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Abstract: Synthetic saponite clay was impregnated with either linear saturated or unsaturated
aldehydes through an incipient-wetness deposition approach. To increase the aldehyde loading,
saponite was also intercalated with positively charged cetyltrimethylammonium (CTA+) species,
aiming to expand the clay gallery and to increase the hydrophobic character of the host solid. A
multitechnique, physicochemical investigation was performed on the organic–inorganic hybrid solids.
The analyses revealed that the aldehydes are mainly adsorbed on the clay particles’ surface, with a
small fraction inside the interlayer space. In CTA+-modified saponites, the concentration of saturated
aldehydes was higher than the one observed in the pure clay. These features are quite promising
for the development of novel layered solids containing bioactive molecules for ecocompatible and
economically sustainable applications, especially in agriculture, for the development of innovative
hybrid materials for crop protection.

Keywords: synthetic clay; saponite; cetyl trimethyl ammonium; aldehyde; organic/inorganic hybrid
material; agriculture

1. Introduction

Synthetic saponite clays represent a class of smectite-type hydrated phyllosilicate
materials, consisting of a 2:1 trioctahedral structure of alternating tetrahedral (T) and octa-
hedral (O) sheets typically composed of Si(IV), Al(III), Mg(II) and O2− sites, organized to
form T-O-T layers alternating with an interlamellar space containing exchangeable cations
and water molecules (Scheme S1) [1–4]. Compared to their natural mineral counterparts,
these systems present several advantages, such as a more controlled chemical composition,
well-defined physicochemical properties, high mechanical robustness and thermal stability,
relatively low production costs and high chemical versatility [4–9]. For these reasons,
synthetic saponites have attracted growing interest by the scientific community and novel
derivative samples have been prepared and proposed for different scientific and techno-
logical applications, spanning from biomedicine [4,10,11] to catalysis [3,4,12–14], together
with environmental [4,15–18] and energy-related purposes [3,4,19,20]. The physicochemical
features of saponites can be modulated at three different levels: (1) modification of the
composition, structure and morphology by varying the dilution of the synthesis gel in
the hydrothermal synthesis [3–5,16,21] or by following alternative synthetic procedures
based on sol-gel and microwave-assisted reactions [4,9,22–24]; (2) introduction into the
lamellae framework of metal ions, in order to confer specific properties to the final materi-
als [4,25–32]; (3) modification of the interlayer space of saponite, through intercalation of
different chemical entities (i.e., ions, organic substances, metallo-chelates) [3,4,33–37].
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For these reasons, saponites represent an interesting 2D aluminosilicate platform
with very high chemical versatility and huge potential application in many scientific and
technological fields. For example, the confinement of simple and light active organic
molecules in a clay matrix could be a good strategy to obtain new materials of interest
for agronomic applications. Medium-chain linear aldehydes, in fact, such as n-hexanal,
n-heptanal, [E]-hex-2-enal and [E]-hept-2-enal, are bioactive molecules with a marked
repellent and/or signaling activity on pests and parasitic organisms for crops. These C7-
and C6-aldehydes, in particular, are effective semiochemicals and repellants against the
olive fly, Bactrocera oleae, and are finding a growing application in protection of olive-tree
crops [38–41].

Saponite clay could represent a good tool for the deposition, immobilization and
gradual release of bioactive chemicals in open-field application, reducing the local con-
centration of active species, eliminating the use of organic solvents as carriers, mitigating
washout and weathering by rain and hot climates and limiting environmental impact.
Moreover, saponite itself is an ecocompatible solid, considering that it is a synthetic analog
of clay minerals.

Based on these considerations, a synthetic saponite clay (Sap) was employed in this
study as the inorganic support for the immobilization of four aldehydes, either saturated
or unsaturated (n-hexanal, n-heptanal, [E]-hex-2-enal and [E]-hept-2-enal) through an
incipient-wetness deposition approach. To increase the final load of active aldehydes, a set
of organically modified saponites (CTASap) was also prepared, and the final properties
of these organic–inorganic hybrid systems were investigated though a physicochemical
multitechnique approach.

2. Results and Discussion
2.1. Impregnation of Synthetic Saponite with Saturated and Unsaturated Aldehydes

A synthetic saponite clay (Sap) was synthesized through a classical hydrothermal
method [4,16,17], with a H2O/Si molar ratio of 20 (Scheme S1). The gel dilution led to
a final layered solid with micrometer-sized particles [16,21] and a high cation-exchange
capacity (CEC), 75.2 ± 5.5 meq/100 g, as determined by the standard UV–Vis method
with hexamminecobalt(III) chloride [42] (Figure S1). The material is composed of lamel-
lae with different spatial organization (Figure S2A) and a specific surface area (SSA) of
210 m2 g−1, as estimated by applying the Brunauer–Emmett–Teller (BET) algorithm to the
N2 physisorption isotherm (Figure S2B). The sample is characterized by a type IV isotherm,
common to materials composed of micro- and mesopores, with H3 hysteresis loops, due to
presence of heterogeneous mesopores generated by the lamellae aggregation [16].

The saponite was then impregnated with aliphatic saturated (n-hexanal, C6AN, n-
heptanal, C7AN) or unsaturated ([E]-hex-2-enal, C6EN, [E]-hept-2-enal, C7EN) aldehydes
via an incipient-wetness deposition method (Scheme S2), as described in detail in Sec-
tion 3.1.2. The physicochemical properties of the hybrid solids (hereafter named SapC6AN,
SapC7AN, SapC6EN and SapC7EN, respectively) were carefully investigated by using
different techniques.

The content of aldehydes immobilized in the solid was determined by CHN elemen-
tal analysis. CHN measurements were performed on SapC6AN, SapC7AN, SapC6EN
and SApC7EN every 10 days up to 30 days, in order to evaluate the persistence of the
impregnated organic compounds in the synthetic clay and its gradual release into the
atmosphere (Figure 1). A high concentration of C7AN was found in the SapC7AN sample
(Figure 1d) with a starting value of ca. 18 wt. %, followed by the samples loaded with
C6EN (Figure 1c) and C7EN (Figure 1b) with values of 12.18 and 11.75 wt. %, respectively.
In contrast, SapC6AN contains a small amount of aldehyde (Figure 1a), close to 6.38 wt. %.
The variable amount of the four aldehydes may be attributed to their different volatility and
chemical affinity with the inorganic support [43–46]. After 30 days, SapC6AN showed a
0.62 wt. % decrease in the aldehyde content, comparable to the one observed for SapC6EN.
For SapC7AN and SapC7EN solids, a diminution of 2.12 and 2.00 wt. %, respectively, was
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observed. Considering that the binding capacity is based on weak, noncovalent interactions
(Scheme 1) and that the main route of aldehyde release is evaporation, the main factor in-
fluencing the release of the bioactive species from the solid is temperature, which promotes
volatilization and removal of the aldehyde.
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Figure 1. Content of aldehydes (as wt. %) during a period of 30 days in the saponite samples:
a = SapC6AN, b = SapC7EN, c = SapC6EN, d = SapC7AN. The aldehyde content was measured by
CHN elemental analyses. Environmental conditions: open air, 25 ◦C, atmospheric pressure.
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Scheme 1. Schematic view of the distribution of C6AN aldehyde on the saponite surface.

The structural properties of the saponite before and after the impregnation process
with the aldehydes were investigated by X-ray powder diffraction (XRPD) (Figure 2). The
X-ray pattern of the as-synthesized Sap shows the typical reflections of a smectite clay
(Figure S3), defined by the reflections attributed to the (001), (110)–(020), (004), (130)–(201),
(311) and (060) crystalline planes [4,16,17]. In particular, the position of the (060) plane at
60.5◦ 2θ is indicative of the 2:1 T-O-T trioctahedral layered structure of the clay [1], while
the (001) basal plane of the saponite, with a reflection at ca. 6◦ 2θ, is indicative of the
thickness of the T-O-T structure plus the interlayer space [3,4]. After impregnation with
the aldehydes, the basal reflection becomes more defined and this is mainly evident for
the SapC7AN sample (Figure 2b–e), thus indicating an increase in the order of structural
packing [5]. The small increase in the interlayer space in the aldehyde-containing clays
suggests that a limited fraction of aldehydes is confined in the saponite gallery. Additionally,
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an important component of the organic molecules may be adsorbed on the external surface
of the clay particles, interacting through dispersion and dipole–dipole forces with saponite
(Scheme 1).
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Figure 2. Diffractograms of saponite samples before and after impregnation with the aldehydes,
collected in the 3–12◦ 2θ range: Sap (a), SapC6AN (b), SapC6EN (c), SapC7AN (d) and SapC7EN (e).

The thermal behavior of the impregnated saponites was studied through variable-
temperature infrared spectroscopy (VT FTIR) experiments. The IR spectra of SapC6AN,
SapC6EN, SapC7AN and SapC7EN samples were measured in vacuum from 30 to 500 ◦C
on self-supporting pellets (Figures 3B and S4B–S6B). The spectra collected at 30 ◦C were
compared with the one of Sap (Figures 3A and S3A–S5A) to better identify the signals at-
tributed to the aldehydes. The IR spectrum of SapC6AN (Figure 3Ab) shows, along with the
typical signals of the smectite support, the asymmetric and symmetric stretching (located at
2960–2870 cm−1) and bending (at ca. 1470–1340 cm−1) modes of –CH3 and –CH2 groups of
the aldehyde. Moreover, the peaks associated with the C-H stretching of the carbonyl group
and the C=O stretching are present at 2750 and 1715 cm−1, respectively [1,5,35,47,48].

A comparable set of IR bands were observed in the spectra of SapC6EN (Figure S4Ab),
SapC7AN (Figure S5Ab) and SapC7EN (Figure S6Ab). The spectra of SapC6EN and SapC7EN
also present the signals in the 1680–1660 cm−1 range related to the C=C stretching modes.
The variable-temperature IR measurements of the four samples (Figures 3B and S4B–S6B)
show the beginning of the degradation of aldehydes ca. 250–300 ◦C (ca. 100–150 ◦C above
the boiling point of the pure aldehydes [43–46]), as indicated by the initial erosion of the
stretching modes of the organic groups described above, and the occurrence of a new band at
ca. 1600 cm−1, assigned to the carbonization of the organic fraction. The thermal treatment
led to the elimination of physisorbed water from the solids, with a marked diminution of
the related bands (3500–3100 and 1640 cm−1). A further decrease in aldehydes bands is
observed with increasing temperature. However, even at 500 ◦C, there is still the presence
of low-intensity signals associated with the organic compounds in carbonization structures.
These results clearly indicate a crucial role of the saponite structure in the thermal stabilization
of the saturated and unsaturated aldehydes, when adsorbed on the smectite’s surface [49,50].
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Figure 3. (A) FTIR spectra, in the 4000-1250 cm−1 region, of the Sap (a) and SapC6AN (b) samples,
measured in vacuo at room temperature on self-supporting pellets. (B) Variable temperature FTIR spectra
of the SapC6AN sample, measured in vacuo on a self-supporting pellet, from 30 ◦C (a) to 500 ◦C (b).

Lastly, 1H ECHO MAS and 13C CPMAS NMR (Figure 4) analyses were performed
to confirm the successful incorporation of aldehydes within the saponite clays. There are
two sets of overlapped proton peaks visible in the 1H ECHO NMR spectra (Figure 4A)
that are associated with saponite backbone and to adsorbed aldehydes. The peak at
0.5 ppm is due to Al-OH and Mg-OH groups, while the peak belongs to silanols appears
at 1.9 ppm (Figure 4A) [51]. In addition, an intense and relatively broad peak observed at
4.9 ppm is assigned to physisorbed water. Moreover, all spectra exhibited peaks associated
with aldehydes (v. assignations in Figure 4A). Peaks associated with protons bound to
unsaturated carbons (around 6 and 7 ppm) are also found in the spectra of SapC6EN and
SapC7EN (Figure 4A(c, d)). Although the presence of aldehyde molecules can be confirmed
from 1H NMR data, substantially low loading of these molecules is evident in the spectra.
In contrast, further structural information can be derived from the 13C CPMAS NMR
spectra (Figure 4B). Distinct 13C peaks are observed in the spectra, proving the successful
incorporation of the aldehyde in saponite clays using the incipient-wetness deposition
approach, and the displayed peaks are assigned to the structure of the aldehydes. Sharp
resonances associated with the impregnated species indicate that the molecules are mobile
and experience weaker interactions with the host saponite surfaces [52,53].
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2.2. CTA-Intercalated Synthetic Saponite Clays Impregnated with Saturated Aldehydes

To improve the amount of aldehyde molecules immobilized in the solid support, a
Na+-exchanged saponite derivative (NaSap, Scheme S1) was submitted to a subsequent
cation-exchange process with the cationic quaternary ammonium surfactant cetyltrimethy-
lammonium bromide, producing the sample named CTASap. This procedure ensures
the intercalation of CTA+ species inside the interlayer space of the clay, replacing Na+

ions [35]. Moreover, the presence of CTA+ species in the saponite allows for increasing
both (i) the interlamellar distance and (ii) the hydrophobicity of the clay in such a way
as to increase its affinity with the uncharged nonpolar aldehydes and, thus, potentially
increasing the concentration of organic molecules incorporated in the inorganic host during
the impregnation [54–60].

The CTASap was then impregnated with two saturated aldehydes, producing two final
samples named CTASapC6AN and CTASapC7AN. The amount of cationic CTA+ groups
in the CTASap sample was estimated from CHN elemental analysis to be 0.61 mmol/g
(Table S1). The amount of CTA+ confined in the saponite was also estimated by ther-
mogravimetric (TG) analysis: an amount of 0.68 mmol/g of surfactant, hence in good
agreement with CHN data (Table S2), was extrapolated from the overall weight loss as-
signed to the surfactant decomposition between 200 and 700 ◦C (Figure S7A,B). In the TG
curves, a shoulder at 260 ◦C suggests the presence of a small fraction of nonintercalated
CTA+ molecules (1.73 wt. %). Additionally, the weight loss with maximum at 360 ◦C is
associated with the degradation of the intercalated CTA+ chains, which is 60 ◦C greater
than the decomposition temperature of the pure CTA+ molecule [35], while the weight
loss in the 430–700 ◦C range was attributed to the complete degradation of the intercalated
surfactant groups and charring byproducts. As previously found [35,49,50], the saponite
structure has an active role in the thermal stabilization and protection of CTA, influencing
its thermal degradation pathway. The comparison of TG profiles of NaSap and CTASap
clearly shows that the latter contained a lower amount of physisorbed water than the
former (1.8 wt. % vs. 5.1 wt. %), owing to its greater hydrophobic character [35].

TG data were supported by VT FTIR measurements carried out on the CTASap sample
from 30 to 500 ◦C (Figure S8). The IR spectrum of the organically modified sample shows a
gradual erosion of the bands typical of the CTA+ units (C-H asymmetric and symmetric
stretching modes, between ca. 3100 and 2800 cm−1, and bending vibrations, between ca.
1500 and 1300 cm−1) in the 250–500 ◦C range [35,48].
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The concentration of saturated aldehydes in the CTASapC6AN and CTASapC7AN
solids increased compared to the parent SapC6AN and SapC7AN, equal to +105% and
+22%, respectively (Figure 5). This effect can be due to the greater hydrophobic character of
CTASap compared to unmodified Sap, which facilitates adsorption of the two aldehydes
on the particle surface.
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Figure 5. Increment of C6AN and C7AN aldehyde content in the related CTASap samples, compared
to the parent solids. Aldehyde content was measured by CHN analysis.

The effect of the introduction of CTA+ ions and the additional insertion of C6AN and
C7AN aldehydes in the saponite matrix was investigated by X-ray diffraction. A marked
increase in the basal d(001)-spacing was observed with the intercalation of CTA+ groups
with a shift of the (001) reflection from ca. 7.7◦ 2θ (d(001)-spacing = 1.15 nm) of NaSap to ca.
6.1◦ 2θ (d(001)-spacing = 1.46 nm) of CTASap (Figure 6) [34,35,61]. After addition of C6AN
or C7AN aldehydes the (001) plane further increases, with a new d(001)-spacing value of
1.52 and 1.48 nm, respectively. However, as also observed for the parent SapC6AN and
SapC7AN, the increment of the d-spacing value is limited, testifying that a large fraction of
aldehydes is yet confined on the external surface of saponite.
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Figure 6. Diffractograms collected in the 1.5–65◦ 2θ range of NaSap (a), CTASap (b), CTASapC6AN
(c) and CTASapC7AN (d) samples.

Finally, in Figure 7 we show the NMR spectra of CTA-intercalated synthetic saponite
clays with added saturated aldehydes. The 1H ECHO NMR spectra are dominated by
the protonic contributions from CTA cations and inorganic protons (Mg-OH, Al-OH and
Si-OH) [35]. However, the presence of impregnated species can be confirmed through
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the detection of aldehydic protons at ca. 9.2 and 9.6 ppm. Furthermore, the presence of
multiple 1H peaks for unique aldehydic protons in CTASapC6AN and CTASapC7AN can
be attributed to different binding environments for impregnated molecules. Furthermore,
due to the higher aldehyde loading in CTASapC7AN, the peaks associated with inorganic
protons displayed low intensity (Figure 7A(b)). Figure 7B shows the 13C CPMAS NMR spec-
tra of CTASapC6AN and CTASapC7AN, which is effectively populated with peaks of CTA
molecules [35]. However, peaks associated with the impregnated aldehyde species can be
clearly detected through their characteristic 13C peaks (Figure S9). The coexistence of both
trans (around 32.5 ppm) and gauche (around 30.5 ppm) conformations of CTA+ molecules
are noted through the chemical shift of methylene carbons; however, the extraction of
further details are complicated due to the overlapping of peaks from aldehydes and CTA+.
The better signal/noise ratio observed in the 1H and 13C NMR spectra confirms significant
loading of aldehydes in CTA-intercalated saponite clays by using the incipient-wetness
deposition approach.
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3. Materials and Methods
3.1. Materials
3.1.1. Synthesis of Sap and NaSap Clays

Synthetic saponite clay with high cationic exchange capacity (CEC = 75.2± 5.5 meq/100 g)
was synthesized following a classical hydrothermal method, previously optimized in our
laboratories [4,16,17], with SiO2:MgO:Al2O3:Na2O:H2O molar composition for the synthesis
gel: 1:0.835:0.056:0.056:20 (H2O/Si ratio of 20) (Scheme S1).

In detail, 5.95 g of silica fumed (SiO2; 0.095 mol; 99.8%, Sigma-Aldrich, Burlington, MA,
USA) was added in 29.1 mL of aqueous 0.4 M sodium hydroxide solution (NaOH; 0.010 mol;
Sigma-Aldrich, Burlington, MA, USA), and the resulting gel was stirred at room tempera-
ture for 1 h. Afterward, 18.8 g of magnesium acetate tetrahydrate (Mg(CH3COO)2·4H2O;
0.090 mol; 99%, Sigma-Aldrich, Burlington, MA, USA), 2.3 g of aluminum iso-propoxide
(Al[OCH(CH3)2]3; 0.010 mol; 98%, Sigma-Aldrich, Burlington, MA, USA) and 8.2 mL of
ultrapure water were added to the gel. After 2 h of stirring, the mixture was transferred
into a PTFE cup (125 mL capacity) inside an autoclave (Anton Paar 4748) and treated at
513 K for 72 h. The final solid, Sap, was then filtered and washed with ultrapure water
until neutral pH was reached, and finally dried at 100 ◦C overnight.

The Na+-exchanged synthetic saponite clay was prepared as follows (Scheme S1): 2 g
of Sap clay was dispersed in 200 mL of saturated sodium chloride (NaCl; Sigma-Aldrich,
Burlington, MA, USA) solution for 36 h at room temperature. This procedure allows
replacement of the cations present in the interlayer space (i.e., Al3+, Mg2+, H+) with Na+.
The final solid, NaSap, was then washed with hot ultrapure water via centrifugation until
complete elimination of chlorides (confirmed by silver nitrate spot test), and finally dried
at 100 ◦C overnight.
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3.1.2. Impregnation of Saturated and Unsaturated Aldehydes on Saponite Clay

Aldehyde-containing saponite solids were prepared by means of an incipient-wetness
approach. Linear saturated and unsaturated aldehydes were used, namely: n-hexanal
(C6AN, ≥97%, Sigma-Aldrich, Burlington, MA, USA), n-heptanal (C7AN, ≥95%, Sigma-
Aldrich, Burlington, MA, USA), [E]-hex-2-enal (C6EN, ≥97%, TCI, Tokyo, Japan), [E]-hept-
2-enal (C7EN, ≥95%, TCI, Tokyo, Japan) (Scheme S2).

The support material Sap clay (2.40 g) was pretreated before contact with the aldehydes
by drying it at 110 ◦C for 3 h and then left to cool for 30 min under N2 purging. The
impregnation solution was prepared by mixing 1.50 mL of petroleum ether 40/60 (Sigma-
Aldrich, Burlington, MA, USA) with 105 mmol of the desired aldehyde (0.130 mL C6AN,
0.150 mL C7AN, 0.128 mL C6EN or 0.145 mL C7EN). The prepared solution was gently
and uniformly poured on the clay and the impregnated solid was thoroughly mixed. The
solid was left to dry by stirring under a fume hood for ca. 6 h at room temperature to
allow a complete spontaneous evaporation of the petroleum ether 40/60 solvent. The final
solid was stored under anhydrous conditions. Four materials were accordingly obtained:
SapC6AN (Sap + n-hexanal), SapC7AN (Sap + n-heptanal), SapC6EN (Sap + [E]-hex-2-enal)
and SapC7EN (Sap + [E]-hept-2-enal).

3.1.3. Intercalation of CTA+ Groups in Na-Saponite Clay

The intercalation process of cationic hexadecyltrimethylammonium bromide (CTAB;
≥98%, Sigma-Aldrich, Burlington, MA, USA) species inside the interlayer space of NaSap
clay was performed following the procedure published in the literature by Bisio et al. [35].

In detail, 2.5 g of NaSap clay was dispersed in a solution composed of 0.5 g of CTAB
(1.4 mmol) in 50 mL of ultrapure water, and then stirred at room temperature for 36 h. After
treatment, the solid suspension was filtered and finally dried at 100 ◦C overnight, obtaining
the solid named CTASap.

3.1.4. Impregnation of Saturated Aldehydes on CTASap Clay

The preparation of CTASap samples impregnated with C6AN and C7AN aldehydes
(hereafter indicated as CTASapC6AN and CTASapC7AN, respectively) followed the same
protocol described in the Section 3.1.2.

3.2. Analytical Methods

The cationic exchange capacity (CEC) parameter of saponite clay was determined
by the ultraviolet–visible (UV–Vis) method as reported in the literature [42]. In detail,
0.300 g of NaSap sample was exchanged with 10 mL of a 0.02 M hexamminecobalt(III)
chloride ([Co(NH3)6]3+) solution at 298 K for 60 h. After separation by centrifugation, the
solution was analyzed by UV–Vis spectroscopy. UV–Vis spectra were recorded at 298 K
in the range 300–600 nm with a resolution of 1 nm, using a double-beam Perkin Elmer
Lambda 900 Spectrophotometer (Perkin Elmer, Waltham, MA, USA). The absorbance of
the band at 475 nm (1A1g → 1T1g) [62], relative to a d-d spin-allowed Laporte-forbidden
transition of Co3+, was evaluated to quantify the amount of Co3+ ions free in solution,
thereby determining the amount exchanged in the procedure and thus the CEC of the clay.
[Co(NH3)6]3+ standard aqueous solutions, in the concentration range 0.05–0.005 M, were
measured at room temperature.

CHN elemental analyses were accomplished with an EA3000 CHN Elemental Analyzer
(EuroVector, Milano, Italy). Acetanilide, purchased from EuroVector (Milano, Italy), was
used as the calibration standard (C % = 71.089, H % = 6.711, N % = 10.363).

X-ray powder diffractograms (XRPD) were collected on unoriented ground powders
using a Bruker D8 Advance Powder Diffractometer (Karlsruhe, Germany), operating in
Bragg–Brentano geometry, with Cu anode target equipped with a Ni filter (used as X-ray
source) and with a Lynxeye XE-T high-resolution position-sensitive detector. Trio and
Twin/Twin optics are mounted on the DaVinci Design modular XRD system. The X-ray
tube of the instrument operates with a Cu-Kα1 monochromatic radiation (λ = 1.54062 Å),
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with the current intensity and operative electric potential difference set to 40 mA and
40 kV, respectively, and with automatic variable primary divergent slits and primary and
secondary Soller slits of 2.5◦. The X-ray profiles were recorded at room temperature in the
2◦–65◦ 2θ range with a coupled 2θ–θ method, continuous PSD fast scan mode, time per
step (rate or scan speed) of 0.100 s/step, 2θ step size (or increment) of 0.01◦, with automatic
synchronization of the air scatter (or antiscatter) knife and slits and with fixed illumination
sample set at 15 mm.

Thermogravimetric analyses (TGA) were carried out with a Setaram SETSYS Evolution
Thermobalance (Caluire, France). The TG curves were collected in the temperature range
25–1100 ◦C at 3 ◦C/min scan rate, using argon as the analysis (or carrier) gas with a flow of
20 mL/min and argon as the purge (or protective) gas.

Fourier-transform infrared (FTIR) spectra were collected on a Bruker Equinox 55 Spec-
trometer (Billerica, MA, USA) in the range 4000–400 cm−1 with a resolution of 4 cm−1.
Self-supporting pellets of solid samples were placed into a specialized IR cell equipped
with potassium bromide (KBr) windows, permanently connected to a vacuum line (residual
pressure lower than 10−4 mbar). All samples were first measured in vacuo at room temper-
ature. For the aldehyde-containing samples, the experimental setup adopted allowed all
temperature treatment experiments to be carried out in situ. FTIR spectra were collected
by heating the samples from 30 to 500 ◦C. The spectra were normalized by taking as a
reference the intensity of the overtones and combination modes of the siloxane framework
(bands in the 2000–1700 cm−1 range). In this manner, differences in the intensity of the
bands across different samples related to intrinsic oscillators of the materials (i.e., hydroxyl
groups, -OH) can be associated with actual differences in the amount of these species in
the samples. Because of the normalization, the absorbance values are reported in arbitrary
units, a.u.

Solid-state NMR (ssNMR) spectra were acquired with a wide-bore, 11.74 T magnet
and a Bruker Avance III 500 Spectrometer (Rheinstetten, Germany) equipped with a 4 mm
triple resonance probe in double resonance mode. Powdered samples were packed on a
zirconia rotor and closed with Kel-F cap and spun at a magic angle spinning (MAS) rate of
10–15 kHz, at 300 K. A rotor-synchronized 1H spin–echo sequence (π/2–τ–π–τ–acquisition)
was applied to record the 1H NMR spectra with delay time τ of 666 ms. The magnitude of
radio frequency (RF) pulse was set at 100 kHz. For the 13C CPMAS experiments, the initial
excitation and decoupling proton radio frequencies (RF) were 55 and 28 kHz, respectively.
During the CP period the 1H RF field was ramped using 100 increments, whereas the 13C
RF field was maintained at a constant level. A moderately ramped RF field of 55 kHz was
used for spin locking, while the carbon RF field was matched to obtain an optimal signal
(40 kHz) and a CP contact time of 5 ms was employed. During the acquisition, the protons
were decoupled from the carbons by using a TPPM-15 decoupling scheme. The relaxation
delay, d1, between accumulations was 3s for 1H MAS and for 13C CPMAS experiments. All
chemical shifts are reported by externally referencing to TMS at 0 ppm.

4. Conclusions

In this work, a series of synthetic saponite clays impregnated with linear saturated
(n-hexanal and n-heptanal) and unsaturated ([E]-hex-2-enal and [E]-hept-2-enal) aldehydes
were successfully prepared through the incipient-wetness method. Structural analyses on
the aldehydes-loaded saponites showed that the organic substances are mainly adsorbed
on the clay surface, with a small fraction possibly intercalated in the interlayer space. In
addition, the organic molecules are highly mobile and experience weaker interactions with
the inorganic host surfaces. The aldehyde content is different in the solids, depending
on their chemical properties and affinity with the host material. Furthermore, the guest
molecules are thermally stabilized by the saponite. Subsequently, the intercalation of
CTA+ species in the saponite led to a significant increase in the size of the interlayer space,
improving at the same time the hydrophobicity and thus the adsorption capacity of the clay.
The concentration of the guest saturated aldehydes increases in the organically modified
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saponite with respect to the one in unmodified parent solids. It appears that a fraction
of the aldehyde is retained in the vicinity or be partially inside the interlayer space of
the host clay, owing to favorable interactions with the CTA+ groups, while a significant
portion of it is still physisorbed onto the particle surface of the hybrid material. The
information collected in this study represents an interesting starting point for the design
of novel layered solids containing bioactive molecules for low environmental impact and
economically sustainable applications in many sectors of the applied sciences, such as
the protection of agricultural crops and the targeted delivery of phytopharmaceutically
active molecules. Clearly, only preliminary open-field trials can confirm the efficacy of the
treatment and, in case of unsatisfactory data, higher doses of material or more frequent
treatments can be planned.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics10100159/s1, Scheme S1: Schematic representation
of the hydrothermal synthesis of synthetic saponite clays SAP-20 (Sap) and Na-SAP-20 (NaSap),
prepared with a H2O/Si ratio of 20; Figure S1: (A) UV–Vis spectra of [Co(NH3)6]3+ standard aqueous
solutions at room temperature (concentration range 0.05–0.005 M) used for the calibration curve.
(B) Calibration curve derived from UV–Vis spectra of the standard solutions (λabs = 475 nm). (C) UV–
Vis spectrum of the NaSap sample supernatant, obtained after treatment of the solid in 0.02 M
[Co(NH3)6]3+ aqueous solution at room temperature for 60 h; the curve represents the average
spectrum obtained after 3 replicates; Figure S2: (A) TEM micrograph of NaSap sample. (B) N2
adsorption/desorption isotherm at 77 K of NaSap; Scheme S2: Schematic view of the immobilization
procedure of different saturated (n-hexanal or C6AN, n-heptanal or C7AN) and unsaturated ([E]-hex-
2-enal or C6EN, [E]-hept-2-enal or C7EN) aldehydes in the pristine Sap clay; Figure S3: X-ray powder
diffraction profile of Sap sample, recorded in the 2–65◦ 2θ range. Magnification of the 2–15◦ 2θ
region, in which the (001) basal plane is present, is reported in the inset; Figure S4: (A) FTIR spectra,
in the 4000–1250 cm−1 region, of Sap (a) and SapC6EN (b) samples, measured in vacuum at room
temperature on self-supporting pellets. (B) Variable temperature FTIR spectra of SapC6EN sample,
measured in vacuum on a self-supporting pellet, from 30 ◦C (a) to 500 ◦C (b); Figure S5: (A) FTIR
spectra, in the 4000–1250 cm−1 region, of Sap (a) and SapC7AN (b) samples, measured in vacuum at
room temperature on self-supporting pellets. (B) Variable temperature FTIR spectra of SapC7AN
sample, measured in vacuum on a self-supporting pellet, from 30 ◦C (a) to 500 ◦C (b); Figure S6:
(A) FTIR spectra, in the 4000–1250 cm−1 region, of Sap (a) and SapC7EN (b) samples, measured
in vacuum at room temperature on self-supporting pellets. (B) Variable temperature FTIR spectra
of SapC7EN sample, measured in vacuo on a self-supporting pellet, from 30 ◦C (a) to 500 ◦C (b);
Figure S7: TG (A) and DTG (B) curves of NaSap (a) and CTASap (b) samples. The thermogravimetric
analyses were carried out under argon flow; Figure S8: Variable temperature FTIR spectra of CTASap
sample, measured in vacuo on a self-supporting pellet, from 30 ◦C (a) to 500 ◦C (b); Figure S9: 13C
CPMAS NMR spectra of CTASap (a), SapC7AN (b) and CTASapC7AN (c) samples. Only the aliphatic
region is shown. Inset shows the molecular structure of CTA+ and C7AN molecules; Table S1: CHN
analysis of CTASap; Table S2: CTA+ content in the CTASap sample obtained from TG analyses shown
in Figure S7.
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