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Abstract
The removal of NO3

− from water was performed and compared among four organo-montmorillonites (OMt) with qua-
ternary amine surfactants of different chain lengths [octadecyl trimethyl-(ODTMA), hexadecyl trimethyl-(HDTMA), tet-
radecyl trimethyl-(TDTMA) and dodecyl trimethyl-ammonium (DDTMA)] and loadings [100%, 200%, 400% of the Mt 
cation exchange capacity (CEC)]. The maximum adsorption of NO3

− was attained by the long chain length surfactants (64 
and 100 mg NO3

− ions per gram of OMt, for HDTMA and ODTMA, respectively) with initial loading of 400% with respect 
to the CEC of Mt. The short chain length surfactants (DDTMA and TDTMA) did not show adsorption of NO3

− except for 
TDTMA 400 sample. The NO3

− adsorption produced a slight expansion of the interlayer thickness of the OMt samples 
loaded with long-chain surfactants that was assigned to the entrance of NO3

− by a synergic effect with these surfactants. 
The decrease of the negative zeta potential, found for OMt samples relative to that of Mt sample, was attributed to the 
surfactant chain length rather than to the actual surfactant loaded amounts, which allowed attaining positive zeta 
potential values for the OMt loaded with long-chain surfactants. The NO3

− adsorption on OMt samples caused a slight 
decrease in the positive zeta potential values, reflecting the external surface coating by NO3

−. For long-chain molecules, 
this behaviour also indicated the formation of greater interactions such as ion pairs between the positive polar group 
of the surfactant and NO3

− ions.
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1  Introduction

The production of nitrogen fertilizers in large quanti-
ties, based on the artificial synthesis of ammonia [1], has 
allowed their intensive use in soils to improve the agri-
cultural yield. Therefore, NO3

− concentration has been 
increasing steadily in groundwater since 1950 [2]. In addi-
tion, the elimination of untreated municipal and industrial 
waste has increased the contamination of water by NO3

−, 
generating some serious problems in the quality of water 
destined to human consumption [3, 4].

The intake of water containing NO3
− has adverse 

effects on human health, so maximum tolerable levels 

have been established for NO3
− in water for human con-

sumption. The maximum contaminant level allowed by 
the US Environmental Protection Agency (EPA) is 10 ppm 
for N–NO3

− (expressed in terms of nitrogen in NO3
−) in the 

water supply for the population [5]. For the World Health 
Organization (WHO) it is 50 ppm for NO3

− and 1 ppm for 
NO2

− [6].
The NO3

− is harmful because it is reduced to NO2
− in 

the mouth and intestines, favouring the development of 
methemoglobinemia, which causes a deficiency of oxy-
gen in the blood that can be life-threatening, especially in 
children under six months of age (“blue baby syndrome”). 
When NO3

− is transformed to NO2
− in the human body, 
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other reactions can take place. The NO2
− could react with 

amine compounds to form the so-called N-nitrosamines 
(NOC, N-nitrous compound), some of which have proved 
to be mutagenic and carcinogenic [7].

Due to its high stability and solubility, NO3
− has a low 

tendency for precipitation and adsorption and therefore, 
it is difficult to remove this ion from contaminated water 
using conventional water treatment technologies [8]. Cur-
rent technologies for NO3

− removal, such as ion-exchange 
and reverse osmosis, are not selective to NO3

− and also 
generate secondary waste brine and require frequent 
media regeneration [9, 10].

The adsorption process involves the adhesion of atoms, 
ions or molecules from a gas, liquid or dissolved solid to 
a surface. The absorbents are the materials that present 
satisfactory results in removing contaminants from water 
[11]. So, the adsorption process is a suitable technique for 
inorganic and organic pollutant removal from wastewa-
ter having some more significant advantages than other 
techniques such as low cost, availability, profitability, ease 
of operation, efficiency, and effectiveness. In particular, 
for NO3

− removal from water, different adsorbents have 
been tested, including natural and synthetic materials, 
carbon-based adsorbents, originating from agricultural 
waste and synthetic resins [12–14], compounds similar 
to hydrotalcite [15], and nanocomposites made of zirco-
nium oxide from chitosan/Y/nano zeolite [4]. The limitation 
for its technological use is based mainly on the low cost 
and/or the regeneration of the adsorbent [3, 4]. The use 
of clays as adsorbents has some advantages compared 
to other adsorbents in terms of low cost, abundant avail-
ability, high specific surface area, and non-toxic nature 
[16–21]. The high density of negative charges and the 
presence of exchangeable cations on the surface of the 
clays make them efficient adsorbents for cationic pollut-
ants [22], causing an opposite effect for anionic contami-
nants, in particular inorganic anions and oxyanions such 
as nitrate, chromate and arsenate [23]. Organic surfactants 
have been used to tailor activated carbon electrodes of 
high surface area [9, 13, 24, 25] and clays to improve the 
retention capacity of inorganic anions such as NO3

− [3, 
26, 27]. In addition, bentonite clays have been modified 
with organic surfactants (quaternary ammonium cati-
ons) in order to improve atrazine removal [28]. Among 
the surfactants used, quaternary amines with different 
chain lengths and quantities were loaded on raw mont-
morillonite clay (Mt), to obtain the so-called organo-mont-
morillonite (OMt) [17–19, 29–32]. The large surface area 
of these clays allows them to anchor and concentrate a 
large amount of surfactants on their surface [33]. The first 
adsorption stage is governed by the cation exchange in 
the Mt interlayer, until the surfactant concentration equals 
the value of cation exchange capacity (CEC), and whose 

arrangement at the interlayer can be followed by X-ray 
diffraction analysis (XRD) [29]. Higher concentrations of 
surfactant adsorbed, > 1.0 CEC, produce ion pairs at the 
outer surface of Mt, modifying the electric surface charge 
[18, 31, 34].

Since the main mechanism for NO3
− adsorption is the 

electrostatic attraction between the protonated amine 
groups (−NH3

+) at the OMt surface [25, 35], the increase 
of surfactant content would improve NO3

− adsorption.
In this work, four different OMt samples, loaded at 

100%, 200% and 400% CEC with different chain lengths 
of quaternary amine surfactants [octadecyl trimethyl-
(ODTMA), hexadecyl trimethyl-(HDTMA), tetradecyl trime-
thyl-(TDTMA) and dodecyl trimethyl-ammonium (DDTMA)] 
were used for NO3

− adsorption. The organo-montmoril-
lonite samples and products obtained with maximal 
NO3

− retention were characterized by Fourier transform 
infrared spectroscopy (FTIR), thermogravimetric analysis 
(TGA), XRD and zeta potential determinations, in order to 
determine the interactions and surface sites involved.

2 � Experimental section

2.1 � Materials

Na-montmorillonite (> 99%) [36], labelled as Mt, was 
provided by Castiglioni Pes and Cia. (Lago Pellegrini 
deposit, Río Negro, North Patagonia, Argentina) and 
used as received. The structural formula obtained from 
the chemical analysis was [(Si3.89Al0.11)(Al1.43Fe3+

0.28Mg0.30)
O10(OH)2]Na+

0.41 and its main properties were: isoelectric 
point (IEP) pH = 2.7, specific surface area (SSA) = 34.0 m2 
g−1, total specific surface area (TSSA) = 621 m2 g−1 [36] and 
CEC = 0.825 mmol g−1 [18].

The octadecyl trimethyl-ammonium bromide 
(ODTMA, ≥ 98%, MW = 392.5 g mol−1, and critical micelle 
concentration (CMC) = 0.3 mM) was purchased from Fluka 
(Buchs, Switzerland). The hexadecyl trimethyl-ammonium 
(HDTMA), tetradecyl trimethyl-ammonium (TDTMA) and 
dodecyl trimethyl-ammonium (DDTMA) bromides were 
purchased from Sigma Aldrich Chemical Company Inc. and 
used as received (98%, 99% and 98% purity, MW = 364.5, 
336.41 and 308.34 g mol−1 and CMC = 0.1 mM, 0.3 mM and 
15.18 mM, respectively.)

All surfactants were used as received.

2.2 � Organo‑montmorillonite preparation

In the preparation of the OMt at several surfactant load-
ings, the corresponding concentrations of ODTMA, 
HDTMA, TDTMA and DDTMA solutions were kept under 
stirring (200 rpm) for 2 h at 60 °C with 10 g L−1 of Mt. For 
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all the OMt samples, the amounts corresponding to 100%, 
200% and 400% with respect to the Mt CEC were used. 
The products obtained were washed with distilled water 
three times to remove the surfactant excess. Samples were 
labelled with the surfactants, and the initial surfactant 
loading as a percentage of the CEC value (i.e. ODTMA 200, 
HDTMA 100, etc.).

2.3 � NO3
− adsorption experiment

Adsorption measurements were made by mixing a nitrate 
solution with the corresponding OMt sample at room tem-
perature. About 0.1 g of OMt was placed in a 100 mL glass 
bottle containing 50 mL of anion solution at 100 mg L−1, 
pH 5.4. Solutions were under continuous stirring for 24 h. 
The measurements were performed in duplicate.

After the contact time, the suspensions were centri-
fuged at 3000 rpm for 15 min. The supernatant was ana-
lysed by ion chromatography (Metrohm 790 Personal IC) 
to determine NO3

− concentration. A solution of NaHCO3 
1.0 mM and Na2CO3 3.2 mM was used as the mobile phase, 
the flow rate was set at 7 mL min−1.

The amount of adsorbed NO3
−, QADS, (mg NO3

− g−1 
clay) was determined as the difference between the initial 
NO3

− concentration (Ci) and after contact time (Ce).

2.4 � Characterization methods

TGA experiments were conducted using a NETZSCH STA 
409 PC/PG with alumina as a reference. Samples of 20 mg 
were placed in alumina crucibles and heated from 30 to 
800 °C at a scanning rate of 10 °C min−1 in air atmosphere. 
The actual surfactant loading for all OMt samples was 
obtained by calculation from the mass loss values in the 
temperature range from 150 to 800 °C, taking into account 
the mass loss of Mt structural hydroxyl groups [37].

FTIR was performed for all powder samples in KBr 
discs (1 mg of sample and 100 mg KBr). The FTIR spec-
tra were recorded by accumulating 64 scans over the 
4000–400 cm−1 region at a resolution of 4 cm−1 using 
Nicolet iS10 (Thermo Fisher Scientific, USA) equipment.

XRD patterns were recorded on oriented samples, in 
the range 2° < 2θ < 30°, with a counting time of 10 s step−1, 
0.02° (2θ) step size, 40 kV and 30 mA with Cu Ka radiation 
using a Philips PW 1710 diffractometer.

Electrokinetic potentials were determined using 
Brookhaven 90Plus/Bi-MAS. The electrophoretic mobility 
was converted automatically into zeta potential values 
using the Smoluchowski equation. To generate zeta poten-
tial versus pH curves, 40 mg of sample was dispersed in 
40 mL KCl 1 mM, used as inert electrolyte. The slurry was 
continuously stirred and the suspension pH was adjusted 
adding HCl or KOH.

3 � Results and discussion

3.1 � NO3
− retention experiment

The results of NO3
− adsorption in Mt and all OMt samples 

are shown in Fig. 1a. The negligible NO3
− adsorption found 

for Mt sample was in agreement with results reported for 
untreated clays (smectite, kaolinite and halloysite by Xi 
et al. (2010). Although the adsorption of NO3

− is related to 
the increase of positive charges on the OMt surface, pro-
vided by the ammonium charged head of the surfactant 
[3], different effects are depicted in Fig. 1a according to the 
chain length of the surfactant used. While OMt samples 
modified with short-chain surfactants (samples loaded 
with DDTMA and TDTMA) showed no adsorption of NO3

−, 
except for TDTMA400, a general increase in NO3

− uptake 
appeared for OMt samples loaded with long-chain sur-
factants (HDTMA and ODTMA). In addition, these last 
samples reached maximum retention values of NO3

− (100 
and 64 mg NO3

− per gram of OMt), for the samples with 
the highest content of the corresponding surfactant 
(ODTMA400 and HDTMA400, respectively) (Fig. 1a).

The different behaviour in NO3
− retention shown by 

short- or long-chain surfactant loaded OMt suggested 
that the surfactants could be attached preferentially to 
different surface sites of the Mt, and/or a different actual 
amount was attained among the different chain lengths 
of surfactants employed.

In further sections it was determined (Table 1) that the 
actual surfactant content, corresponding to the initial 
CEC load, varies from 67.9 to 379.5% CEC (from DDTMA to 
ODTMA). The fact that samples with higher actual amount 
of loaded surfactant present the maximum NO3

− removal 

a

b

Fig. 1   NO3
− removal by indicated samples (Ci = 100  mg  L−1 NO3

−, 
pH = 5.4 and solid/liquid ratio = 2 g L−1). a mg NO3

− related to g clay 
and b mequiv. NO3

− related to mequiv. of actual surfactant
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values was indicative of the importance of the ammo-
nium head content in NO3

− removal [3]. This behaviour 
was also suggested by the higher values of NO3

− adsorbed 
obtained in this work (40.7 mg and 64.2 mg NO3

− per gram 
of clay, respectively) with respect to those obtained by Xi 
et al. (2010) (12.83 mg and 14.76 mg NO3

− ions per gram 
clay) for HDTMA-200 and HDTMA-400 samples, where the 
lower CEC (0.667 mequiv. g−1) reported for that raw Mt 
sample would be responsible for the lower NO3

− uptake.
Figure 1b shows the NO3

− retained normalized with 
respect to the mequiv. of the actual surfactant loaded 
for each OMt synthetized, in order to take into account 
the surfactant influence in the NO3

−retention. The actual 
amount of the surfactant adsorbed on the Mt surface was 
determined in the following sections and listed in Table 1. 
For TDTMA and HDTMA loaded Mt, NO3

− retention was 
significant when the actual amount of surfactant was 
greater than 100% CEC. However, for ODTMA loaded Mt 
the higher amount of NO3

− attained seemed to be related 
to the actual surfactant content, despite it not reach 
100% CEC (Table  1). These different behaviours could 
indicate that not only the amount of surfactant but also 
different surface sites (as will be analysed in the follow-
ing sections: XRD and zeta potential) would be related to 
NO3

− adsorption.

3.2 � Thermogravimetric analysis

Several studies were carried out to understand the thermal 
behaviour of OMt exchanged with quaternary alkylam-
monium salts [38–42]. From these studies, three stages 
of mass loss were reported. The first stage (25–150 °C) is 
related to the physisorbed water loss. The second stage 
(150–550 °C) is associated with the organic matter oxida-
tion and its loss as CO2 and NO2. Finally, the third stage 
(550–800 °C) comprises the dehydroxylation of the clay 
together with part of the organic matter that was not oxi-
dized in the second stage.

From the mass loss in the region where organic mol-
ecules are broken down (150–800 °C), the actual surfactant 
loading was calculated. Table 1 lists the actual amounts of 
surfactant loaded as % CEC for all OMt samples.

Table 1 shows dissimilar differences between the initial 
and actual amount of each surfactant loaded in the respec-
tive OMt samples, pointing out some dependence on the 
chain length of the surfactant employed. While for the 
short-chain surfactants (DDTMA and TDTMA) only when 
400% CEC of the initial surfactant amount was added an 
actual 100% CEC value was reached, for long-chain sur-
factants (HDTMA and ODTMA) with 200% incorporated 
an actual amount higher than 100% CEC was already 
reached. To understand why, despite the same amount of 
initial surfactant added, the actual amount of surfactant 
loaded was lower when using short-chain than long-chain 
surfactants (Table 1), two different behaviours originated 
from the surfactant chain length should be considered. 
The first one is related to changes in the volume of the 
hydrophobic tail, and hence in the packing density, which 
are produced by the different surfactant chain lengths, 
generating diverse electrostatic interactions between the 
adsorbed ionic surfactants [43]. Açışlı et al. [32] assigned 
the electrostatic interactions mainly to hydrophobic inter-
actions, which are smaller between the tails of relatively 
short-chain molecules than long ones. The second one is 
associated with the surfactant diffusion into the solution 
phase, or desorption, which is also driven by the strength 
of the hydrophobic interactions.

The modification of the DTG graphs, before and after 
NO3

− retention for OMt samples, was exemplified by 
using HDTMA-Mt sample (Fig. 2). In HDTMA100, -200 and 
-400 samples two DTG peaks (at around 270 and 390 °C) 
associated with the decomposition temperature of the 
loaded surfactant were observed. These peaks were 
assigned previously [44] to two different interactions or 
association mechanisms between the Mt surface and the 

Table 1   Actual amounts of surfactant loaded as % CEC for all OMt 
samples

Initial amount of 
surfactant (%CEC)

Actual amount of surfactant loaded (%CEC)

DDTMA TDTMA HDTMA ODTMA

100 67.9 72.4 81.7 88.5
200 69.1 76.7 128.2 179.7
400 101.0 107.0 165.1 379.5

Fig. 2   DTG curves of HDTMA samples before and after NO3
− 

adsorption
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surfactant. The first peak at around 270 °C was related to 
hydrophobic or van der Waals interactions, whereas the 
second one above 340 °C was attributed to a stronger 
interaction such as a cation exchange process. When the 
surfactant concentration is lower than 100% CEC, the 
organic cations are mainly adhered to the Mt surface sites 
via a cation exchange process. While at higher surfactant 
concentrations loaded (> 100% CEC) organic molecules 
attached to the external surface are related to hydropho-
bic interactions with other chains of the surfactant. These 
hydrophobic interactions decrease the de-surfactant tem-
perature when the surfactant amount and packing density 
increased. These are due to the decrease of hydrophobic 
strength among the molecules [45].

The important temperature decrease for both peaks 
(more than 20 °C and 43 °C for low and high temperature 
peaks, respectively) and the relative intensity increase 
of the lower temperature peak (256.6  °C) found for 
HDTMA400 (Fig. 2) with respect to HDTMA100 sample 
corroborated the increase of hydrophobic interactions in 
the first sample, in agreement with data of our previous 
work [45].

For samples with adsorbed NO3
−, the DTG peak 

assigned to the cationic interactions disappeared, while 
the one related to the hydrophobic interactions shifted to 
lower temperature, 278.3 °C and 285.4 °C for HDTMA200-
NO3

− and HDTMA400-NO3
− samples, respectively (Fig. 2). 

The presence of new peaks at 231.6 and 240.3 °C could be 
assigned to some NO3

− interaction with the HDTMA polar 
group adsorbed at the external surface probably through 
electrostatic interactions.

3.3 � FTIR spectroscopy analysis

As an example, the identification of the NO3
− retained by 

the OMt samples was followed by FTIR analysis of HDTMA 
loaded samples before and after NO3

− retention, and is 
shown in Fig. 3.

The typical bands corresponding to the Mt structural 
groups νOH, νSiO, δAlAlOH, δAlOSi, and δSiOSi at 3632, 
1040, 916, 521 and 461 cm−1 [18], respectively, can be 
identified irrespective of the loaded surfactant, while 
that at 1625  cm−1, corresponding to water molecule 
deformation, shifted to 1639 cm−1 due to organic cation 
adsorption [46]. Besides these bands, for HDTMA loaded 
samples two intense absorption bands appeared at 
around 2920 and 2851 cm−1 corresponding to the asym-
metric [νas (CH2)] and symmetric [νs (CH2)] stretching 
vibration of CH2- groups (Fig. 3). The surfactant loading 
increase, irrespective of the surfactant employed (Figs. 
not shown), produces a shift towards a lower wavenum-
ber range [47–49]. This shift was assigned to the sensi-
tivity to the gauche/trans conformer ratio of the alkyl 

chains, which reflects the packing density increase of 
the alkyl chains with their length. This conclusion is con-
sistent with the previous one based on the TG analysis 
(Table 1).

The band at around 1480 cm−1 was assigned to the 
bending vibration of the alkyl chains that remained at 
the same wavenumber irrespective of the surfactant 
loading.

The band at 1382 cm−1 was assigned to asymmetric 
stretching vibration of the nitrate ion [50], which was 
overlapped with that corresponding to the vibration of 
tetra-coordinated silicon in the Mt structure [51]. Despite 
the screening effect of the tetra-coordinated silicon 
band, its intensity increase could be correlated with 
nitrate adsorption (Fig. 3), in agreement with the results 
found for NO3

− adsorbed on different materials [13, 51].

a

b

Fig. 3   FTIR spectra of HDTMA samples before and after NO3
− 

adsorption
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3.4 � XRD results

The changes in the thickness of the interlayer can be evi-
denced by the shifts in 2 theta of the peak corresponding 
to the d001 value of the Mt sample. These shifts of basal 
space allow following the interlayer inorganic cations 
(Na+, K+ and Ca2+) exchange by the respective cationic 
surfactant. A previous XRD spectrum of raw Mt [52] exhib-
ited a diffraction peak at 6.95° (basal space: 1.27 nm) that 
indicated a typical smectite peak for pure montmorillonite 
[53], and the structural formula previously evaluated speci-
fied that it is Na-montmorillonite [36].

For the OMt samples, the cation exchange by the 
respective surfactants generated an increasing enlarge-
ment of raw Mt basal space with the chain length increase 
of the surfactant from 1.66 to 1.85 nm (Fig. 1), depend-
ing on the uptake and orientation in interlayer galleries of 
the organic cations, as was previously reported [39, 54]. 
The interlayer space thicknesses of OMt samples, deter-
mined from the difference between the basal space and 
that of dehydrated Mt (0.97 nm) [55], were in the range 
0.69–0.95 nm corresponding to a bilayer arrangement. The 
ODTMA400 sample attained the highest interlayer space 
thickness of 1.05 nm corresponding to a pseudo-trilayer 
arrangement of the surfactant [56]. Within each surfactant, 
the surfactant loading increase also produced a different 
widening of the interlayer, which was assigned to the 
increase of the surfactant packing density, in accordance 
with FTIR analysis.

The samples HDTMA200, 400 and ODTMA100–400, after 
NO3

− uptake, showed a slight basal space increase (Fig. 4), 
which could indicate the anion entrance into the interlayer 
space of montmorillonite by a synergic effect with cationic 
surfactants, as was found between HDTMA+ and the ani-
onic surfactant sodium dodecyl sulfonate [57].

3.5 � Zeta potential

The variation of the electric charge on the external surface 
of the Mt and OMt samples without and with NO3

− can 
be measured by modifications in the zeta potential value. 
The zeta potential of Mt sample presents the well-known 
negative electric surface charge, with a very small effect 
of pH and ionic strength [34], and the zeta potential value 
around − 37 mV in the pH range of 2–10 [20].

It is worth noting that when Mt is loaded with sur-
factants to obtain OMt samples, a decrease of the nega-
tive zeta potential value was observed (Fig. 5) [18, 31, 32].

The different chain length of charged surfactants mark-
edly modifies the sign of the zeta potential obtained for 
the corresponding OMt (Fig. 5). For OMt samples loaded 
with DDTMA (with 67.9–101% CEC, Table 1) the value 
of the zeta potential remained negative, while for OMt 

samples loaded with the longer chain surfactant (ODTMA) 
(with contents between 88.5 and 379.5% CEC, Table 1) the 
zeta potential sign reversed to positive. The surfactants 
with intermediate chain length (TDTMA and HDTMA) 
showed negative zeta potential values for surfactant load-
ing < 100% CEC, while the zeta potential sign reversed 
when loading was > 100% CEC. Particularly, for TDTMA-
200 sample with actual 76.7% CEC loaded, the pH depend-
ence on the zeta potential sign led to the determination 
of an IEP at around pH = 5.0, which indicated that variable 
charges dominate the surface charge behaviour [58].

The negative zeta potential values attained for OMt 
samples loaded with DDTMA and < 100% CEC for TDTMA 
and HDTMA validate the null NO3

− adsorption obtained 
(Fig. 1a).

In general, the decrease of the positive zeta potential 
values after NO3

− adsorption for long-chain surfactant 
loaded samples and also with TDMA loaded with 107% 
CEC agrees with the NO3

− adsorption found (Fig. 1a). This 
behaviour was also reported by Açışlı et al. (2017) and 
assigned to the dominant role, in the clay adsorption pro-
cess, of the mutual interactions of surfactants with longer 
chain length with respect to the surface charge of the clay.

However, two different mechanisms could be involved 
for NO3

− retention at these OMt surfaces: (a) NO3
− coat-

ing of the external surface, as happened for magnetite 
in our previous work [52], and/or (b) ion pair interactions 
between the surfactant positive polar group and NO3

−. The 
increase of the relationship NO3

−/surfactant (Fig. 1b) found 
for long-chain surfactants could mainly be assigned to the 
formation of ion pairs, while for ODTMA-100 sample (with 
actual surfactant loading of 88.5% CEC) the NO3

− entrance 

Fig. 4   The d001 values for indicated samples. Symbols indicate: 
(empty) without and (full) with NO3
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to the Mt interlayer (as indicated by the XRD analysis) must 
not be neglected and could originate the higher value of 
the relationship NO3

−/surfactant obtained with respect to 
the higher ODTMA loaded sample (with actual surfactant 
loading of 179.7% CEC).

4 � Conclusions

The NO3
− adsorption inefficiency found for raw Mt 

was reversed by OMt samples prepared with different 
long-chain length surfactants (ODTMA and HDTMA) 
and loaded with 100%, 200% or 400% CEC. Among the 
OMt evaluated as adsorbent, a higher NO3

− adsorption 
was found for samples with 400% CEC initial surfactant 
loading amount, attaining a maximal value of 100 and 
64 mg NO3

− ions per gram of OMt for ODTMA400 and 
HDTMA400 samples, respectively. The thermogravimet-
ric analysis of OMt samples allowed the determination of 
the actual amount of loaded surfactant. In addition, in a 
temperature range of 230–240 °C a new peak appeared, 

which could be assigned to the NO3
− interactions with 

the surfactant on the external surface. The XRD and 
zeta potential measurements pointed to the existence 
of synergic effects between the NO3

− and long-chain 
surfactants generating the thickness increase of the 
interlayer, while the ion pair interactions between the 
NO3

− and the positive polar group of long-chain sur-
factants were the promoters of the loss of positive exter-
nal surface charges.
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