruker Equinox 55 inter-

ferometer equipped with a FRA 106/S Raman module using Nd-YAG
laser excitation at 1064 nm and the laser power of 500 mW. Spectra
were taken in the 100–3500 cm−1 range. To obtain a good spec-
tral definition, 1000 scans at a spectral resolution of 4 cm−1 were
averaged for each sample.

3. Results and discussion

3.1. Mineralogical and chemical analysis

The mineral content of MT, based on XRD analysis was 30% of
mordenite, 30% of K-feldspars and 40% of low quartz (Fig. 1). In pow-
der XRD patterns no significant differences were observed between
the original MT sample and the samples of HDTMA modified
MT, showing that the crystalline structure of mordenite remained
unchanged during these modifications.

Results of the quantitative chemical composition of the studied
MT are given in Table 1.

3.2. Cation exchange capacity (CEC)

Results of the CEC determination showed that the main
exchangeable cations in the sample of MT were Ca2+ and Na+ ions
(Table 2). The natural MT had CEC of 0.915 mequiv./g.
3.3. The surface charge

Coverage of sorbed protons on the surface of the MT, �H, was
calculated using Eq. (2). A maximal value of 0.105 mmol/g was
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Fig. 1. X-ray powder patterns of the original MT sample (MT) and the MT samples
with initial concentration of HDTMA cations 0.25 mmol/g (MT 0.25) and 0.85 mmol/g
(MT 0.85).

Table 1
Chemical analysis of the mordenite tuff.

Weight/%

SiO2 70.44
TiO2 0.19
Al2O3 11.34
Fe2O3 1.04
FeO 0.13
MnO 0.02
MgO 0.20
CaO 1.75
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Fig. 2. A plot of pH vs surface charge of mordenite tuff.
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The average pore diameter of the original MT (4.42 nm) is larger
than the length of the HDTMA alkyl chain, 2.3 nm, thus allow-
Na2O 0.94
K2O 1.97
Loss by glowing at 1000 ◦C 11.80

btained at pH 2.5 (Fig. 2). This value was considered as the value
f the external CEC of the mordenite tuff.

.4. Sorption of HDTMA cations

Sorption of HDTMA cations on the MT sample is presented in
ig. 3. A maximum value of the sorbed HDTMA cations on MT was
chieved in solutions of initial HDTMA concentrations higher than
5 mmol/dm3. Thus, in solutions of 35 and 55 mmol/dm3, HDTMA
as sorbed on MT in amount of 0.88 and 0.90 mmol/g, respec-

ively. Obtained values were almost four times higher than those
or clinoptilolite tuffs reported in our previous work [24], which
ad been between 0.160 and 0.250 mmol HDTMA/g. It was showed

or clinoptilolite tuffs that reaction in the system of clinoptilolite
nd HDTMA cations involves only external cation exchange capac-
ty (ECEC, fraction of total CEC), leaving the internal CEC unchanged
12]. As can be seen a quantity of the sorbed HDTMA cations on the

T is equal to the CEC of the MT.
.5. Textural properties of MT samples

The specific surface area and porosity properties of the nat-
ral MT and the MT samples with 0.25 and 0.85 mmol/g sorbed

able 2
ation exchange capacity of the mordenite tuff.

Sample Exchanged cations/mequiv./g

Na+ K+ Mg2+ Ca2+

Mordenite tuff 0.384 0.062 0.077 0.392
c(HDTMA) / (mmol/dm3)

Fig. 3. Sorption of HDTMA cations onto mordenite tuff after 48 h stirring. c(HDTMA)
is the initial concentration of HDTMA cations in solution.

HDTMA are given in Table 3. In case of the unmodified MT, the
specific surface area was 42.11 m2/g, the cumulative pore volume
was 5.79 × 10−2 cm3/g and the average pore diameter was 4.42 nm.
For the MT sample containing 0.25 mmol HDTMA/g significantly
smaller specific surface area and cumulative pore volume were
measured, 6.19 m2/g and 3.36 × 10−2 cm3/g, respectively, while the
average pore diameter was larger (d = 18.96 nm), when compared
to the natural MT. A higher loading of HDTMA cations on the MT
(0.85 mmol/g) resulted only in a slight variation of the obtained
values with respect to the MT sample with 0.25 mmol HDTMA/g
(Table 3).
ing penetration of organocations into these pores [34]. It can be
assumed that HDTMA cations sorb in the narrow mesopores placed

Table 3
The specific surface area, the cumulative pore volume and the average pore diameter
of the MT samples. Labels 0.25 and 0.85 denote initial amounts (mmol/g) of sorbed
HDTMA cations.

Sample SBET/m2/g V/cm3/g d/nm

MT 42.11 5.79 × 10−2 4.42
MT 0.25 6.19 3.36 × 10−2 18.96
MT 0.85 4.74 2.50 × 10−2 18.26
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Fig. 4. Zeta potential of the mordenite samples vs HDTMA loading.

etween mordenite crystals in the tuff. A decrease in the surface
rea and the pore volume was due to obstruction of mesopores
y HDTMA cations, thus impeding the diffusion of N2 throughout
hese channels.

.6. Electrokinetic (zeta) potentials

The results of determination of zeta potentials of the natural
nd surfactant modified MT samples are presented in Fig. 4. The
easurements of zeta potential revealed that the surface of the

xamined MT sample acquires a negative charge (−20 mV) in water
t natural pH.

An isoelectric point (IEP) is characterized by the value
ero for electrokinetic potential. Under these conditions, neg-
tive MT surface charges are neutralized. At the IEP of the
urfactant modified MT sample, HDTMA concentration was approx-
mately 8 mmol dm−3. An adequate load of HDTMA cations was
.35 mmol/g (Fig. 4), which was more than the external CEC of
T (0.105 mmol/g). For comparison, at the IEP, clinoptilolite had

een loaded at its external CEC resulting in a monolayer coverage
31]. Therefore it might be concluded that at the zero potential,
DTMA cations are not only immobilized on the external surface
f mordenite but situated in the mesopores, too.

This was also confirmed by the values of zeta potential which
id not vary for HDTMA loadings less than 0.25 mmol/g. Since a zeta
otential is a measure of a potential of an external surface, it can be
ssumed that HDTMA cations in an amount up to 0.25 mmol/g pen-
trated in narrow mesopores of mordenite. Further sorption in an
mount of the ECEC (0.105 mmol/g) was attributed to the sorption
f the HDTMA cations on the external surface of the morden-
te crystals. At the total HDTMA loading of 0.35 mmol/g, external

onolayer coverage of HDTMA was formed, making the MT surface
ydrophobic.

The highest zeta potential was obtained for the MT sample with
.50 mmol HDTMA/g and assigned to formation of a bilayer on the
xternal surface of the mordenite crystals. By further increase of
he HDTMA loadings zeta potentials slightly decreased, most likely
ue to sorption of the surfactant micelles in larger mesopores of the
uff and their leaching during the treatment of modified samples in
istilled water.
.7. Scanning electron microscopy

The size and shape of zeolite crystals are of paramount impor-
ance for their performance in any particular application. The
us Materials 185 (2011) 423–429

change in crystal size and morphology alters the performance in
terms of apparent activity, selectivity, ion exchange capacity and
the rate of adsorption by influencing the characteristic diffusion
through the crystallites [35].

Scanning electron micrographs of the original mordenite tuff
and those with 0.035, 0.13 and 0.25 mmol/g sorbed HDTMA
revealed shapes and sizes of mordenite crystals (Fig. 5). The average
crystal size was approximately 1 �m. SEM observations confirmed
the crystalline nature of mordenite and the crystal morphology
which can be described in terms of closely bound aggregates of
small platelets particles. These crystalline aggregates, however,
were not clearly visible on the SEM micrographs of the MT sam-
ples with 0.50 and 0.70 mmol HDTMA/g due to surfactant coverage
on the external crystal surface (Fig. 5).

3.8. Vibrational (FT infrared and FT Raman) spectroscopy

Vibrational bands of HDTMA in the range between 3030 and
2800 cm−1 in both, the IR and the Raman spectrum, were assigned
to vibrational modes of methylene chains and trimethylammo-
nium groups [36,37]. Weak infrared bands at 3030 and 3017 cm−1

were attributed to asymmetric and symmetric C–H stretching,
respectively, of methyl in the surfactant head group (Fig. 6). A
very weak band at 3017 cm−1 appeared in the spectra of the MT
samples having HDTMA loadings of 0.50, 0.70 and 0.85 mmol/g,
indicating higher concentration of the sorbed cations if compared
to the FTIR spectra of the MT samples with lower HDTMA load-
ings (<0.25 mmol/g) where the respective vibrational band was not
observed (Fig. 6).

Analogous to IR spectra, Raman bands at 3030 and 3015 cm−1 in
the pure HDTMA spectrum were assigned to the asymmetric C–H
stretching, and a weak band at 2958 cm−1 to the symmetric C–H
stretching of the head methyl group (Fig. 7). Here again, a broad
band at around 3025 cm−1 was observed only for the MT sam-
ples having initial HDTMA concentration higher than 0.25 mmol/g
indicating higher amount of HDTMA cations sorbed on the zeolite
(Fig. 7).

Asymmetrical and symmetrical CH2 stretching bands of hexade-
cyl chain are in general the most intense bands in the vibrational
spectra of the pure HDTMA [38]. Position, width and height of these
bands are extremely sensitive to the conformational changes of
the chains. Narrow IR bands of the crystalline HDTMA at 2918
and 2849 cm−1 correspond to asymmetric and symmetric C–H
stretching of the methylene groups, respectively, in all-trans alkyl
chains. Introducing disorder into the chains, the bands become
broader and they shift towards the high wavenumbers. The highest
frequency shift (2929 and 2856 cm−1) was observed in the spec-
trum of the MT sample with the lowest initial HDTMA amount
(0.035 mmol/g) indicating that a significant number of sorbed
HDTMA cation tails adopted gauche conformation (Fig. 6). On the
other hand, variation in position of IR bands as much as 1 or 2 cm−1

was noted in the spectra of the MT samples having HDTMA load-
ings higher than 0.25 mmol/g implying an ordered structure of alkyl
chains consisting of large number of trans conformers (Table 4 and
Fig. 6).

Like the IR spectrum, the Raman spectrum of the crystalline
HDTMA was dominated by the prominent bands of the methy-
lene asymmetric and symmetric stretching modes at 2880 and
2847 cm−1, respectively (Fig. 7) [39]. Although the frequency shifts
of these bands in the spectra of the MT samples with sorbed HDTMA
cations were not so dramatic, as it was the case in the IR spectra

(Table 4), bands at around 2885 and 2851 cm indicated higher
portion of the gauche conformers in the MT samples with initial
HDTMA concentration lower than 0.25 mmol/g. Bands at 2882 and
2850 cm−1, on the other hand, which were noted in the spectra
of the MT samples with initial HDTMA concentration higher than
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Fig. 5. Scanning electron micrographs of mordenite tuff (MT) samples. Labe

.25 mmol/g referred to the more ordered structure with higher
umber of trans conformers.

Conformation of alkyl chains strongly depends on concentra-

ion of the sorbed surfactant. In case of high concentration, the band
ositions resemble the ones of the pure HDTMA when chains adopt
ll-trans conformation. At low surfactant concentration, a confor-
ational disorder occurs, resulting in higher number of gauche

onformers. According to the vibrational mode wavenumbers it can
0.035–MT 0.70 denote initial amounts (mmol/g) of sorbed HDTMA cations.

be concluded that the MT sample with the initial HDTMA amount
of 0.035 mmol/g contained the lowest amount of sorbed HDTMA
cations, followed by the MT samples with initial HDTMA load-

ing in order of 0.13, 0.25, 0.70, 0.85 and 0.50 mmol/g. This was
in agreement with the measured band intensities. The weakest IR
absorption was observed for the MT sample with initial HDTMA
amount of 0.035 mmol/g, and the strongest one for the MT sample
with initial HDTMA amount of 0.50 mmol/g. Moreover, a sequence
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Fig. 6. FTIR spectra of the crystaline HDTMABr, the original mordenite tuff (MT) and
the modified MT samples in the C–H stretching region, 3100–2700 cm−1. Labels MT
0.035–MT 0.85 denote initial amounts (mmol/g) of sorbed HDTMA cations.
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ig. 7. FT Raman spectra of the crystaline HDTMABr, the original mordenite tuff (MT)
nd the modified MT samples in the C–H stretching region, 3100–2700 cm−1. Labels
T 0.035–MT 0.85 denote initial amounts (mmol/g) of sorbed HDTMA cations.
f the Raman intensities concerning the C–H stretching modes
atched the detected IR absorption values.
The ratio of the Raman intensities of the band at ∼2880 cm−1 to

hat at ∼2850 cm−1 (I2880/I2850) is known to be sensitive to both the

able 4
osition of the asymmetrical C–H stretching (�as C–H) and symmetrical C–H stretch-
ng (�s C–H) bands in the FTIR and FT Raman spectra of the crystalline HDTMA and the

odified MT samples, and the Raman intensity ratio of the bands at ∼2880 cm−1 and
2850 cm−1 (I2880/I2850). Labels MT 0.035–MT 0.85 denote initial amounts (mmol/g)
f sorbed HDTMA cations.

Sample FTIR FT Raman

Wavenumber/cm−1 Wavenumber/cm−1 I2880/I2850

�as C–H �s C–H �as C–H �s C–H

HDTMA 2918 2849 2880 2847 1.59
MT 0.035 2929 2856 2885 2852 0.98
MT 0.13 2927 2854 2885 2851 1.01
MT 0.25 2924 2852 2884 2851 1.01
MT 0.50 2920 2851 2882 2850 1.07
MT 0.70 2921 2851 2882 2850 1.03
MT 0.85 2920 2851 2882 2850 1.05

[

[

[

[

us Materials 185 (2011) 423–429

conformational disorder of the alkyl chains as well as to their pack-
ing [37]. For the crystalline HDTMA, the calculated ratio, I2880/I2850,
was 1.59 whereas, for the HDTMA modified MT samples, it was
around 1 (Table 4). Despite small variations in the calculated val-
ues regarding the treated MT samples, I2880/I2850 of 1.07 suggested
the most ordered structure in the MT with 0.50 mmol HDTMA/g,
while the value of 0.98 confirmed the highest number of alkyl
chain adopting gauche conformation in the MT with 0.035 mmol
HDTMA/g.

4. Conclusions

The natural mordenite tuff, consisting of only 30% of mordenite,
sorbs higher amount of HDTMA cations than the clinoptilolite rich
tuffs (50–80% of clinoptilolite) from our previous work [24]. This
phenomenon could be due to large surface area of small mordenite
crystals available for HDTMA cations sorption as well as diffusion
of HDTMA into mesopores placed between mordenite platelets.

In mesopores HDTMA cations are placed parallel or tilted to the
mordenite surface and individually separated, interaction among
the alkyl chains is very weak resulting in formation of disordered
gauche conformers. However, HDTMA sorption on the external
surface, caused by an increase in concentration, leads to more
efficient packing, strong interchain interaction and a high num-
ber of the ordered trans conformers. It is most likely that at the
very high HDTMA loadings trans conformers form a bilayer order-
ing.

Different interactions of HDTMA cations with both, mordenite
and clinoptilolite tuff (which have a different textural properties),
might result in distinctive sorption abilities of these materials for
the waste water treatment which will be the subject of our future
research.
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