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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are of major scientific concern owing to their
widespread presence in environmental compartments and their potential toxicological effects on
humans and biota. In this study, the adsorption capacity of natural (montmorillonite (Mt)), synthetic
(Na-Mica-4), and modified (with octadecylamine and octadecyltrimethylamine (ODA-Mt, ODA-
Mica-4, and ODTMA-Mt and ODTMA-Mica-4)) clays were assessed and compared for the removal
of 16 PAHs. Materials were synthesized and characterized by X-Ray diffraction, Zeta potential,
and Fourier-transform infrared spectroscopy. The results showed its correct preparation and the
incorporation of PAHs in the structure of the clays after the adsorption tests. The proposed materials
were effective PAH adsorbents, with adsorption percentages close to 100%, in particular those using
Mt. Mt and Na-Mica-4 presented a better adsorption capacity than their organofunctionalized
derivatives, indicating that the adsorption of PAHs may occur both in the surface part and in the
interlayer. The proposed adsorbents take the advantage of being a low cost and highly effective.
They can be an interesting alternative for wastewater treatment and soil remediation to prevent
PAH contamination.

Keywords: montmorillonite; Na-Mica-4; modified clays; persistent organic pollutants; environmen-
tal samples

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are priority pollutants formed from the
incomplete combustion of organic matter such as wood, coal, oil and fossil fuels such as
diesel and petrol, among others. PAHs can be released into the environment via wastewater
discharges, landfill leachate, accidental discharge or atmospheric deposition [1]. PAHs are
ubiquitous and widely distributed in all the environmental compartments (water bodies [2],
soil and sediments [3,4], air [5] or biota [6]), even in remote regions. Those found at a higher
concentration are fluoranthene (Flt), phenanthrene (Phen), pyrene (Pyr), and anthracene
(Ant). Although more than 100 PAHs have been identified, only 16 are classified as priority
pollutants by the US EPA and EU due to their mutagenic, potentially carcinogenic, and
highly toxic nature [7]. PAHs disrupt the DNA structure of the body, cause various types
of cancer and suppress the immune system [6–9].

Environments 2021, 8, 124. https://doi.org/10.3390/environments8110124 https://www.mdpi.com/journal/environments

https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0000-0003-3621-1291
https://orcid.org/0000-0003-1353-9331
https://orcid.org/0000-0001-9704-1316
https://orcid.org/0000-0002-5468-9021
https://orcid.org/0000-0002-1647-9226
https://doi.org/10.3390/environments8110124
https://doi.org/10.3390/environments8110124
https://doi.org/10.3390/environments8110124
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/environments8110124
https://www.mdpi.com/journal/environments
https://www.mdpi.com/article/10.3390/environments8110124?type=check_update&version=1


Environments 2021, 8, 124 2 of 16

It is well-known that PAH compounds are not clearly removed when the traditional
physicochemical methods are applied and as consequence it has resulted in the search
of other types of PAH removal methods [10,11] such as adsorption [12], chemical oxi-
dation [13], or bioremediation [14]. Considering its operational simplicity and low cost
for maintenance the adsorption method is one of the best alternatives [15–17]. Activated
carbon is the most widely used conventional adsorbent, but its high cost and difficult
regeneration are clear disadvantages [15]. Other adsorbents such as zeolites, organic waste
products, clays or silica have been proposed to successfully remove PAHs [16].

Natural clays have received much attention as adsorbents [17] due to their excel-
lent physicochemical properties (ion exchange capacities, swelling behavior, and sur-
face area), availability and the absence of secondary by-products [18,19]. Clays such
as bentonite, sepiolite, montmorillonite (Mt) or zeolite have been widely used to re-
move Phen, Pyr and benzo(a)pyrene (BaP) through the adsorption process [16,18–20].
González-Santamaria et al. [20] used two natural clays (stevensite and sepiolite) to adsorb
Phen from water samples. The results showed a higher adsorption capacity for stevensite
because of the hydrophobic interactions and accommodation in the external planar surfaces
of quasicrystals. In another attempt Sabah et al. [15] explored the potential of sepiolita to
adsorb Pyr from an aqueous solution. The sepiolite surface showed a high affinity for Pyr
dominated by the structural channels and the large number of Si-OH groups located on
the basal surfaces.

Furthermore, clay minerals can be modified for targeting a particular contaminant. For
example, the organofunctionalization of their surface allows a successful sorption of hy-
drophobic contaminants in the interface [21–23]. Recently, Orta et al. and Martín et al. [24,25]
assessed the adsorbent capacity of two novel synthetic clays, a high-charge swelling mica
(Na-Mica-4) and its organofunctionalized derivative with octadecylammonium cations
(ODA-Mica-4), for the removal of several groups of emerging pollutants (surfactants, per-
fluoroalkyl compounds, parabens, and pharmaceuticals) from wastewater, surface water,
and drinking water samples. Their results revealed a high adsorption affinity capacity
(between 70 and 100%) of ODA-Mica-4 for most of the pollutants studied. The study also
established a significant correlation between the log Kow of the selected pollutants and
the adsorption onto the material. With specific reference to PAHs, several studies have
measured its adsorption from aqueous samples. For example, employing organo-zeolite
can remove 98% of fluorene (Fluo), Flt, Pyr, Phen, and benzo(a)anthracene (BaA) [18]. Re-
cently, Dai et al. [26] synthesized a nanocomposite using organic Mt with sodium alginate
and resulted an effective material for the removal of three PAHs from an aqueous solution.
This material has the advantage of being recyclable and biodegradable.

Another approach is the use of clays to reduce the bioavailability of PAHs from solid
environmental samples such as in soils and sediments [27,28]. PAHs are released into
the atmosphere and enter the water, soil, or sediment through wet and dry deposition
processes. To check the leaching of the PAH compounds from contaminated soils and
sediments various remediation approaches have been adopted such as capping, stabi-
lization and solidification, and dredging and excavation [29]. Capping immobilizes and
reduces the discharge of pollutants into the natural environment and is well-thought to be
an economical physical remediation method [27–30]. The in-situ capping technique with
adsorbents is a frequently used engineering measure to treat sediment and soil contami-
nation. In this sense, a variety of adsorbents including active carbon, zeolites, biochar, or
clays have shown good effects in laboratory experiments [27–30]. For example, Samuelsson
et al. [30] exposed two organisms to nine PAHs in the uncapped sediment to determine
their bioaccumulation. Authors observed that activated carbon blended in clay showed
higher contaminant retention of PAHs and less negative effects on biota than activated
carbon in its pure form.
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Overall, the adsorption capacity and selectivity of clays and modified clays is largely
affected by the clay morphology, modification technique, the presence of exchangeable
cations, and the ambient conditions (pH, temperature, ionic strength, or pollutant concen-
tration). In this study, the adsorption capacity of natural (Mt), synthetic (Na-Mica-4), and
modified (with octadecylamine and octadecyltrimethylamine (ODA-Mt, 18 ODA-Mica-4,
and ODTMA-Mt and ODTMA-Mica-4)) clays for the removal of 16 PAHs was evaluated.
The materials were prepared, characterized by X-Ray diffraction (XRD), Zeta potential, and
Fourier-transform infrared spectroscopy (FT-IR) and subjected to adsorption tests. To the
best of our knowledge, this is the first time that the six selected clays have been examined
and compared as adsorbents of a high number of PAHs (16). Mt has attracted great interest
because of its high cation exchange capacity (CEC), large specific surface area, low price,
easy availability, and good biocompatibility. The synthetic highly charged mica, Na-mica-4,
exhibits an unusual swelling behavior and selective cation exchange properties, which may
become potentially useful for hazardous cation separations from solutions.

2. Materials and Methods
2.1. Reagents

A standard mixture of 16 PAHs (EPA 8270 PAH mix 3) containing naphthalene (Naph,
1000 mg/L), acenaphthylene (Acy, 2000 mg/L), acenaphthene (Ace, 1000 mg/L), fluorene
(Fluo, 100 mg/L), phenanthrene (Phen, 100 mg/L), anthracene (Ant, 100 mg/L), fluoran-
thene (Flt, 100 mg/L), pyrene (Pyr, 100 mg/L), benzo(a)anthracene (BaA, 100 mg/L), chry-
sene (Chry, 100 mg/L), benzo(b)fluoranthene (BbF, 100 mg/L), benzo(k)fluoranthene (BkF,
100 mg/L), benzo(a)pyrene (BaP, 100 mg/L), dibenzo(a,h)anthracene (DahA, 200 mg/L),
benzo(g,h,i)perylene (BghiP, 100 mg/L), and indeno(1,2,3-cd)pyrene (IcdP, 100 mg/L)
was purchased from Sigma-Aldrich (Steinheim, Germany). The molecular structure and
physicochemical properties of the PAHs are recompiled in Table 1 [31]. The PAH stock
solution was prepared in acetonitrile and stored at 4 ◦C. Working solutions were prepared
by dilution of the stock standard solution in water.

SiO2, Al(OH)3, MgF2, NaCl, HCl, ODA, and ODTMA salt were purchased from
Sigma-Aldrich. All of them were of analytical grade.

HPLC-grade acetonitrile and water were supplied by Romil Ltd. (Barcelona, Spain).
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Table 1. Molecular structure and physicochemical properties of the PAHs.

PAH Molecular Structure Molecular Weight
(g/mol)

Solubility in Water
at 25 ◦C (µg/L)

Melting-Point
(◦C)

Boiling-Point
(◦C)

Vapor Pressure
(Pa at 25 ◦C) Log Kow
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2.2. Adsorbent Materials: Description and Synthesis

Mt: Mt ([(Si3.83Al0.11)(Al1.43Fe3+
0.26Mg0.30)O10(OH)2] Na0.30Ca0.09K0.01), naturally from

Patagonia (Rio Negro, Argentina), was provided by Catiglioni Pes and Co. (Buenos Aires,
Argentina). The mineral composition is Na-Mt (>99%) with quartz and feldspars as minor
phases [32]. The CEC is 0.83 mequiv/g clay [33].

Na-Mica-4: The synthesis of Na-Mica-4 was carried out through the sodium chloride
melt method as it was previously described by Alba et al. [34]. The starting reagents (SiO2,
Al(OH)3, MgF2, NaCl) were weighed and mixed in an agate mortar. Subsequently, the
mixture was heated at 900 ◦C for 15 h (rate 10 ◦C/min) in a platinum crucible. The solid
obtained was washed with distilled water, filtrated, and dried (room temperature). Finally,
the product was ground vigorously in an agate mortar. The chemical formula is Na4[Si4Al4]
Mg6O20F4·nH2O and the CEC of 4.68 mequiv/g.

The organofunctionalization of Mt and Na-Mica-4 with ODA: The organoclays ODA-
Mt and ODA-Mica-4 were prepared though a cation exchange reaction between the Mt/or
Na-Mica-4 and an excess of ODA (2 CEC of Mt/or Na-Mica-4) [35,36]. The ODA was
dissolved in an equivalent amount of HCl (0.1 M) and stirred for 3 h at 80 ◦C. Then,
the solution was mixed with 1 g of Mt/or 2 g of Na-Mica-4 and stirred for 3 h at 80 ◦C.
Deionized water (100 mL at 50 ◦C) was added to the mixture and stirred for 30 min at
50 ◦C. The dispersion was centrifuged at 8000 rpm for 30 min at 5 ◦C. Then, the solid was
washed tree times with deionized water. The product was dried at room temperature.

The organofunctionalization of Mt and Na-Mica-4 with ODTMA: The organoclays
ODTMA-Mt and ODTMA-Mica-4 were prepared through a cation exchange reaction
between the Mt/or Na-Mica-4 and an excess of ODTMA (2 CEC of Mt/or Na-Mica-4) [36].
Distilled water was added (50 mL for Mt or 300 mL for Na-Mica-4) and the solution was
stirred for 3 h at 60 ◦C. Then, a small quantity of deionized water was added (15 mL for
Mt and 50 mL for Na-Mica-4) and left in agitation (30 min at 50 ◦C). The dispersion was
centrifuged at 8000 rpm for 30 min at 5 ◦C. The product was washed three times with
deionized water. The product was dried at room temperature.

2.3. Characterization Methods

XRD, Z potential, and FT-IR provide useful information on the structure of clays,
interlayer space, angle of inclination of the surfactants in the interlayer of organomodified
clays and degree of stacking, surface charge, and the functional groups and types of bonds
of the compounds. The analysis of the results before and after the adsorption assays can
help us to elucidate the type of interaction between the clay and the contaminants.

2.3.1. X-ray Diffraction

XRD patterns were obtained on powder samples through a Bruker D8 Advance A25
diffractomer (Bruker, Germany) aligned in Bragg–Brentano geometry. The detector used
was a Lynxeye PSD detector (Bruker, Germany), operated at 40 kV and 30 mA for copper
Kα radiation (0.15405 nm wavelength). XRD scans were performed with a 2θ range from
1◦ to 70◦, with a step size of 0.03◦ (2θ) and a counting time of 0.1 s/step at the Research,
Technology and Innovation Center of the University of Sevilla (CITIUS).

The diffractometer was calibrated mechanically and the corundum standard was used
to check the resolution in a wide range of angles.

The Le Bail fits of the patterns were performed with the software TOPAS 6 from
Bruker [37] using the fundamental parameters method. The zero error [2θ], sample dis-
placement, absorption, and lattice parameters of the phases were allowed to vary in order
to search for the best fittings. The background was fitted by a fourth-order Chebyshev poly-
nomial. Lorentz and polarization geometric factors for the configuration of measurement
were used [38].
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The angle (α) of inclination of the alkylammonium axis in the interlayer space were
calculated by plotting the basal spacing (d001) against the length of the alkylammonium
ion chain length (nc), using the Equation (1) [39]:

d001 = 2[(nc − 1)0.126 + 0.131] sin α + 0.94(nm) (1)

The average number of clay platelets stacked (N) and its modification by different
functionalization were determined as in previous work [40], through Equation (2):

N = 1 + (D001/d001) (2)

where the mean crystallite domain size, D001, was determined by the Scherrer equa-
tion on the Le Bail adjustment, and d001 was the basal spacing of 001 reflection of the
clay layers [41].

2.3.2. Zeta Potential

The Zeta potential measurements were obtained using a Zetasizer Nanosystem system
(Malvern Instruments, Southborough, MA, USA). The values were calculated using the
Smoluchowski’s equation [42] following the methodology described by Orta et al. [24]. The
pH of the solution was measured with a Crison GLP 21 pH meter.

2.3.3. Fourier-Transform Infrared Spectroscopy

The FT-IR spectrum was collected in the range 4000–400 cm−1, with a resolution
of 4 cm−1, after 32 scans, in a Tensor II spectrometer (Bruker, Germany). Samples were
previously prepared using the KBr pellet technique. The pellets were optimized by pressing
a mixture of sample and dried KBr (at 8 t cm−2 for 2 wt% sample concentration).

2.4. Adsorption Batch Experiments

A volume of 10 mL of a PAH mixture solution (Naph, 500 ng/mL; Acy, 1000 ng/mL;
Ace, 500 ng/mL; Fluo, 50 ng/mL; Phen, 50 ng/mL; Ant, 50 ng/mL; Flt, 50 ng/mL; Pyr,
50 ng/mL; BaA, 50 ng/mL; Chry, 50 ng/mL; BbF, 50 ng/mL; BkF, 50 ng/mL; BaP, 50 ng/mL;
DahA, 100 ng/mL; BghiP, 50 ng/mL; IcdP, 50 ng/mL in water) was placed into a 25 mL
flask containing 10 mg of each material (Mt, Na-Mica-4, ODA-Mt, ODA-Mica-4, ODTMA-
Mt and ODTMA-Mica-4). Note that the concentration levels were selected based on
the concentration frequently measured for PAHs in environmental samples [43–46]. The
mixture was stirred at 600 rpm for 24 h. Subsequently, the supernatants were filtered
(0.45 µm nylon filter) and an aliquot of 20 µL was injected into the HPLC system. Each
experiment was carried out in triplicates. The adsorption percentage of PAHs on each
material was calculated as:

Adsorption (%) =
(C0 − Cf)

C0
× 100 (3)

where C0 is the concentration of PAH in the initial solution, and Cf is the concentration of
PAH in the solution after the adsorption test.

2.5. PAHs Analysis

Chromatographic measurements were performed using an HPLC 1200 Series in-
strument (Agilent, CA, USA) equipped with an ultraviolet diode array detector (DAD)
and a rapid scan fluorescence detector (Fl) connected online. For PAHs separation, a
LiChrospher® PAH (250 mm × 3 mm i.d., 5 µm) column (Merck, Darmstadt, Germany)
protected with a LiChrospher® 100 RP-18 (4 mm × 4 mm i.d., 5 µm) guard column (Merck,
Darmstadt, Germany) was used.
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The mobile phase was composed of an HPLC-grade water as solvent A and acetonitrile
as solvent B. Chromatographic elution starts with 60% of B as the initial condition (held
3 min), at a flow rate of 1 mL/min, then a linear increase in B from 60% to 100% in 12 min
(held for 5 min). The column was thermostated at 30 ◦C. PAHs were measured by DAD
(UV signal at 254 nm) and Fl (excitation and emission wavelengths shown in Table 2)
detectors. The UV signal was used for Acy determination because it is not fluorescent.

Table 2. Excitation and emission wavelength applied to PAH determination and limits of detection
(LODs) and quantification (LOQs) of the instrument.

PAH λex/λem
DAD Fl

LOD (ng/mL) LOQ (ng/mL) LOD (ng/mL) LOQ (ng/mL)

Naph 280/330 7.50 25.0 1.50 5.00
Ace + Fluo 280/330 33.0 110 0.03 11.0

Phen 246/370 0.60 2.00 0.12 0.40
Ant 250/406 0.30 1.00 0.06 0.20
Flt 280/450 0.75 2.50 0.15 0.50
Pyr 270/390 1.50 5.00 0.30 1.00
BaA 265/380 0.75 2.50 0.15 0.50
Chry 265/380 0.75 2.50 0.15 0.50
BbF 290/430 0.30 1.00 0.06 0.20
BkF 290/430 0.30 1.00 0.06 0.20
BaP 290/430 0.75 2.50 0.15 0.50

DahA 290/410 3.00 10.0 0.60 2.00
BghiP 290/410 1.20 4.00 0.24 0.80
IcdP 300/500 0.75 2.50 0.15 0.50

The quantification was carried out using the calibration curves prepared. The cali-
bration curves were built by linear regression of the peak areas of the standard solutions
against their concentrations. Instrumental limit of detections (LODs) and quantifications
(LOQs) were calculated as the lowest observable concentration giving a signal/noise ratio
of 3:1 and 10:1, respectively. A DAD and Fl chromatograms of a PAH mixture are shown
in Figure 1.
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Figure 1. DAD (blue line) and Fl (red line) chromatograms of a PAH mixture solution (Naph, 500 ng/mL; Acy, 1000 ng/mL;
Ace, 500 ng/mL; Fluo, 50 ng/mL; Phen, 50 ng/mL; Ant, 50 ng/mL; Flt, 50 ng/mL; Pyr, 50 ng/mL; BaA, 50 ng/mL; Chry,
50 ng/mL; BbF, 50 ng/mL; BkF, 50 ng/mL; BaP, 50 ng/mL; DahA, 100 ng/mL; BghiP, 50 ng/mL; IcdP, 50 ng/mL).
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3. Results
3.1. Characterization of Mt, ODA-Mt and ODTMA-Mt
3.1.1. X-ray Diffraction

The XRD Le Bail adjustment for Mt presented a GOF of 2.91 and residual factors
Rwp of 12.19 and RBragg of 0.905. The structure used was Monoclinic, with C2/m Space-
group and lattice parameters as follow: a (Å) = 5.10(15), b (Å) = 9.1(3), c (Å) = 12.7(4),
beta (◦) = 96.6(6). For plane (001) d (Å) = 12.66586 and 2Theta(◦) = 6.97340 were obtained.
For ODA-Mt the Le Bail adjustment showed a GOF of 1.99 and residual factors Rwp of
7.75 and RBragg of 0.676. The structure used was Monoclinic, with C2/m Spacegroup and
lattice parameters: a (Å) = 5.016(15), b (Å) = 9.08(3), c (Å) = 22.26(6), beta (◦) = 90.9(4). For
plane (001) d (Å) = 22.25326 and 2Theta(◦) = 3.96739 were obtained. For ODTMA-Mt the
Le Bail adjustment presented a GOF of 1.25 and residual factors Rwp of 6.03 and RBragg of
0.279. The structure used was Monoclinic, with C2/m Spacegroup and lattice parameters:
a (Å) = 4.836(18), b (Å) = 9.09(3), c (Å) = 21.04(7), beta (◦) = 93.01(6). For plane (001)
d (Å) = 21.00904 and 2Theta(◦) = 4.20245 were obtained. Figure S1, in the supplementary
material, shows the XRD diagrams for the 001 reflections of Mt, ODA-Mt, and ODTMA-Mt.

The angle (α) of inclination of the ODA and ODTMA axis in the interlayer space was
16.42◦ and 14.80◦, respectively.

From the Le Bail fit, the mean crystallite domain size, d001, was 7.7(3) for Mt, 3.08(5)
for ODA-Mt and 11.6(3) for ODTMA-Mt. The average number of clay platelets stacked (n)
calculated was 7.1 for Mt, 2.38 for ODA-Mt and 6.52 for ODTMA-Mt. The average number
of platelets stacked with a high crystalline order, n, determined by Equation (2), provided
an indication of the stacking order of the clay platelets [41,42], where the lower value is for
ODA-Mt being the most disorderly case. This can be appreciated in Figure S1, where the
ODA-Mt presents a wider peak and therefore a more disorderly stacking.

3.1.2. Zeta Potential

The external surface charge of Mt, ODA-Mt, and ODTMA-Mt was studied at pH~6.5
and the obtained values were −37.0, 49.3, and 27.2 mV for Mt, ODA-Mt and ODTMA-Mt,
respectively, before adsorption assays and −36.4, 22.9, and 31.8 mV for Mt, ODA-Mt and
ODTMA-Mt, respectively, after adsorption assays.

3.1.3. Fourier-Transform Infrared Spectroscopy

The vibrational spectra of Mt, ODA-Mt, and ODTMA-Mt (Figure S2) show the charac-
teristic bands corresponding to the structural groups (OH, SiO, AlOH, AlOSi, and SiOSi)
at 3632, 1040, 916, 521 and 461 cm−1, respectively [35,47]. In addition, the typical bands
of alkylamine described by Scheuing [48], the asymmetric and symmetrical stretching
of –CH2 groups at approximately 2920 and 2849 cm−1 of the surfactant and the bands
corresponding to the bending modes in the 1750–1350 cm−1 can also be appreciated [35,47].

Figure 2, after adsorption assays, reveals the presence of characteristic bands of PAHs
at approximately 3040, 1920, 1615, 1310, 1150, 885, 840, and 785 cm−1 [49,50], without
significant changes in the signals of the characteristic groups of layered silicates. The bands
corresponding to the PAHs were appreciated with better precision in the organofunctional-
ized Mt with the primary amine (ODA-Mt).
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3.2. Characterization of Na-Mica-4, ODA-Mica-4 and ODTMA-Mica-4
3.2.1. X-ray Diffraction

XRD Le Bail adjustment for the Na-Mica-4, showed a GOF of 2.46 and residual factors
Rwp of 11.96 and RBragg of 0.631. The structure used was Monoclinic, with P21 Spacegroup
and lattice parameters as follows: a (Å) = 9.682(2), b (Å) = 5.2346(14), c (Å) = 12.032(3), beta
(◦) = 91.356(9). For plane (001) d (Å) = 12.02889 and 2Theta(◦) = 7.34316 were obtained. For
ODA-Mica-4 the Le Bail adjustment showed a GOF of 4.15 and residual factors Rwp of
17.96 and RBragg of 2.150. The structure used was Triclinic, with P1 Spacegroup and lattice
parameters: a (Å) = 49.862(14), b (Å) = 9.992(3), c (Å) = 9.899(2), alpha (◦) = 92.889(17),
beta (◦) = 87.698(19), gamma (◦) = 89.500(18). For plane (001) d (Å) = 49.81865 and
2Theta(◦) = 1.77189 were obtained. For ODTMA-Mica-4 the Le Bail adjustment presented a
GOF of 3.74 and residual factors Rwp of 11.97 and RBragg of 1.495. The structure used was
Triclinic, with P1 Spacegroup and lattice parameters: a (Å) = 28.541(3), b (Å) = 10.0272(10),
c (Å) = 10.0368(8), alpha (◦) = 89.122(4), beta (◦) = 90.346(5), gamma (◦) = 88.479(4). For
plane (001) d (Å) = 28.52992 and 2Theta(◦) = 3.09431 were obtained. Figure S3 presents the
XRD diagrams for Na-Mica-4, ODA-Mica-4 and ODTMA-Mica-4.

The angle (α) of inclination of ODA and ODTMA axis in the interlayer space was
62.76◦ and 24.89◦, respectively.

From the Le Bail fit, the mean crystallite domain size, D001, obtained was 109(7) for
Na-Mica-4, 157(11) for ODA- Mica-4 and 896(46) for ODTMA-Mica-4. The average number
of clay platelets stacked (n) and calculated was 91.62 for Mt, 32.51 for ODA-Mt and 315.06
for ODTMA-Mt. The samples have high crystallite sizes and therefore a high stacking
order, as can be seen in Figure S3.

3.2.2. Zeta Potential

The external surface charge of Na-Mica-4, ODA-Mica-4, and ODTMA- Mica-4 was
studied at pH~6.5 and the obtained values were −28.4, 39.5, and 54.9 mV for Na-Mica-4,
ODA-Mica-4, and ODTMA-Mica-4, respectively, before adsorption assays and 28.3, 49.1,
and 45.8 mV for Na-Mica-4, ODA-Mica-4, and ODTMA-Mica-4, respectively, after adsorp-
tion assays.

3.2.3. Fourier-Transform Infrared Spectroscopy

Figure S4 shows the FT-IR spectra of Na-Mica-4, ODA-Mica-4, and ODTMA-Mica-4
in the 4000–400 cm−1 region. The characteristic bands of layered silicate and surfactants,
already described in Section 3.1.3, can be appreciated. Figure 3 shows the vibrational spectra
of ODA-Mica-4 before and after adsorption tests, without chemical transformation of the
functional groups of the adsorbents [39,49,50]. As it was observed with the clay derived
from Mt, the ODA-Mica-4 spectrum is where the PAH bands were most clearly observed.
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Figure 3. FT-IR transmittance spectra of ODA-Mica-4 before and after adsorption assays in 4000–400 cm−1 region.

3.3. Adsorption of PAHs
3.3.1. Adsorption onto Mt, ODA-Mt, and ODTMA-Mt

Figure 4A shows the adsorption % calculated for Mt and its organofunctionalized
derivatives (ODA-Mt and ODTMA-Mt). Results were corroborated using both DAD and
Fl detectors. Overall, it can be observed that the adsorption of PAHs onto the Mt-based
materials is very favorable, with adsorption percentage higher than 95%. When PAHs are
put into contact with the aqueous solution, they are rapidly adsorbed onto the adsorbent
materials mainly as a consequence of their hydrophobic property. Among the Mt-based
materials, the optimal results were obtained with the pristine Mt adsorption rate of 100%
for all PAHs. A slight decrease is observed when the Mt was organofunctionalized for
some particular PAHs such as DahA (95%) in ODA-Mt or Ant (99%) in ODTMA-Mt. This
fact leads us to think that the adsorption may occur both in the surface part and in the
interlayer.
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Figure 4. PAHs adsorption (%) on Mt and organofunctionalized derivatives (A) and Na-Mica-4 and
organofunctionalized derivatives (B).

3.3.2. Adsorption onto Na-Mica-4, ODA-Mica-4, and ODTMA-Mica-4

Figure 4B shows the adsorption % for Na-Mica-4, ODA-Mica-4, and ODTMA-Mica-4.
In comparison with Mt-based materials, the adsorption % was slightly lower for 12 out of
15 PAHs tested when Na-Mica-4 or organo-Na-Mica-4 clays were used. These results may
be primarily explained by the higher surface area of Mt. Among the three Micas, the best
adsorption % was observed for the unmodified Na-Mica-4. This fact was noticeably for
BghiP (81% for ODTMA-Mica-4 vs. 100% for Na-Mica-4) and IcdP (84% for ODTMA-Mica-4
vs. 100% for Na-Mica-4).

4. Discussion

The synthesis of the Na-Mica-4 and the four organoclays through the ion exchange
mechanism was successfully carried out. The diffractograms show an increase in the
interlaminar spaces and the formation of a previously non-existent angle of inclination (α)
between the aliphatic chains and the surface of the material after substituting the sodium
ions for the alkylammonium and trialkylammonium chains. The measured Potential Z val-
ues agree with those assigned to previous works [36,47]. The IR-FT spectra show the signals
corresponding to the characteristic functional groups of the 6 layered silicates [35,39,47,48]
and reveals the presence of characteristic bands of PAH after adsorption assays [49,50],
without appreciated changes in the signals of the characteristic groups of layered silicates,
which would indicate the non-existence of chemical transformation of the materials.

Na-Mica-4, ODA-Mica-4, and ODTMA-Mica-4 present high crystallite sizes and there-
fore a high stacking order of the clay platelets. The three materials showed lower values of
the stacking order, with the ODA-Mt being the most disordered case. This minor stacking
order of the clay platelets can explain the greater effectiveness of Mt and its derivatives as
there is a greater contact surface with PAHs.

The adsorption results showed that selected clay and modified clays are effective
adsorbents of PAHs, with adsorption percentages very close to 100% (except for BghiP
and IcdP, 81% and 84%, respectively). The adsorption of PAHs onto clay minerals is
explained by the partition between nonpolar PAHs and the hydrophobic domain sites of
clay minerals [51,52].
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Among the two unmodified clays (Mt and Na-Mica-4), the one that presents the best
percentages of PAH adsorption is the natural Mt which can be explained by its high surface
area. Similar results were reported by Nanuam et al. [53]. The adsorption capability for
BaP onto Mt was two times higher than onto kaolinite under a seawater solution, which is
explained by the higher surface area of Mt as well as the effect of temperature.

Mt and Na-Mica-4 presented a better adsorption capacity than their organofunctional-
ized derivatives, which can indicate that the adsorption of PAHs may occur both in the
surface part and in the interlayer of the clays. The presence of divalent cations such as
Ca2+ and Mg2+ in unmodified materials such as Mt and Mica-4 can favor the retention of
PAHs. In the presence of cations on the swelling clays, the π electron in the aromatic ring
of PAHs builds the cation–π bonding. This bonding depends on (1) the π electron donation
capacity of the aromatic ring present in the PAH and (2) the type of cations embedded
on the clay surface [54]. According to Zhang et al. [52] due to these cations, PAHs can be
further physically entrapped through capillary condensation in the nano- and micropores
due to the formation of PAH quasicrystals via strong cross-linking bonds.

According to literature studies, clays have proven to be effective materials to remove
PAHs from aqueous solutions. Nkansa et al. [55] used a lightweight expanded clay aggre-
gate as sorbent for PAHs removal from water. The adsorption % was higher than 70% for
Phen, Flt, and Pyr when a mass of 0.2 g of sorbent was used, although an increase in the
adsorption capability up to 94% was observed when 4.0 g of the lightweight expanded
clay aggregate was used. In another attempt, the adsorption capacity for PAHs onto the
organo-Mt-Alginate bionanocomposite was ordered as follows: Phe (2.50 mg/g) > Ace
(1.20 mg/g) > Flu (0.90 mg/g), which is in agreement with the degree of hydrophobicity
of selected PAHs. Wiles et al. [56] revealed that Naph, Fluo, Phen, Pyr, and total PAHs
can be >99%, 61%, 99%, 99%, 97%, and 94% removed, respectively, using the combination
cetyl-pyridinium-Mt/active carbon from water samples.

Regarding soil samples, its physicochemical properties determine the processes occur-
ring inside, including the degradation and accumulation of pollutants of anthropogenic
origin. It is generally accepted that the sorption of PAHs plays a key role in their movement
and determines the bioavailability. Studies have revealed the positive impact of the mineral
fraction of soils on sorption to retain PAHs [51,57]. The sorption properties of minerals
depend on their crystal structure. In this sense, the most important mineral group is clay
minerals. Justyna et al. [57] revealed that the increase in both clay fraction and the humic
acids resulted in an increase in the sorption of Phen onto soil. Moreover, Mt showed
higher sorption (removal efficiency > 99%) than humic acids. Due to the immobilization of
xenobiotics, these kind of soils, are less likely to transfer contamination into agricultural
products. In another attempt, Hundal et al. [51] indicated that soil containing smectite can
retain a large amount of Phen.

Although over the last years an increasing number of studies focusing on clays as
adsorbent materials of a large variety of organic and inorganic pollutants have been con-
ducted, at this stage, the focus tends to be limited to the laboratory scale [15,20,24–26]. In a
near future more work needs to be performed to bridge the knowledge gap in evaluating
the efficiencies of clays and modified clays in treating real wastewater effluent or soil sam-
ples. To the best of our knowledge, a full-scale application has not yet been demonstrated
in any remediation site or water treatment.

5. Conclusions

In this study, six different clay materials, the natural Mt and the synthetic Na-Mica-4
and four organomodified of the last ones with octadecylamine (ODA-Mt and ODA-Mica-4)
and octadecyltrimethylamine (ODTMA-Mt and ODTMA-Mica-4) were prepared and com-
pared for the adsorption of PAHs for the first time.

This study demonstrates the high affinity of certain clays for PAHs, and therefore opens
a line of research of materials that can deal with activated carbon as an ecological alternative
in its use for wastewater treatment and soil remediation to prevent PAH pollution.
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