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Preface to ”Green Nanotechnology: The Latest
Innovations, Knowledge Gaps, and Future
Perspectives”

Nanotechnology is a key enabling technology, bringing together chemists, biologists, physicists,

and materials science engineers, among others. Due to its vast range of applications, uses have been

proposed for addressing societal challenges. Not surprisingly, the use of nanostructured materials

has raised health and environmental safety concerns, favoring the expansion of a sub-field dedicated

to green and safe-by-design solutions. Novel solutions should minimize the environmental and

human health risks of nanomaterials during their lifetime, e.g., through the replacement of toxic

products or current processes by suitable eco-friendly alternatives. Green nanotechnology relies on

the principles of green chemistry towards the sustainable design, manufacture, use, and end-of-life

of nanomaterials.

Roberto Martins and Olga Barbara Kaczerewska
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1. Introduction

Nanotechnology is a key enabling technology bringing together chemists, biologists,
physicists, and materials science engineers, among others [1–6]. It has been proposed for ad-
dressing societal challenges due to its vast range of applications, such as on nanomedicine,
food, nanoelectronics, energy, packaging, composite materials, coatings, construction,
agriculture, water treatment and environmental remediation [5,7,8]. Not surprisingly, the
use of nanostructured materials has been raising health and environmental safety con-
cerns [5,9,10], favoring the expansion of a sub-field dedicated to green and safe-by-design
solutions [1,2,6]. Novel solutions should minimize environmental and human health risks
of nanomaterials during their lifetime, e.g., through the replacement of toxic products or
current processes by suitable eco-friendly alternatives [2,11]. Green nanotechnology relies
on the principles of green chemistry towards a sustainable design, manufacture, use, and
end-of-life of nanomaterials [11,12].

2. Latest Innovations and Insight on the Domain of Green Nanotechnology

This Special Issue, spread through five original research articles [2–6], aggregates
innovative applications, products, technologies and processes beyond the state-of-the-
art in several scientific green nanotechnology-related fields (e.g., drug delivery systems,
antifouling nanoadditives and coatings for optical applications) as well as identifying
some knowledge gaps on this domain. Research on sustainable production of nanoma-
terials based on safe-by-design approaches and (eco)toxicological assessment of novel
nanomaterials was also provided (Figure 1).

Gemini surfactants are being proposed as promising eco-friendly replacements of
state-of-the-art surfactants, for instance, to synthesize greener nanomaterials. In this do-
main, Brycki et al. [3] proposed an ecofriendly synthesis of AgNPs stabilized by gemini
surfactants produced with a solvent-free method. The smallest AgNPs were obtained using
the surfactant 16-6-16 as a stabilizing agent, molar ratio nAg:nGemini = 5 and with an excess
of reductant [3]. In the same rationale, Kaczerewska and co-authors suggested that it is pos-
sible to use novel gemini surfactants to synthetize greener silica mesoporous nanocapsules
(SiNC) [2]. SiNC is a widely used nanomaterial that has been raising some environmental
concerns due to the use of the cationic surfactant N-hexadecyl-N,N,N-trimethylammonium
bromide (CTAB) that remains inside the nanostructure before being released over time
when dispersed in seawater [5,9,10,13–16]. Thus, Kaczerewska et al. [2], used 1,4-bis-[N-(1-
dodecyl)-N,N-dimethylammoniummethyl]benzene dibromide (QSB2-12) as a low toxicity
template agent to replace CTAB [11]. Newly developed silica nanocapsules were quite
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similar to the conventional ones and exhibited significant reduction in the toxicity of such
nanomaterials in marine microalgae and microcrustaceans [2].
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Another interesting topic is the development of safe and multi-purpose nanostructured
lipid carriers, which have been widely proposed for pharmaceutical applications. The
use of natural lipids is desirable for drug-delivery systems. Galvão et al. [4] assessed the
influence of carvacrol in the crystallinity of solid natural lipids (stearic acid, beeswax and
carnauba wax) to synthetize greener nanostructured lipid carriers. The authors showed that
the higher the carvacrol content, the lower the crystallinity of the solid bulks of targeted
lipids, demonstrating the promising properties of this monoterpenoid phenol towards the
development of green drug delivery systems based on lipid nanoparticles [4].

Green nanotechnology has also been applied to the coatings industry through the
replacement of toxic compounds [6], or their immobilization and controlled release over
time [5,9,13]. Mennucci et al. [6] demonstrated that nanostructured nickel black surfaces
can have good corrosion resistance and can be a great replacement for chromium finish,
which is widely used in optical and solar applications, but also for decorative purposes.
On the other hand, recent advances demonstrated that the nanoencapsulation of anti-
fouling biocides (e.g., DCOIT, Zn and Cu pyrithiones within in SiNC or other engineered
nanomaterials), widely used in maritime coatings, can significantly decrease their toxicity
and hazard on marine species [9,10,13–16]. Santos et al. [5] demonstrated for the first
time that the SiNC-DCOIT has high anti-fouling efficacy towards target early life stages
of the tropical mussel Perna perna, while it is less toxic than free DCOIT during the larval
development stage. This novel insight reinforces the benefits of the encapsulating toxic
chemicals in nanocarriers.

3. Future Perspectives

Nowadays, science and technology are moving at a rapid pace and crossing scientific
frontiers. Articles published in this Special Issue showed different directions for further
progress in green nanotechnology. Future perspectives are dictated not only by new
scientific ideas but largely by today’s societal challenges, such as environmental regulations,
and the need to increase innovation and sustainability in the industrial processes and
decrease the loss of ecological biodiversity due to the combination of pollution and climate
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changes, among others, in the framework of the sustainable development goals (Agenda
2030) defined by the United Nations. As an example (Figure 2), and to avoid the repetition
of past mistakes, the upcoming generation of nanomaterials must be truly environmentally
friendly. For that purpose, synthesis should prioritize no/low toxic products, obtained
from sustainable sources, and new nanomaterial must be carefully assessed in terms of
environmental behavior, fate, effects, and hazard in the aquatic and terrestrial ecosystems,
whenever possible. Efforts must be made to bridge the gap between industry and academia
towards the development of green added-value and innovative nano-based solutions for
real problems (e.g., corrosion, biofouling, water remediation, agrochemicals).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 6 
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Abstract: The use of lipid nanoparticles as drug delivery systems has been growing over recent
decades. Their biodegradable and biocompatible profile, capacity to prevent chemical degradation
of loaded drugs/actives and controlled release for several administration routes are some of their
advantages. Lipid nanoparticles are of particular interest for the loading of lipophilic compounds,
as happens with essential oils. Several interesting properties, e.g., anti-microbial, antitumoral and
antioxidant activities, are attributed to carvacrol, a monoterpenoid phenol present in the composition
of essential oils of several species, including Origanum vulgare, Thymus vulgaris, Nigella sativa and
Origanum majorana. As these essential oils have been proposed as the liquid lipid in the composition
of nanostructured lipid carriers (NLCs), we aimed at evaluating the influence of carvacrol on the
crystallinity profile of solid lipids commonly in use in the production of NLCs. Different ratios of
solid lipid (stearic acid, beeswax or carnauba wax) and carvacrol were prepared, which were then
subjected to thermal treatment to mimic the production of NLCs. The obtained binary mixtures
were then characterized by thermogravimetry (TG), differential scanning calorimetry (DSC), small
angle X-ray scattering (SAXS) and polarized light microscopy (PLM). The increased concentration of
monoterpenoid in the mixtures resulted in an increase in the mass loss recorded by TG, together with
a shift of the melting point recorded by DSC to lower temperatures, and the decrease in the enthalpy
in comparison to the bulk solid lipids. The miscibility of carvacrol with the melted solid lipids was
also confirmed by DSC in the tested concentration range. The increase in carvacrol content in the
mixtures resulted in a decrease in the crystallinity of the solid bulks, as shown by SAXS and PLM.
The decrease in the crystallinity of lipid matrices is postulated as an advantage to increase the loading
capacity of these carriers. Carvacrol may thus be further exploited as liquid lipid in the composition
of green NLCs for a range of pharmaceutical applications.

Keywords: carvacrol; stearic acid; beeswax; carnauba wax; nanostructured lipid carriers; crystallinity
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1. Introduction

Carvacrol (or cymophenol) is chemically known as 5-isopropyl-2-methylphenol and is obtained
from a range of aromatic plants such as oregano (Origanum vulgare L.), marjoram (Origanum majorana
L.), black cumin (Nigella sativa L.) or thyme (Thymus vulgaris L.) [1,2]. Pharmacological properties,
such as antioxidant [3,4], anti-inflammatory [5], analgesic [6], antitumor [7], antimicrobial [8] and
antiprotozoal activities [9–11], have been attributed to this phenolic monoterpene. Its use in clinical
settings is, however, compromised by its lipophilic character, resulting in low aqueous solubility, risk
of oxidation and also high volatility [1]. The loading of carvacrol in lipid nanoparticles may be a
promising strategy to reduce its volatility and improve its loading and bioavailability [12]. Only a
limited number of studies have reported the loading of carvacrol into nanoparticles [13,14], while none
has yet reported the use of nanostructured lipid carriers (NLCs) for this purpose.

It has already been demonstrated that lipid mixtures have a great impact on the chemical stability
of volatile compounds [15–18]. Among lipid nanoparticles, NLCs are attractive colloidal carriers as
they consist of nanosized particles based on a blend of solid and liquid lipids dispersed in an aqueous
surfactant solution [19–22]. The combined ratio between solid and liquid lipid should ensure that
the produced lipid matrix melts above 40 ◦C [20,23]. Besides being biodegradable, biocompatible
and of low toxicity, the major advantages of NLCs include their green nature, capacity for protecting
loaded drugs/actives from chemical degradation and the provision of a controlled release of the
payload [19,24–29]. Due to their nanostructured matrix, obtained by disrupting the crystal packing of
the solid lipid by mixing it with a liquid lipid, NLCs may also offer a triggered release [30]. The degrees
of crystallization and polymorphism of the NLC matrices are strongly dependent on the ratio between
the solid and liquid lipids [31]. A low degree of crystallinity of the matrix is usually associated with a
higher payload. The use of lipid mixtures that crystallize in a less organized matrix is linked to higher
loading capacity of the nanocarriers.

Several lipids excipients can be used for the production of NLCs, among which fatty acids
(e.g., palmitic acid, stearic acid), fatty alcohols, mono-, di- and triglycerides, vegetable oils and waxes
(e.g., carnauba wax, beeswax, cetyl palmitate) are the most frequently used [32–34]. In pharmaceutical
products, the employment of natural lipids is desirable [35].

Stearic acid is a saturated 18-carbon chain fatty acid that melts around 69 ◦C and is obtained from
both animal and vegetal sources. It shows higher in vivo tolerability and less toxicity than fats from
synthetic origin [36,37]. Beeswax is a natural fatty material with a melting point ranging between 61
◦C and 67 ◦C, obtained from the combs of bees (Apis mellifera) [38,39]. Carnauba wax is a plant exudate
from the Brazilian “tree of life” (Copernicia cerifera), composed almost entirely of wax acid esters of C24
and C28 carboxylic acids and saturated long-chain mono-functional alcohols, that melts around 82 ◦C,
thus showing high crystallinity [40]. Stearic acid, beeswax and carnauba wax have been selected as
they are considered non-toxic and “generally recognized as safe” (GRAS) by the US Food and Drug
Administration (FDA). The use of these three fats in the production of drug delivery systems has also
been previously described [41,42].

Since the majority of methods used for the production of NLCs require heating, the volatility of
carvacrol may compromise the loading capacity and encapsulation efficiency of the particles for the
monoterpene. The liquid status of carvacrol may also affect the structure of the lipid matrix. The aim
of this study was to evaluate the effect of carvacrol and its concentration on the crystallinity profile
of lipid mixtures commonly used for the production of NLCs. Such lipid screening is commonly
recommended prior to the development of NLCs, for the selection of the best lipid/lipid combination to
achieve high payloads. Thermogravimetry (TG), differential scanning calorimetry (DSC), small-angle
X-ray scattering (SAXS) and polarized light microscopy (PLM) were used for the physicochemical
characterization of the lipid mixtures.
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2. Material and Methods

2.1. Materials

Beeswax and carnauba wax were purchased from GM Ceras (São Paulo, Brazil). Stearic acid
was obtained from Dinâmica® (Diadema, São Paulo, Brazil). Carvacrol (5-isopropyl-2-methylphenol,
CAS Number 499-75-2) was purchased from Sigma-Aldrich® (St. Louis, MO, USA).

2.2. Preparation of the Binary Mixtures

Prior to the preparation of the binary mixture, the selected solid lipids, stearic acid (SA), beeswax
(BW) and carnauba wax (CW), were first heated above their melting points, i.e., 58 ◦C, 63 ◦C and 82
◦C, respectively, followed by cooling down to allow them to recrystallize [43]. To prepare the binary
mixtures containing 10%, 25% and 50% of carvacrol, the solid lipids (SA, BW, CW) and carvacrol were
melted at a temperature of 85 ◦C, were mechanically mixed for 5 minutes and then cooled down under
continuous stirring until solidification. Composition of the binary mixtures is depicted in Table 1.
The freshly prepared mixtures were then characterized.

Table 1. Composition of the binary mixtures (%, m/m).

Samples Carvacrol (mg) Stearic Acid (mg) Beeswax (mg) Carnauba Wax (mg)

SA 10% 0.10 0.90 — —
SA 25% 0.25 0.75 — —
SA 50% 0.50 0.50 — —
BW 10% 0.10 — 0.90 —
BW 25% 0.25 — 0.75 —
BW 50% 0.50 — 0.50 —
CW 10% 0.10 — — 0.90
CW 25% 0.25 — — 0.75
CW 50% 0.50 — — 0.50

2.3. Thermogravimetric (TG) Analysis

Thermogravimetric (TG) analysis was performed to evaluate the mass loss under heating, which
was recorded in a Q50 TG (TA Instruments, New Castle, Delaware, USA). Samples of approximately
10 mg were heated up from 25 ◦C to 600 ◦C, applying a heating rate of 10 ◦C/min, under a dynamic
argon atmosphere (50 mL/min) in platinum crucibles.

2.4. Differential Scanning Calorimetry (DSC) Analysis

Differential scanning calorimetry (DSC) analysis was performed to record the melting events
and calculate the melting enthalpy using a DSC Q20 (TA Instruments, New Castle, Delaware, USA).
Samples of approximately 3 mg were heated up from 25 ◦C to 100 ◦C, under a heating rate of 10 ◦C/min
and dynamic argon atmosphere (50 mL/min) in aluminum crucibles.

2.5. Small-Angle X-ray Scattering (SAXS) Analysis

Small-angle X-ray scattering (SAXS) analysis was carried out to evaluate the polymorphism
of the lipid mixtures. Diffractograms were obtained on the D1B-SAXS1 beamline at the Brazilian
Synchrotron Light Laboratory (LNLS, Campinas, Brazil). Measurements were performed at room
temperature, using a silicon-W/B4C toroidal multilayer mirror, collimated by a set of slits defining a
pinhole geometry, at a wavelength of k = 1.499 Å and detected on a Pilatus 300 k detector (Dectris
Ltd., Baden-Dättwil, Switzerland). The sample-to-detector distance was 814 mm, covering a scattering
vector “q” (q = (4π/λ)sinθ) and ranging from 0.1 to 4.0 nm, where 2θ is the scattering angle. A standard
silver behenate powder was measured to calibrate the sample-to-detector distance, detector tilt and
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direct beam position (at room temperature). From the total scattering intensity, the parasitic scattering
produced was subtracted.

2.6. Polarized Light Microscopy (PLM) Analysis

The melted SA, BW, CW and their mixtures with carvacrol (Table 1) were examined under
polarizing light with an Olympus model BX-51 microscope (Tokyo, Japan), coupled to a digital LC
Color Evolution (PL-A662) camera. The software PixeLINK (Gloucester, Ontario, Canada) was used
for recording the images. Briefly, the samples were heated above the melting point, placed between
two glass plates and allowed to recrystallize by cooling down to room temperature. They were then
analyzed under PLM at room temperature (25 ◦C). All samples were checked using 20×magnification.

3. Results and Discussion

For the development of stable NLC formulations, the evaluation of the degree of crystallinity
and polymorphism of the lipid matrices is instrumental to ensure that the matrix remains in the solid
state at room temperature. Besides, it is possible to predict polymorphic changes and the degree of
miscibility between the solid lipid and the liquid lipid during recrystallization [35,44].

As for the NLC production, the methods usually require heating and the volatility of carvacrol
compromises the success of its loading in the lipid matrices. TG analysis can be useful to determine
the mass change after the tempering process. Figure 1 shows the mass change (%) of selected solid
lipids (SA, BW and CW) and their respective binary mixtures containing 10, 25 and 50% of carvacrol,
as a function of temperature.
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Figure 1. Thermogravimetric curves of the stearic acid (SA, upper left), beeswax (BW, upper right) and
carnauba wax (CW, bottom) in comparison to their binary mixtures containing 10%, 25% and 50% of
carvacrol (see Table 1 for composition).
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Two mass loss events were identified in the differential thermogravimetric (DTG) curve of stearic
acid (SA, Figure 1), the first being within the temperature range of 161 and 306 ◦C (∆m1 = 79.63%
Tpeak DTG ~ 267 ◦C), which is typical of the SA decomposition, and the second within the range
of 306 and 410 ◦C, attributed to the elimination of carbonaceous material [45,46]. The TG curves of
beeswax (Figure 1, upper right) and carnauba wax (Figure 1, bottom) depict only one mass loss event
within the temperature range of 180–480 ◦C (∆m1 = 99.5% Tpeak DTG ~ 396.7 ◦C) and 250–500 ◦C
(∆m1 = 98.5% Tpeak DTG ~ 426.1 ◦C), respectively. The analysis of the binary mixtures shows the
detection of carvacrol during the progressive mass loss with the increasing concentration of the oil and
over the course of the experiment. It was interesting to see that the first mass loss event observed for
all samples was within the range of the percentage of carvacrol (10%, 25% and 50%) in each of the
binary mixtures (Table 2).

Table 2. Thermogravimetric data recorded for the first mass loss of the solid lipids (SA, BW and CW)
containing 10%, 25% and 50% of carvacrol (see Table 1 for composition).

Samples 1st Loss in Mass ∆m (%)

SA 10% 10.40%
SA 25% 24.44%
SA 50% 49.48%
BW 10% 9.66%
BW 25% 23.74%
BW 50% 47.84%
CW 10% 7.82%
CW 25% 24.20%
CW 50% 48.07%

Despite the volatility of the monoterpene [47], the results shown in Figure 1 demonstrate that
when mixing carvacrol with the three solid lipids in the selected ratios, no mass change was recorded
within the range of temperatures below 100 ◦C. This result assures the possibility of producing NLCs
for the loading of carvacrol, since the production methods do not make use of temperatures above
100 ◦C. Carvacrol is an oil at room temperature (melting point of 1 ◦C, boiling point of 237.7 ◦C).
No chemical degradation of carvacrol is thus anticipated from the thermal stress during the production
of the melted mixtures.

DSC analysis provided information about the physical state of the melted lipids and their mixtures
with carvacrol, degree of crystallinity, melting temperatures and respective enthalpies [48]. Figure 2
shows the DSC curves for the selected solid lipids (SA, BW and CW) and their binary mixtures
containing 10%, 25% and 50% of carvacrol.

As seen in Figure 2 (left panel), SA showed an endothermic event between 40 ◦C and 65 ◦C (with
the Tpeak ~ 57 ◦C), which is related to the melting point of the solid lipid [45,46]. The melting point
of beeswax was recorded at Tpeak ~ 63 ◦C (middle panel) and that of carnauba wax was recorded at
Tpeak ~ 82 ◦C (right panel). The adding of monoterpene to the bulk lipids resulted in a slight shift
down to lower temperatures, i.e., from 57 ◦C down to 56.34 ◦C, 54.9 ◦C and 50.2 ◦C, for stearic acid
with 10%, 25% and 50% of carvacrol, respectively (Figure 2, left). Shifts in the melting points were
also recorded for BW down to 61.4 ◦C, 58.5 ◦C and 50.9 ◦C, and for CW down to 81.36 ◦C, 77.3 ◦C and
72.9 ◦C, when added with 10%, 25% and 50% carvacrol, respectively.

The decrease in the enthalpy, which is the amount of heat involved in thermal events, was compared
among the three solid lipids when increasing the concentration of carvacrol (Figure 3). When compared
to pure solid lipids, the increase in the carvacrol content (10%, 25% and 50%) induced a decrease in the
endothermic events related to melting and therefore the related enthalpy. Severino et al. studied the
influence of the loading of capric/caprylic triglyceride mixtures (liquid lipid) in stearic acid matrices [37],
demonstrating that the increase in melting enthalpy and crystallization was inversely proportional to
the amount of oil in the formulation. A decrease in the crystallinity and melting enthalpy was observed,
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which translates a higher disorder of the lipid lattice [37]. Similar results were described when mixing
theobroma oil and beeswax, contributing to the nanostructuring of the lipid matrix towards a greater
disorder [35]. A less ordered matrix favors a higher loading capacity for active ingredients due to
the increased number of voids and vacancies able to accommodate a higher number of molecules in
the structure of the lattice. Due to the liquid character of carvacrol, its presence is likely to delay the
complete crystalline rearrangement of the solid lipids.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 14 
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Figure 2. Differential scanning calorimetry curves of the stearic acid (left, SA), beeswax (middle, BW)
and carnauba wax (right, CW), in comparison to their binary mixtures containing 10%, 25% and 50% of
carvacrol (see Table 1 for composition).
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enthalpy and the increase in the width of the melting event (WME) of SA, BW and CW when 10%, 25%
and 50% of carvacrol was added to the solid lipids demonstrates that monoterpene is miscible in the
tested concentration range with the three solid lipids (Table 3). Kasongo et al. [44] has reported similar
results for the adding of Transcutol® HP up to 20% (w/w) to the solid lipid Precirol® ATO 5.

Table 3. Melting peak, onset temperature and width of the melting event of the bulk solid lipids and
their binary mixtures with carvacrol obtained by differential scanning calorimetry (see Table 1 for
composition).

Samples Melting Peak (◦C) Onset (◦C) Width of Melting Event 1 (◦C)

Bulk SA 57.0 37.0 28.0
SA 10% 56.5 36.0 29.0
SA 25% 54.9 34.3 30.0
SA 50% 50.2 34.0 30.0

Bulk BW 63.0 55.8 32.6
BW 10% 61.4 50.0 32.7
BW 25% 58.5 48.1 32.7
BW 50% 50.9 48.0 24.5
Bulk CW 82.0 39.5 35.5
CW 10% 81.4 38.6 36.5
CW 25% 77.3 38.2 37.1
CW 50% 72.9 36.2 39.2

1 WME, width of the melting event, i.e., difference between endset and onset temperatures.

The same samples were also analyzed by SAXS, for the recording of the polymorphic changes of
the bulk solid lipid with the addition of 10%, 25% and 50% of carvacrol (Figure 4).

Bulk SA showed five peaks at q (nm−1) of 1.27, 1.53, 2.25, 3.06 and 3.84, which are typical of highly
ordered materials (Figure 4, upper left). Both waxes (BW and CW) exhibited peaks with a periodicity,
typical of lamellar structures (1:2:3:4 . . . ) [49]. With the increasing concentration of carvacrol, some
peaks disappeared and/or had lower intensity of some of the solid lipid characteristic peaks, suggesting
that monoterpene decreased the structure ordering of the bulks, confirming the DSC results [43].
Attama et al. also reported a lamellar crystal arrangement for beeswax [35].

Figure 5 shows the lattice spacing “d” as a function of carvacrol concentration [50]. Lattice
spacing “d” was determined using the equation d = 2π/q. When increasing the concentration of
carvacrol, the bulk SA did not show any changes in the lattice spacing (which remained d ~ 4 nm).
For both waxes (BW and CW), the “d” value increased with the increase in monoterpene concentration.
Bragg’s equation (2d·sinθ = nλ) was used to determine the interlayer distance (d) in the lipid lattice,
where θ is the angle of diffraction, λ the wavelength and n the order of the crystalline plane [51].
When compared with the bulk lipid, the increase in the distance with the loading with a drug, anticipates
the assumption that the drug molecules are within the lipid lattice. As shown in the patterns of Figure 5,
the experimental lattice spacing of bulk stearic acid, beeswax and carnauba wax was, respectively,
4.15 nm, 7.25 nm and 8.50 nm. The mixing with increasing concentrations of carvacrol increased the
interlayer spacing of beeswax and carnauba wax, but not of stearic acid. This result anticipates the
assumption that both waxes would improve the loading capacity (LC) and encapsulation efficiency
(EE) of carvacrol in NLCs composed of one of those lipids. The higher the concentration of carvacrol in
the wax mixtures, the higher the lamellar spacing and thus the higher the LC and EE. According to
Alexandridis et al., the amount of interface (and lamellae) decreases with the increase in the “d” value
and, thus, increases the spacing between lamellae [50]. This result indicates that carvacrol is most likely
to be placed in between the solid lipid lamellae of both waxes, increasing the “d” value, thus promoting
a less ordered structure, which also confirms the DSC results. An amorphous polymorphic form
(α-form) is associated with a less ordered structure of the lipid core, thus also improving both LC and
EE [52].
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Figure 4. Scattering X-ray diffraction patterns I(q) as a function of scattering vector (q) for stearic acid
(SA, upper left), beeswax (BW, upper right), carnauba wax (CW, bottom) and their binary mixtures
containing 10%, 25% and 50% of carvacrol (see Table 1 for composition).
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The optical behavior of solid lipids and their mixtures with carvacrol was checked by PLM.
Materials can be classified either as anisotropic or as isotropic, depending on the effect that the material
causes under polarized light. In the characterization of solid lipids, PLM can be used to observe
microstructural changes [35].
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Figure 6 shows the optical micrographs recorded at room temperature of bulk lipids (SA, BW and
CW) and their binary mixtures with increased concentration of carvacrol (10%, 25% and 50%). The bulk
solid lipids showed highly ordered crystalline microstructures, as previously demonstrated by DSC
and SAXS analysis. SA exhibited a needle-shaped structure, while both waxes (BW and CW) clearly
showed a maltese cross symbol of lamellar structure, confirming the results recorded with SAXS [43].
The addition of 10%, 25% and 50% of carvacrol resulted in a decrease in the size and thickness of these
compared to the pure solid lipids (SA, BW and CW), suggesting a lower crystallinity. These results are
in agreement with Gaillard et al., who showed that the crystallinity degree of beeswax decreased with
an increase in the content of rosin [39].
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4. Conclusions

Due to the biological properties of carvacrol, this monoterpene has potential to be used as an
active ingredient in pharmaceutical formulations; its oily liquid character makes this compound a
suitable ingredient in formulating nanostructured lipid carriers (NLCs). Carvacrol was found to be
well mixed with melted stearic acid, beeswax and carnauba wax, while the binary mixtures resulted in
less ordered structures, which can be further exploited as drug delivery carriers. It is hypothesized
that lipid mixtures containing 10%, 25% and 50% w/w of carvacrol in the solid lipids (SA, BW, and CW)
can be used to obtain NLCs. Lower melting temperatures and enthalpy were recorded when adding
the monoterpene to the three bulk lipids (confirmed by DSC). SAXS and PLM analyses demonstrated
the presence of less ordered structures of the binary mixtures in comparison to the bulk counterparts.
These binary mixtures can thus be explored in the production of NLCs for drug delivery.
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Lucarini, M.; Durazzo, A.; et al. In Vitro Characterization, Modelling, and Antioxidant Properties of
Polyphenon-60 from Green Tea in Eudragit S100-2 Chitosan Microspheres. Nutrients 2020, 12, 976. [CrossRef]

29. Silva, A.M.; Martins-Gomes, C.; Fangueiro, J.F.; Andreani, T.; Souto, E.B. Comparison of antiproliferative
effect of epigallocatechin gallate when loaded into cationic solid lipid nanoparticles against different cell
lines. Pharm. Dev. Technol. 2019, 24, 1243–1249. [CrossRef]

15



Appl. Sci. 2020, 10, 6267

30. Zheng, M.; Falkeborg, M.; Zheng, Y.; Yang, T.; Xu, X. Formulation and characterization of nanostructured
lipid carriers containing a mixed lipids core. Colloids Surf. A Physicochem. Eng. Asp. 2013, 430, 76–84.
[CrossRef]

31. Yang, Y.; Corona, A.; Schubert, B.; Reeder, R.; Henson, M.A. The effect of oil type on the aggregation stability
of nanostructured lipid carriers. J. Colloid Interface Sci. 2014, 418, 261–272. [CrossRef] [PubMed]

32. Rosiaux, Y.; Jannin, V.; Hughes, S.; Marchaud, D. Solid lipid excipients—Matrix agents for sustained drug
delivery. J. Control. Release 2014, 188, 18–30. [CrossRef]

33. Souto, E.B.; Almeida, A.J.; Müller, R.H. Lipid Nanoparticles (SLN®, NLC®) for Cutaneous Drug Delivery:
Structure, Protection and Skin Effects. J. Biomed. Nanotechnol. 2007, 3, 317–331. [CrossRef]

34. Souto, E.B.; Doktorovova, S. Chapter 6—Solid lipid nanoparticle formulations pharmacokinetic and
biopharmaceutical aspects in drug delivery. Methods Enzym. 2009, 464, 105–129. [CrossRef]

35. Attama, A.; Schicke, B.; Müller-Goymann, C. Further characterization of theobroma oil–beeswax admixtures
as lipid matrices for improved drug delivery systems. Eur. J. Pharm. Biopharm. 2006, 64, 294–306. [CrossRef]

36. Fundarò, A.; Cavalli, R.; Bargoni, A.; Vighetto, D.; Zara, G.P.; Gasco, M.R. Non-stealth and stealth solid lipid
nanoparticles (SLN) carrying doxorubicin: Pharmacokinetics and tissue distribution after iv administration
to rats. Pharmacol. Res. 2000, 42, 337–343. [CrossRef] [PubMed]

37. Severino, P.; Pinho, S.C.; Souto, E.B.; Santana, M.H. Polymorphism, crystallinity and hydrophilic–lipophilic
balance of stearic acid and stearic acid–capric/caprylic triglyceride matrices for production of stable
nanoparticles. Colloids Surf. B Biointerfaces 2011, 86, 125–130. [CrossRef]

38. Attama, A.A.; Müller-Goymann, C.C. Effect of beeswax modification on the lipid matrix and solid lipid
nanoparticle crystallinity. Colloids Surf. A Physicochem. Eng. Asp. 2008, 315, 189–195. [CrossRef]

39. Gaillard, Y.; Mija, A.; Burr, A.; Darque-Ceretti, E.; Felder, E.; Sbirrazzuoli, N. Green material composites from
renewable resources: Polymorphic transitions and phase diagram of beeswax/rosin resin. Thermochim. Acta
2011, 521, 90–97. [CrossRef]

40. Talens, P.; Krochta, J.M. Plasticizing effects of beeswax and carnauba wax on tensile and water vapor
permeability properties of whey protein films. J. Food Sci. 2005, 70, E239–E243. [CrossRef]

41. Baek, J.-S.; So, J.-W.; Shin, S.-C.; Cho, C.-W. Solid lipid nanoparticles of paclitaxel strengthened by
hydroxypropyl-β-cyclodextrin as an oral delivery system. Int. J. Mol. Med. 2012, 30, 953–959. [CrossRef]
[PubMed]

42. Kheradmandnia, S.; Vasheghani-Farahani, E.; Nosrati, M.; Atyabi, F. Preparation and characterization of
ketoprofen-loaded solid lipid nanoparticles made from beeswax and carnauba wax. Nanomed. Nanotechnol.
Biol. Med. 2010, 6, 753–759. [CrossRef] [PubMed]

43. Galvao, J.G.; Trindade, G.G.; Santos, A.J.; Santos, R.L.; Chaves Filho, A.B.; Lira, A.A.M.; Miyamoto, S.;
Nunes, R.S. Effect of Ouratea sp. butter in the crystallinity of solid lipids used in nanostructured lipid carriers
(NLCs). J. Therm. Anal. Calorim. 2016, 123, 941–948. [CrossRef]

44. Kasongo, K.W.; Pardeike, J.; Müller, R.H.; Walker, R.B. Selection and characterization of suitable lipid
excipients for use in the manufacture of didanosine-loaded solid lipid nanoparticles and nanostructured
lipid carriers. J. Pharm. Sci. 2011, 100, 5185–5196. [CrossRef] [PubMed]

45. Chen, Z.; Cao, L.; Shan, F.; Fang, G. Preparation and characteristics of microencapsulated stearic acid as
composite thermal energy storage material in buildings. Energy Build. 2013, 62, 469–474. [CrossRef]

46. Haywood, A.; Glass, B.D. Pharmaceutical excipients—Where do we begin. Aust. Prescr. 2011, 34, 112–114.
[CrossRef]

47. Higueras, L.; López-Carballo, G.; Gavara, R.; Hernández-Muñoz, P. Incorporation of
hydroxypropyl-β-cyclodextrins into chitosan films to tailor loading capacity for active aroma compound
carvacrol. Food Hydrocoll. 2015, 43, 603–611. [CrossRef]

48. Chorilli, M.; Campos, G.R.; Bolfarini, P.M. Desenvolvimento e estudo da estabilidade físico-química de
emulsões múltiplas A/O/AEO/A/O acrescidas de filtros químicos e manteiga de karité. Lat. Am. J. Pharm.
2009, 28, 936–940.

49. Martins, A.J.; Cerqueira, M.A.; Fasolin, L.H.; Cunha, R.L.; Vicente, A.A. Beeswax organogels: Influence of
gelator concentration and oil type in the gelation process. Food Res. Int. 2016, 84, 170–179. [CrossRef]

50. Alexandridis, P.; Olsson, U.; Lindman, B. A record nine different phases (four cubic, two hexagonal, and
one lamellar lyotropic liquid crystalline and two micellar solutions) in a ternary isothermal system of an
amphiphilic block copolymer and selective solvents (water and oil). Langmuir 1998, 14, 2627–2638. [CrossRef]

16



Appl. Sci. 2020, 10, 6267

51. Shah, R.M.; Bryant, G.; Taylor, M.; Eldridge, D.S.; Palombo, E.A.; Harding, I.H. Structure of solid lipid
nanoparticles produced by a microwave-assisted microemulsion technique. RSC Adv. 2016, 6, 36803–36810.
[CrossRef]

52. De Souza, A.L.R.; Andreani, T.; Nunes, F.M.; Cassimiro, D.L.; de Almeida, A.E.; Ribeiro, C.A.; Sarmento, V.H.V.;
Gremião, M.P.D.; Silva, A.M.; Souto, E.B. Loading of praziquantel in the crystal lattice of solid lipid
nanoparticles. J. Therm. Anal. Calorim. 2012, 108, 353–360. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

17





applied  
sciences

Article

Nanostructured Black Nickel Coating as Replacement for Black
Cr(VI) Finish

Marina M. Mennucci 1,* , Rodrigo Montes 1, Alexandre C. Bastos 1 , Alcino Monteiro 2, Pedro Oliveira 2,
João Tedim 1 and Mário G. S. Ferreira 1

����������
�������

Citation: Mennucci, M.M.; Montes,

R.; Bastos, A.C.; Monteiro, A.;

Oliveira, P.; Tedim, J.; Ferreira, M.G.S.

Nanostructured Black Nickel Coating

as Replacement for Black Cr(VI) Finish.

Appl. Sci. 2021, 11, 3924. https://

doi.org/10.3390/app11093924

Academic Editors: Alberto Milani,

Roberto Martins and Olga

Barbara Kaczerewska

Received: 30 March 2021

Accepted: 22 April 2021

Published: 26 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 DEMaC—Department of Materials and Ceramic Engineering, CICECO—Aveiro Institute of Materials,
University of Aveiro, 3810-193 Aveiro, Portugal; rodrigomontes@ua.pt (R.M.); acbastos@ua.pt (A.C.B.);
joao.tedim@ua.pt (J.T.); mgferreira@ua.pt (M.G.S.F.)

2 Leica—Aparelhos Ópticos de Precisão, S.A., Rua da Leica 55, 4760-810 Lousado VNF, Portugal;
amonteiro@leica.pt (A.M.); poliveira@leica.pt (P.O.)

* Correspondence: marinamennucci@ua.pt

Featured Application: The black coatings described in this work find application in decorative
finishes, optical instruments, and photovoltaic modules.

Abstract: This work compares different electrodeposition procedures to produce nickel black coatings
as greener and less toxic alternatives to Cr(VI)-based coatings used in different applications. Nickel
and nickel-plated brass served as substrates in studies with a Hull cell and polarization curves. After
a set of comparative experiments, the best electrodeposition procedure was further studied and
optimized. Optimal conditions were found with a bath consisting of 75 g/L NiCl2·6H2O + 30 g/L
NaCl and a current density of 0.143 A dm−2 applied for 5 min at room temperature. Furthermore, a
pre-treatment with 18.5 vol.% of hydrochloric acid in water was found to be necessary to warrant
good coating adhesion to the substrate. The black color is attributed to the development of a
nanostructured surface that absorbs the incident light. Corrosion testing was performed in 0.5 M
NaCl aqueous solution using electrochemical impedance spectroscopy (EIS) and polarization tests.

Keywords: black nickel coatings; electrochemical testing; electrodeposition; hull cell; nanostruc-
tured coatings

1. Introduction

Black coatings are surface finishes with functional [1–10] or decorative [4,7–9] pur-
poses. The films must satisfy characteristics such as adhesion, mechanical, and corrosion re-
sistance. High absorbance capacity is required for solar [9] and optical applications [11,12],
while decorative finishes must be resistant to wear and preserve a good and uniform
appearance throughout the service life. Often these coatings are obtained by electrodeposi-
tion from hexavalent chromium baths [4,9,13–15]. Despite the good quality of chromium
coatings, both health and environmental concerns associated with chromium (VI)-derived
species [16–20] led to the prohibition of hexavalent chromium products [19,21] thereby
forcing the industry to search for greener and safer alternatives [2,5–11,20]. The risks asso-
ciated with chromium (VI) compounds [21–25] include allergic skin reactions that appear
immediately after contact, regardless of the dose. Brief exposure to high concentrations can
result in ulceration of the exposed skin, perforation of the respiratory tract, and irritation of
the intestinal tract [16–18,21,25]. Kidney and liver damage have also been reported [16–18].
In addition, chromium (VI) compounds are classified as carcinogenic [16–18,20,21]. Pro-
longed occupational exposure to air with chromium levels higher than those present in the
natural environment has been linked to lung cancer [16–18,21]. Workers in the chromium
compounds manufacturing industry are those most at risk, but problems appear also in
workers from the electroplating, metal artifacts handling, chrome alloys and stainless-steel
welding, and chromium pigments industries.
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Greener and less toxic baths for electroplating black coatings based on nickel [1–10],
trivalent chromium [9,26], zinc [9,27], phosphate [9,28] and molybdenum [9,29] have been
proposed. Some of these coatings are nanostructured [1,30,31]. Other procedures to deposit
black coatings include electroless deposition [9,32] and vapor phase deposition [9,33,34].

Lira-Cantú et al. [1] studied the electrochemical deposition of black nickel solar ab-
sorber coatings on stainless steel AISI316L for thermal solar cells. They electrodeposited a
bright nickel coating followed by a black nickel solar absorber coating and a top antireflec-
tion coating based on TEOS (tetraethyl orthosilicate). The bath solution was nickel chloride
75 g/L and sodium chloride 30 g/L, at room temperature (25–27 ◦C). To obtain the solar
absorber coating, it was necessary to apply two different current densities (1.4 mA/cm2

and 2.6 mA/cm2) with an intermediate drying step with nitrogen. A small modification in
current density did not affect solar absorptance, but deposition time did. Times greater
than 60 s and 90 s for the first and second depositions, respectively, led to high solar
absorptance but poor thermal emittance. The thickness of the black nickel coating varied
between 1.3 and 1.7 µm, depending on the deposition time. The TEOS coating improved
the absorptivity value when dried at 200 ◦C, and decreased it when dried at 300 ◦C.

With the same bath composition, Wäckelgård [2] varied the deposition parameters
to obtain maximum solar absorptance and minimum thermal emittance from coatings
formed on aluminum or copper substrates. As aluminum is difficult to plate directly,
two steps were carried out prior to the black coating deposition. First, a pretreatment
with double-zincate immersion technique was applied [3], followed by a bright nickel
film deposition. Two temperatures were tested, 19 ◦C and 25 ◦C, under two current
regimes: 70 mA/dm2 for 2–6 min + 130 mA/dm2 for 1–2 min in one case, and in another
110 mA/dm2 for 3 min + 220 mA/dm2 for 1 min. According to Wäckelgård [2], to achieve
high solar selectivity two distinct sublayers must be present and for that, the process must
be interrupted, with the sample removed from the solution and the surface dried before
the second plating stage. If the sample remains in the bath, no distinct separation between
the two layers is produced by the different current regimes. The top coating consisted of
flakes about 200 nm wide and 10 nm thick.

Dennis and Such [4] explained that black nickel coatings have little abrasion and
corrosion resistance and to improve them the deposition of the black coating must be made
over an undercoat of dull or bright nickel. They also proposed two baths for producing
black nickel coatings, one based on nickel sulfate and the other on nickel chloride. Both
had a high amount of zinc and thiocyanate ions, which were believed to be responsible for
the black color.

Ibrahim [5] modified the Watts bath by adding KNO3 and varying its concentration.
The best procedure for making a highly adherent black nickel coating on steel was achieved
using a solution of 0.63 M NiSO4·6H2O, 0.09 M NiCl2·6H2O, 0.3 M H3BO3, and 0.2 M
KNO3 at pH = 4.6, i = 0.5A/dm2, T = 25 ◦C, and t = 10min. Instantaneous nucleation was
indicated by potentiostatic current-time transients. The black nickel coating consisted of
metallic nickel with Ni(111) preferred orientation, as indicated by XRD studies.

Karuppiah et al. [6] produced a nickel-cobalt black coating on a copper panel pre-
coated with a 10 µm thick nickel layer applied using the Watts bath. The plating solution
contained 10 g/L of nickel sulfate, 10 g/L of cobalt sulfate, and 10 g/L of ammonium
acetate. The solution pH was 6.2 at 308 K, and the current density varied between 3
to 10 A/dm2, a range obtained from Hull cell studies. Scanning electron microscopy
images revealed that the deposit was constituted by particles of different sizes and shapes.
Due to optical interference and surface roughness, the deposit had a high degree of solar
absorption. The values of solar absorptance and thermal emittance of the coating were
influenced by the deposition time and the current density.

Cu-Ni black coatings were deposited by Aravinda et al. [7,8] on molybdenum, ei-
ther from an ethylenediaminetetraacetic (EDTA) complex bath solution [7] or from a
triethanolamine (TEA) complex bath solution containing ammonium persulfate (AP) [8].
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The deposits made from the EDTA solution or from the TEA solution were black, uniform,
pore-free, and demonstrated good solar selectivity.

Li et al. [31] studied the electrodeposition of nanostructured black nickel thin films
on brass. The plating solution was 100 g/L NiSO4·6H2O + 40 g/L NiCl2·6H2O + 30 g/L
H3BO3. Several parameters were analyzed in this work: current density (1–5 mA/cm2),
temperature (20–80 ◦C), pH (2–6), stirring speed (200–1200 rpm), and electrodeposition time
(10–60 min). All parameters influenced the color of the coating, which varied between white,
gray, and black, depending on the deposition conditions [31]. Varying the pH and keeping
fixed all the other parameters (60 ◦C, 3.0 mA/cm2, t = 30 min, stirring speed = 900 rpm),
the black color appeared with pH = 2–3, gray with pH = 4, and white with pH = 5–6. When
only the current density was varied (the fixed parameters were 60 ◦C, pH = 3, t = 30 min,
stirring speed = 900 rpm), the black deposit appeared with a current density of 1–3 mA/cm2,
gray with 4 mA/cm2, and white between 5 and 6 mA/cm2. When the temperature was
varied, black deposits appeared only in the 60–80 ◦C range. The range of stirring speed
to obtain a black deposit was between 900 and 1000 rpm [31]. It was also verified that the
black nickel film possessed a nanostructure with an average grain diameter of about 50 nm.
More black coatings have been reviewed by Takadoum [9].

The present work compares electrodeposition procedures described in the literature
for the production of black coatings using baths with nickel as the main metallic constituent.
The objective is to select the best deposition procedure to produce black coatings on nickel
substrates for decorative applications.

2. Materials and Methods
2.1. Materials, Reagents, and Experimental Parameters

A pure nickel metal sheet (99.5% purity, 2.0 mm thick, Alfa Aesar/Germany) and
nickel-plated brass samples (Leica/Portugal) were used as metal substrates. The nickel-
based electroplating baths studied in this work are presented in Table 1 with the respective
references and were prepared with pro-analysis grade reagents and distilled water.

Table 1. Deposition baths and experimental conditions for producing black nickel coatings (adapted from [9]).

Procedure 1 2 3 4 5 6

Reagents and Parameters Quantity
(g/L)

Quantity
(g/L)

Quantity
(M)

Quantity
(g/L)

Quantity
(g/L)

Quantity
(g/L)

NiSO4·6H2O 0.63 10 20
NiCl2·6H2O 75 75 0.09

H3BO3 0.3 10 10
KNO3 0.2
NaCl 30

NH4Cl 30
ZnCl2 30

NaSCN 15
CoSO4 10

CH3COONH4 10
EDTA 2.5

(NH4)2Ni(SO4)2·6H2O 20
Cu(NO3)2 2.5

CuSO4·5H2O 20
(NH4)2S2O8 10

(HOCH2CH2)3N 20 mL/L

pH 3.5–5.5 4.6 6.2 5.2 5
Temperature (◦C) 25–27 Room 25 35 27 27
Current density

(A/dm2)
0.14 (90 s) +
0.26 (60 s) 0.15 0.5 3–10 0.5 0.5

Duration 30 min 10 min 5–50 s 30 s 30 s
Reference [1] [4] [5] [6] [7] [8]
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2.2. Electrodeposition

The black coating deposition took place in 10.5 × 15.5 × 10 cm3 polyethylene con-
tainers with nickel-plated brass samples as cathodes (circular shape, 3 cm diameter, 1 mm
thick sheet) and pure nickel anodes (anode/cathode area ratio of 1/1.5), using a Keysight
N 5751A (USA) power supply and the experimental conditions presented in Table 1. Tests
were also carried out in a Hull cell (Figure 1) [35,36] with a pure Ni anode and a pure nickel
plate (0.2 × 10 × 7 cm3) as cathode, following the DIN 50,957 standard [35]. The coatings
adhesion to the substrate was evaluated with the cross-cut test ISO 2409:2007-08 [37]. The
coating surface morphology was characterized by scanning electron microscopy using a
Hitachi SU70 (Japan) microscope with an electron beam energy of 15 or 25 keV.

Figure 1. Top view of the 250 mL Hull cell used in this study.

The electrodeposition process was further investigated by polarization curves mea-
sured with an Autolab PGSTAT204 potentiostat (The Netherlands) controlled by the Nova
2.1.4 software, in an electrochemical cell with a three-electrode arrangement, comprising
1 cm2 pure Ni samples as working electrodes, a RedRod reference electrode (Radiometer
Analytical REF201/Villeurbanne Cedex—France), 199 mV vs. SHE at 25 ◦C) and a platinum
wire as the auxiliary electrode. The polarization curves were obtained by sweeping the
potential from +0.1 V vs. OCP (open circuit potential) down to −1.3 V vs. Red Rod at a
scan rate of 0.5 mV/s. The polarization tests were carried out in triplicate to evaluate the
reproducibility of the tests.

2.3. Corrosion Testing

The corrosion resistance was studied by electrochemical techniques. The electrochem-
ical cell was made by gluing polymethylmethacrylate tubes to the sample surface with
epoxy adhesive. This delimited a working electrode area of 2 cm2 at the bottom of the
tube and the reference and auxiliary electrodes were placed inside the tube. The testing
solution was 0.5 M NaCl. Electrochemical impedance spectroscopy (EIS) diagrams were
obtained with a Gamry Reference 600 (USA) in potentiostatic mode at OCP, applying an
ac perturbation amplitude of 10 mV (rms) in the frequency range 100 kHz to 1 mHz, with
10 points per decade. The reference electrode was the RedRod from Radiometer (Villeur-
banne Cedex, France) and the auxiliary electrode was a coiled platinum wire. Polarization
curves were measured with the same electrochemical cell arrangement but using an Auto-
lab PGSTAT204 (Utrecht, The Netherlands) potentiostat and a saturated calomel electrode
(SCE—Radiometer Analytical/ Villeurbanne Cedex—France) as reference. The potential
sweeps were performed in the anodic direction, from −0.1 V vs. OCP to +1.0 VSCE, at a
scan rate of 1 mV/s.
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3. Results and Discussion
3.1. Coatings Produced According to the Experimental Conditions Described in the Literature

As stated above, the objective of this work was to select a procedure to produce a
nickel black coating for decorative applications that could replace the Cr(VI) traditional
one. The first step was to compare the coatings produced by directly following the proce-
dures reported in a selection of references from the literature [1–9], as depicted in Table 1.
Figure 2 shows optical images of the samples after electrodeposition. The sample presented
in Figure 2a shows the substrate before deposition. Figure 2b corresponds to the sample
treated according to procedure 1, in which a black matte coating was deposited. Samples
presented in Figure 2c, Figure 2d were obtained following procedures 2 and 3 respectively,
but in these cases, the deposition attempts were not successful. On the other hand, proce-
dure 4 produced pulverulent black deposits with current densities of 5 A/dm2 (Figure 2e)
and 3.57 A/dm2 (Figure 2f). No deposition was observed with procedure 5 (Figure 2g)
while procedure 6 produced a non-uniform grayish to brownish deposit (Figure 2h). The
discrepant results could be a consequence of using a substrate and/or cell geometry dif-
ferent from those established in the reference works. A direct application of the original
experimental parameters is unlikely to be successful. It is evident that the experimental
parameters must be modified to produce a black coating and then optimized for obtaining
the desired finish quality.

Figure 2. Nickel-plated brass samples after black coating deposition following the procedures in Table 1. (a) sample before
deposition (substrate), (b) procedure 1, (c) procedure 2, (d) procedure 3, (e,f) procedure 4, (g) procedure 5, (h) procedure 6.

3.2. Tests Using the Hull Cell

Among the several parameters that influence coating deposition, the current density is
probably the most determinant. In this work, a Hull cell was used to find the optimal range
of current density for the formation of a black deposit. This small-scale electrodeposition
tank has a trapezoidal shape to create a varying distance between the anode and cathode—
Figure 1—thus making it possible to analyze a wide range of current densities in a single
experiment. The Hull cell allows studying the relationship between current density and
the quality of the deposited metallic layer varying the plating conditions, as for example
bath constituents, temperature, agitation, among others [14,15]. In a 250 mL Hull cell like
the one used in this work, the current density distribution on the cathode surface cell can
be calculated by Equation (1) [35]:

i = I (5.10 − 5.24 log dx) (1)
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where i is the current density (A/dm2) at point x, I is the current passing in the cell (A),
and dx is the distance (cm) between point x and the edge of the cathode that is closer to
the anode.

Figure 3 shows the Ni plates resulting from the tests in the Hull cell using the baths
of Table 1. The range of current densities where a black deposit was formed is presented
in Table 2.

Figure 3. Hull cell samples for baths from Table 1: (a) bath 1, (b) bath 2, (c) bath 3, (d) bath 4, (e) bath 5, (f) bath 6. The
higher current density was applied on to the left side of each plate.

Table 2. Hull cell results.

System Applied Current
(A)

Intervals of Current Density for Black Coatings
(A/dm2)

1 0.5 0.01–0.34
2 1 0.37–0.84
3 1 0.37–0.67
4 1 4.2–20.8
5 2 10.2–41.6
6 1 3.5–20.8

In previous works, bath 1 was used for depositing black coatings on AISI 316L stainless
steel [1], and on aluminum and copper [2]. In those works, a thin layer of Ni was deposited
before the black coating, which means that the black deposit was, in fact, applied to a Ni
surface. This can explain the successful deposition observed in Figure 2b. Previously, the
black deposit was formed with current densities ranging from 0.07 A/dm2 to 0.26 A/dm2,
sometimes in two current steps [1,2]. Here, the electrodeposition in the Hull cell was done
in just one step and the black deposit appeared in the range 0.01–0.34 A/dm2 (Table 2).
The coating presented a black matte appearance, but it was completely removed by the
adhesive tape during the cross-cut test.

Regarding bath 2, in the first set of experiments, the application of the recommended
0.15 A/dm2 (Table 1) [4] did not produce the black color. In the Hull cell, a black deposit
appeared for current densities between 0.37 and 0.84 A/dm2 (Table 2). However, it was
powdery and not adherent. In bath 3, no deposition was observed in the first set of experi-
ments. In the original work, the substrate was steel, which may explain the result. In the
Hull cell, an adherent and non-uniform blackish deposit occurred between 0.37 A/dm2

and 0.67 A/dm2. With bath 4, a dark deposit appeared in the range between 4.2 and
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20.8 A/dm2 (Table 2). The deposit was brown-reddish, loose, and powdery. Bath 5 pro-
duced a black deposit, but high current densities were needed, between 10.2 A/dm2 and
41.6 A/dm2, very distant from literature value, 0.5 A/dm2 [7]. The deposit was powdery
and loose. The color was brown-reddish for lower current densities. Bath 6 showed results
similar to bath 5, that is, a black deposit was formed at current densities in the interval
3.5–20.1 A/dm2, much higher than the 0.5 A/dm2 referred to in literature [8] and it was
also powdery and non-adherent. The black coatings in references [7,8] were originally
applied to molybdenum. This might explain the differences with respect to the present
work. The results confirm the need to modify the original procedures considering the
substrate, the particularities of the deposition cell, and the properties expected for the
applied coating.

3.3. Polarization Curves

To get more insights into the electrodeposition process, cathodic polarization curves
were measured on pure nickel electrodes immersed in each of the baths. All electrochemical
measurements were carried out in triplicate to evaluate the reproducibility of the tests. The
curves are presented in Figure 4 and the samples after the tests are shown in Figure 5. The
surfaces from baths 1, 4, and 6 (Figure 5a, Figure 5d, and Figure 5f, respectively) presented
black deposits while the others (Figure 5b, Figure 5c, and Figure 5e, respectively) were gray
or dark gray. Only bath 1 (Figure 5a), however, produced a compact and adherent black
coating. The samples from baths 4 and 6 (Figures 5d and 5f, respectively) were powdery.
After the powder was removed the surface was still blackish.

Figure 4. Polarization curves of Ni in the bath solutions presented in Table 1.

Figure 5. Ni samples (1 × 1 cm2, embedded in insulating epoxy matrix) after polarization tests in: (a) bath 1, (b) bath 2,
(c) bath 3, (d) bath 4, (e) bath 5, (f) bath 6.

The curves help identify the reactions occurring at the cathode during the electrode-
position. The potentials at which the nickel surface changed color were visually perceived
and are indicated with arrows in Figure 4 and the values are presented in Table 3.
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Table 3. Potential at which the surface became dark.

Solution Potential (VRedRod)

1 −0.8
2 −0.8
3 −1.1
4 −1.0
5 −1.1
6 −0.8

The open-circuit potential of nickel in baths 1, 3, and 4 was −0.2 VRedRod, slightly
more negative in bath 2, and slightly more positive in bath 5. The potential in bath 6 was
far more positive, probably due to the higher amount of cupric and persulfate ions. In this
bath, upon the starting of the cathodic sweep, the reduction current increased rapidly and
attained a limiting plateau around 10−2 A/cm2, attributed to the reduction of Cu2+(aq).
Near −0.8 VRedRod the current increased again due to the deposition of Ni and is where the
dark color was formed. The curves measured in baths 1, 2, and 4, showed a current plateau
of 40–60 µA cm−2 in the potential range between −0.4 VRedRod and −0.6 VRedRod due to
the reduction of dissolved oxygen. Then, for potentials more negative than −0.7 VRedRod,
the current increased and a new plateau was attained at −0.8 VRedRod. This increase was
attributed to the deposition of metallic Ni. In baths 3 and 5, the increase in current started
at less negative potentials, around −0.45 VRedRod. The oxygen reduction still took place,
but its current was too small compared to that of the metal deposition. A final increase in
current at potentials more negative than −1.1 VRedRod was due to the hydrogen reduction
reaction, with H2(g) evolution.

3.4. Optimization of the Deposition Procedure

In this work, most of the procedures indicated in Table 1 were unable to produce
a compact, adherent, black coating. The changes in substrate and cell geometry require
modifications in the deposition parameters to obtain the same black coatings reported
in the original works. This optimization step could be applied to any of the procedures
in Table 1 but it was decided to proceed only with procedure 1 because it produced the
best coating in the previous sets of experiments, apart from having a simple and cheap
bath composition and requiring low current density. The main problem detected with
procedure 1 was the lack of adhesion during the cross-cut test in which the film was
totally detached from the surface. A possible reason is that the film was deposited on the
passive layer of the substrate and not directly on its pre-existent Ni player. To solve the
problem, the samples were immersed in 18.5 vol% HCl for 15 min immediately before the
electrodeposition to etch the surface and activate it. The bath composition was as in Table 1
(75 g/L NiCl2·6H2O + 30 g/L NaCl) and the electrodeposition took place in just one step,
with a current density of 0.143 A dm−2, applied during 5 min at room temperature (~23 ◦C).
The anodic to cathodic area ratio was Aan:Acat = 1/1.5. The result is shown in Figure 6. The
electrodeposit had a minor pulverulence on the top which, once removed with soft tissue,
left a black adherent and compact film.

Figure 6. Nickel-plated brass sample with black nickel coating deposited from the optimized
procedure 1.
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3.5. SEM Images

The morphology of the coating obtained by SEM is presented in Figure 7, with the
substrate before deposition (Figure 7a) and the black electrodeposit with the optimized
procedure at different magnifications (Figure 7b–d). It is evident that the coating follows
the substrate grain morphology and this is an indication of its thinness. A sub-micron to
nanosized structure with nanoflakes is easily observed (Figure 7d). The optical interfer-
ence by the surface roughness can be advanced as the reason for the black color of the
coating [6,30,38].

Figure 7. SEM images of the (a) nickel surface before deposition, (b–d) after deposition with the black coating at different
magnifications, (d) nanostructured surface responsible for the black color.

3.6. Corrosion Testing in 0.5 M NaCl

The corrosion resistance of the new coating was tested in 0.5 M NaCl and compared
with the Ni bare substrate. All electrochemical measurements were carried out in tripli-
cate to evaluate the reproducibility of the tests. Figure 8a shows the polarization curves
measured after 2 h of immersion. The shapes of both curves are not very different, with
similar corrosion potential, Ecorr, and a quasi-passive region with a high slope, βa, which
means that the metal oxidation will take place with difficulty as the potential increases. The
corrosion current rates, icorr, were obtained by the Tafel extrapolation method (using the
linear region between −0.125 and 0 V for the Ni sample and −0.025 and 0.1 V for the black
Ni sample) and are presented in Table 4. The curves are shifted in the current coordinates,
and icorr is higher in the black coating but this may be due to the high roughness of the
surface, which makes the real area higher than the geometric area (the one corresponding
to the 2 cm2 of the working electrode). Admitting that the surface material is the same
(nickel) then the reaction rate is the same and the variations in the measured current are
just a consequence of the different areas. Based on this assumption, the ratio of icorr on
the coated and bare samples means that the geometric area of the black surface is around
11 times larger than the bare surface.
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Figure 8. (a) Polarization curves measured after 2 h of immersion in 0.5 M NaCl; (b) Bode diagrams of the impedance
measured after 4 h of immersion in 0.5 M NaCl. Spectra measured on the sample with black coating after 1 h, 120 h, and
144 h of immersion were identical to the spectrum after 4 h shown here.

Table 4. Parameters obtained from the polarization curves in Figure 8a.

Sample Ecorr (VSCE) βa (mV dec−1) icorr (A cm−2) icorr (µm
year−1)

Ni substrate −0.174 180.2 1.3 × 10−7 1.4
Black Ni −-0.182 212.3 1.5 × 10−6 16

Considering uniform dissolution, the icorr values determined by Tafel extrapolation
can be converted to penetration rate (PR), using Equation (2)

PR =
icorr MNi
nFdNi

·
(

3.15 × 1011
)

(2)

where icorr is the corrosion current density (A cm−2), MNi is the Ni molar weight (58.693 g mol−1),
n is the number of electrons involved in the oxidation reaction (2 in this case), F is the Faraday
constant (96,485 C mol−1), dNi is the Ni density (g cm−3) of the metal, and 3.15 × 1011 is the
conversion factor of year in seconds and cm in µm. The values are presented in Table 4 and
show small corrosion rates, higher for the black coating probably due to the area effect. These
corrosion rates are just indicative because two assumptions were made in their determination:
uniform corrosion and Tafel extrapolation technique valid for these results.

The impedance response of both samples is presented in Figure 8b with Bode plots of
EIS the spectra measured after 4 h in 0.5 M NaCl. It is important to refer that the spectra of
the black coating measured after 1 h, 120 h, and 144 h did not change with respect to the
one shown in Figure 8b, which demonstrates its stability.

In these experiments, the Ni substrate presented the highest impedance, with the
response of the solution resistance at high frequencies down to 3 kHz, a capacitive response
of either a passive film or the double layer capacitance, between 3 kHz and 20 mHz
and finally, for low frequencies, a resistive response of about 200 kΩ cm2, attributed to
the charge transfer resistance. The black nickel sample showed a similar spectrum but
with smaller charge transfer resistance and higher capacitance. These differences can
be explained by the higher surface area of the black coating (not considered in the data
treatment which uses the geometric area of the working electrode).

The spectra were fitted with the ZView program from Scribner Associates (USA) and
the fitting parameters are presented in Table 5. The electric circuit comprised a simple
Rs(CdlRct) circuit where Rs is the solution resistance, Cdl is the double layer capacitance
and Rct is the charge transfer resistance. Constant phase elements (CPE) were used instead
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of capacitances, due to the non-ideal capacitive behavior of the surface [39]. The fitted
parameters confirm the qualitative description presented above. In the black nickel sample
the Rct was 6 times lower and Y0,dl was 5.5 times higher than the same values found in the
Ni sample. If the real area of the black nickel sample were taken into account, the resistance
would increase, and the capacitance would decrease to values close to the Ni substrate.
Then, their corrosion resistances would be similar.

Table 5. Parameters obtained from the impedance spectra in Figure 8b.

Sample Rs (Ω cm2)
Y0,dl (Ω−1 sn

cm−2) ndl Rct (Ω cm2) 104 χ2

Ni substrate 21.0 1.51 × 10−5 0.937 2.08 × 105 11
Black Ni 22.4 8.34 × 10−5 0.933 3.32 × 104 3.8

4. Conclusions

In this work, six different electrodeposition procedures for producing nickel black coat-
ings were compared. It was verified that the direct application of the conditions reported
in the literature either did not produce any deposit or produced pulverulent and loose de-
posits. In one case a compact black coating was deposited but the adhesion to the substrate
was poor. It became evident that the results could be due to the change in substrate and cell
geometry with respect to the original works. Hull cell experiments identified ranges where
all procedures were able to produce black deposits. Still, it was clear that optimization was
needed to produce a coating with the desired finish quality regarding color, compactness,
and adhesion. Work progressed with the procedure that gave the best results, and the
final optimal conditions were found with a bath consisting of 75 g/L NiCl2·6H2O + 30 g/L
NaCl, a current density of 0.143 A/dm2 for 5 min of deposition at room temperature.
Immediately before the electrodeposition, an acid pretreatment was necessary to warrant
adhesion to the substrate. The black surface showed microroughness with nanoflakes. The
black color of the coating was attributed to the optical interference caused by the surface
texture. Polarization curves and electrochemical impedance spectroscopy showed good
corrosion resistance. Work continues to tune the conditions for coating gloss as particular
values are important for the different applications.
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Abstract: The scientific community has paid special attention to silver nanoparticles (AgNPs) in
recent years due to their huge technological capacities, particularly in biomedical applications,
such as antimicrobials, drug-delivery carriers, device coatings, imaging probes, diagnostic, and
optoelectronic platforms. The most popular method of obtaining silver nanoparticles as a colloidal
dispersion in aqueous solution is chemical reduction. The choice of the capping agent is particularly
important in order to obtain the desired size distribution, shape, and dispersion rate of AgNPs.
Gemini alkylammonium salts are named as multifunctional surfactants, and possess a wide variety of
applications, which include their use as capping agents for metal nanoparticles synthesis. Because of
the high antimicrobial activity of gemini surfactants, AgNPs stabilized by this kind of surfactant may
possess unique and strengthened biocidal properties. The present paper presents the synthesis of
AgNPs stabilized by gemini surfactants with hexadecyl substituent and variable structure of spacer,
obtained via ecofriendly synthesis. UV-Vis spectroscopy and dynamic light scattering were used as
analyzing tools in order to confirm physicochemical characterization of the AgNPs (characteristic
UV-Vis bands, hydrodynamic diameter of NPs, polydispersity index (PDI)).

Keywords: silver nanoparticles; gemini surfactant; green synthesis

1. Introduction

Over the past twenty years, silver nanoparticles (AgNPs) have become increasingly
popular due to their special physical, chemical, and biological properties. It is characteristic
that, depending on the surface to volume ratio, the properties of nanosilver change, and
they have been exploited for different purposes [1,2]. AgNPs offer promising prospects for
a wide range of applications, such as antimicrobials against bacteria [3–12], fungi [10,13–17],
and viruses [9,18–23]. Silver nanoparticles can also be helpful in managing the ongoing
pandemic of COVID-19 (Coronavrus Disease 2019) caused by the SARS-CoV-2 (severe
acute respiratory syndrome coronavirus 2) [24,25]. AgNPs have been tested as biomedical
device coatings [12,26–28], combating multidrug-resistant cancer [12,29], drug-delivery
carriers [12,30], and imaging probes in ultrasensitive analysis [26,31–34]. They may also
find applications in sensing [27,31,35,36] and chemical catalysis [32,35,37–39]. Due to the
great interest of AgNPs, different synthetic methods have been developed, such as physical,
chemical, and biological approaches [26,40,41]. Among them, chemical reduction is the
most frequently used synthesis method of silver nanoparticles, with high productivity and
low costs [39,41]. In this approach, stable colloids in water or non-aqueous solvents can be
obtained. Generally, synthesis of AgNPs in solution requires three particular components:
metal precursors (silver nitrate, perchlorate, chloride, trifluoroacetate or (PPh3)3AgNO3),
reducers, and stabilizers [42]. Several reductants are commonly used for the preparation
of the AgNPs: sodium borohydride, sodium citrate, glucose, N,N-dimethylformamide,
hydrazine, polyols, (e.g., ethylene glycol, diethylene glycol), formaldehyde [42]. One
important factor is to apply capping agents to stabilize dispersive NPs, thus protect them
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against their agglomeration [41]. In general, the shape and size distribution of the synthe-
sized nanoparticles are controlled by altering the method and conditions of the synthesis,
reducing and stabilizing agents, their concentrations, and molar ratios [43]. Recently, dif-
ferent types of surfactants started to be used as stabilizing agents for AgNPs. We should
mention that a proper stabilizer and/or reaction time is crucial for the obtaining of stable
and small size Ag nanoparticles [44].

Dimeric quaternary alkylammonium salts, named by Menger and Littau as gemini,
are modern type of surfactants [45]. These compounds consist of two long alkyl sub-
stituents and two cationic headgroups connected by a linker. The connector may have
various structures: short, long, flexible, stiff, polar (e.g., functionalized by heteroatoms),
and nonpolar (e.g., hydrocarbon chains or rings) [46–50]. Spacer and hydrophobic chain
are very important units in gemini surfactant architecture. They are a keystone in the
adsorption of dimeric surfactants on surfaces and interfaces, in creation of micelles of
different shapes [48,49,51–54]. Considering the structure of gemini surfactants, they exhibit
a higher efficacy in contrast to monomeric (conventional) surfactants, such as decreased
critical micelle concentration (CMC), greater ability to reduce surface tension, or promote
antimicrobial activity [48,50,55–57]. From an ecological point of view, dimeric alkylammo-
nium salts are considerably less toxic to marine organisms than quaternary ammonium
salts [58,59], and can be biodegradable [48,60–62]. Considering the above properties, and
the fact that the use of gemini surfactant provides the desired effect at a lower concen-
tration in comparison to monomeric analogues, the use of dimeric alkylammonium salts
is correlated with the greenolution idea in chemistry [63,64]. Gemini surfactants, due to
their antimicrobial properties against bacteria [48,55,56,65–70] and fungi [47,48,56,66,71],
can be used as microbicides or biofilm eradication agents in many areas of life and indus-
tries [66,72–74].

In reference to the growing interest in silver nanoparticles and gemini surfactants,
we focused on the different procedures for obtaining silver nanoparticles capped with
gemini surfactants, having a different structure in spacer unit, obtained in easy, low-cost,
and green synthesis. Detailed spectroscopic analysis and surface activity of the gemini
surfactants, as well as analysis of AgNPs based on a UV-Vis, and dynamic light scattering
(DLS) study were presented.

2. Materials and Methods
2.1. Material Used

N,N-Dimethyl-N-hexadecylamine, bis(2-bromoethyl)ether, 1,6-dibromohexane, silver
nitrate, and sodium borohydride, were obtained from Sigma-Aldrich (Poznan, Poland).
Acetonitrile and diphosphorus pentoxide were purchased from VWR Chemicals
(Gdansk, Poland). Reagent purity was at least 95%. All materials were used without
prior purification.

2.2. Synthesis
2.2.1. Synthesis of Gemini Surfactants

The 16-6-16 (1,6-hexamethylene-bis(N-hexadecyl-N,N-dimethylammonium bromide)):
the N,N-dimethyl-N-hexadecylamine (10 g; 37 mmol) and 1,6-dibromohexane (4.5 g; 18.8
mmol) were placed in a 250 mL round-bottom flask. Reaction mixture was stirred without
the solvent at room temperature for 2 h. Then, the reaction mixture was left to solidify
completely. The crude product was purified by crystallization from acetonitrile, filtered,
and dried in a vacuum desiccator over P2O5 and in an oven at 60 oC. Reaction yield was
over 98%.

The 16-O-16 (3-oxa-1,5-pentane-bis(N-hexadecyl-N,N-dimethylammonium bromide)):
the N,N-dimethyl-N-hexadecylamine (10 g; 37 mmol) and bis(2-bromoethyl)ether (4.36 g;
18.5 mmol) were placed in a 250 mL round-bottom flask. Reaction mixture was stirred
without the solvent at room temperature for 2 h. Then, the reaction mixture was left to
solidify completely. The crude product was purified by crystallization from acetonitrile,
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filtered, and dried in a vacuum desiccator over P2O5 and in an oven at 60 oC. Reaction
yield was over 95%.

2.2.2. Synthesis of Silver Nanoparticles

Experiments 1–6: 40 mL of 0.75 mM silver nitrate was mixed with 10 mL of specific
amount of gemini surfactant (16-6-16 or 16-O-16) corresponding to three different molar
ratio nAg/nGemini = 2.5; 5; 10. The mixture was stirred for 5 min, and then 5 mL of 1 mM
sodium borohydride cold solution was added dropwise. Color changed to intense orange.
After adding all of the solution, stirring occurred for another 20 min.

Experiment 7: 15 mL of 4 mM NaBH4 and 10 mL of 0.2 mM 16-6-16 solutions were
placed in a 100 mL Erlenmeyer flask and stirred for 5 min. Then 5 mL of 2 mM AgNO3
was added dropwise to the flask. Stirring continued for another 20 min.

Experiment 8: 5 mL of 12 mM NaBH4 was placed in a 100 mL Erlenmeyer flask with
20 mL of water. Solution of 10 mL of 1 mM AgNO3 and 10 mL of 0.2 mM 16-6-16 was
prepared separately and added dropwise into NaBH4. After adding all of the solution,
stirring occurred for another 20 min.

All of the experiments were repeated three times in order to confirm the reproducibility
of the synthetic procedures. The AgNPs stabilized by gemini surfactants were stable for at
least three months, during which no changes in the UV-vis and DLS were observed.

2.3. Experimental Methods
2.3.1. Analysis of Dimeric Alkylammonium Salts

The melting point of the synthesized gemini surfactants was measured on Stuart
SMP30 apparatus (Staffordshire, UK), using capillary with one sealed side. The measure-
ments give the values with resolution of 1.0 ◦C. The elemental analysis measurements were
performed on a FLASH 2000 elemental analyzer (Delft, The Netherlands) with a thermal
conductivity detector. The nuclear magnetic resonance (NMR) spectra were measured with
a Varian VNMR-S 400 MHz (Oxford, UK), operating at 403 and 101 MHz for 1H and 13C
respectively, attendant with software Vnmr VERSION 2.3 REVISION A (Varian, Oxford,
UK). The chemical shifts were performed in CDCl3 relative to an internal standard—TMS
(tetramethylsilane). The Fourier Transform Infrared Spectroscopy (FTIR) spectra were
performed on FT-IR Bruker IFS 66v/S (Poznan, Poland) apparatus. All of the samples were
tested in solid state in the form of tablets with potassium bromide.

The critical micelle concentration values were determined by conductivity analysis
using a Conductivity Meter Elmetron CC-505 (Zabrze, Poland). The apparatus was cali-
brated by a standard (147 µS/cm in 298.15 K). All samples were obtained using deionized
water. Conductivity measurements were carried out at 25 ◦C. The titration was repeated at
least three times for each compound.

2.3.2. Analysis of Silver Nanoparticles

UV-Vis absorption spectra of all the AgNPs solutions capped with dimeric ammonium
salts were recorded on Varian Cary 50 Scan UV-Vis spectrophotometer (Varian, Oxford, UK)
at 25 ◦C, operated with Cary WinUV software (Varian, Oxford, UK) with quartz cuvettes
of 1 cm path length. In all cases, samples were diluted 5-fold with deionized water, to
decrease the absorbance to the range suitable for UV-Vis measurements.

Dynamic light scattering measurements and polydispersity index (PDI) were per-
formed at 25 ◦C using Zetasizer, Nano-ZS Malvern Instruments (Malvern, UK) with a
He-Ne laser (633 nm, 4 mW) equipped with a built-in termo-controller. Ten repeated
measurements were conducted for each sample.
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3. Results and Discussion
3.1. Synthesis and Spectroscopic Characterization of Gemini Surfactants

Gemini surfactants tested in this paper as capping agents for AgNPs were received by
alkylation of N,N-dimethyl-N-hexadecylamine with 1,6-dibromohexane or bis(2-bromoethyl)
ether, for 16-6-16, and 16-O-16 respectively (Figure 1). A synthetic procedure developed
in our laboratory assumes carrying out the reaction without a solvent at room tempera-
ture [50,75]. These reactions proceed according to the nucleophilic substitution mechanism
SN2. The rate of these reactions depends on the substrates concentrations. In case of the
reaction without a solvent, the concentration of the reactants is the highest possible. Such
reactions take place with high efficiency without waste. These reactions are in accordance
with the greenolution approach, because they reduce the use of solvent to a minimum and
minimize costs.
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The structure and purity of gemini surfactants obtained were confirmed by 1H NMR,
13C NMR, FTIR, and elemental analysis.

The 16-6-16: mp 222–223 ◦C; elemental analysis (%) calcd. for C42H90Br2N2: C 64.43,
H 11.58, N 3.58; found C 64.72, H 11.68, N 3.40; 1H NMR (403 MHz, CDCl3) 3.73 (bs,
4H, N+CH2(spacer)), 3.49 (m, 4H, -N+CH2-), 3.39 (s, 12H, -N+(CH3)2), 2,01 (bs, 4H, -
N+CH2CH2-(spacer)), 1.72 (bs, 4H, -N+CH2CH2-),1.57 (bs, 4H, -N+CH2CH2-CH2(spacer)),
1.36-1.25 (m, 52H, -CH2(CH2)13CH3), 0.88 (t, 6H, -CH2CH3); 13C NMR (101 MHz, CDCl3):
65.9 (-N+CH2spacer), 64.06 (-N+CH2-), 50.98 (-N+CH3), 31.89 (-CH2CH2CH3), 29.61, 29.59,
29.56, 29.34, 29.27, 29.45, 29.37, 29.12 (-N+(CH2)2(CH2)11-), 26.86 (-N+CH2CH2-), 24.37 –
(N+CH2CH2-(spacer)), 22.6 (-N+CH2CH2-CH2(spacer)), 21.61 (-CH2CH3), 14.11 (-CH2CH3).

The 16-O-16: mp 240-242 oC; elemental analysis (%) calcd. for C40H86Br2N2O: C 62.32,
H 11.24, N 3.63; found C 61.41, H 11.68, N 3.20; 1H NMR (403 MHz, CDCl3) 4.36 (bs, 4H,
OCH2), 4.05 (bs, 4H, N+CH2CH2O-), 3.67-3.62 (m, 4H, -N+CH2-), 3.46 (s, 12H, -N+(CH3)2),
1.73 (bs, 4H, -N+CH2CH2-), 1.47-1.10 (m, 52H, -CH2(CH2)13CH3), 0.88 (t, 6H, -CH2CH3);
13C NMR (101 MHz, CDCl3): 65.92(-N+CH2CH2O-), 64.59 (-OCH2-), 64.03 (-N+CH2-),
51.57 (-N+CH3), 31.82 (-CH2CH2CH3), 29.61, 29.58, 29.56, 29.54, 29.45, 29.37, 29.25, 26.25
(-N+(CH2)2(CH2)11-), 22.83 (-N+CH2CH2-), 22.58 (-CH2CH3), 14.00 (-CH2CH3).

FTIR spectra for tested dimeric alkylammonium salts (Figure 2) show regular bands
for the asymmetric (νas) and symmetric (νs) stretching vibrations of methyl and methylene
groups at 2916–2846 cm−1, as well as bands for the deformation vibration (δ) of methyl
groups at 1472–1464 cm−1. The 16-O-16 spectra shows usual peaks of C-O stretching
vibration at 1146 cm−1. Due to hydrophilicity (ability to absorb water) of gemini surfactants
the strong absorption at the 3500–3350 cm−1 region from the -OH stretching vibrations of
water molecule is detected in FTIR spectra.
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Figure 2. FTIR spectra for 16-6-16 and 16-O-16.

3.2. Surface Properties of Gemini Surfactants

The basic ability of surface active agents is their tendency to be adsorbed at interfaces.
Mechanism of surface action of dimeric surfactants based on the adsorption of ammonium
cations into a polar phase, and hydrocarbon chains in a nonpolar phase [48]. The keystone
of all surfactants research is determination of their critical micelle concentration [49], the
lowest concentration at which particles rapidly aggregate into micelles. The fact that
dimeric alkylammonium salts have much lower CMC values than monomeric ones, creates
great application possibilities for them [52,63,76–79]. The determination of CMC is also
important, because toxicity of gemini rises when their concentration surpasses CMC [80].

The CMC was determined using a conductometric titration, creating dependency
graphs of the characteristic conductivity in water of the obtained compounds as a function
of the concentration. This relationship generates two lines with different slopes. The
straight line with higher inclination illustrates behavior before micellization, whereas the
line with a smaller slope indicates the process of micellization (Figure 3). The intersection
of lines formed as a result of linear regression defines CMC [50,59].
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The values for the slope ratios of linear regression in pre- and post-micellization
regions allow estimating the degree of ionization (α) and the degree of counterion binding
parameter (β). These parameters demonstrate the capability of the counterion binding on
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the micelles [50,59]. Knowing the values of CMC and β allow for calculation of Gibbs free
energy of micellization (∆Go

mic) [81]. The experimental values of CMC, α, β and ∆Go
mic

for the investigated gemini surfactants are given in Table 1.

Table 1. Critical micelle concentration, degree of ionization, counterion binding parameter, and Gibbs
free energy of micellization in 25 ◦C.

Surfactant CMC (mM) α β ∆Go
mic (kJ/mol)

16-6-16 0.034 0.55 0.45 −50.16
16-O-16 0.031 0.40 0.60 −58.32

Critical micelle concentration of dimeric surfactants depends on many structural
elements: length and structure of spacer and substituents and type of anion. It is well
known that gemini surfactants with long (hexadecyl, octadecyl) substituents possess lower
CMC values than analogues with shorter hydrocarbon chain [48–50,77,82–86]. CMCs of
dimeric alkylammonium salts tested in this work are over thirty times lower, than CMC of
12-6-12 (1,6-hexamethylene-bis(N-hexadecyl-N,N-dimethylammonium bromide)) which
is 0.98 (mM) [57]. Surface activity of our gemini surfactants, although they have different
spacer structure, is comparable. This result arein good correlation to our previous result—
that an element of the structure, which essentially affects the surface activity, is the length
of the substituent, not the structure of the linker [50].

The 16-O-16 possesses a lower degree of ionization value than 16-6-16. The small α
is caused by the stronger binding of the counterion to the aggregates, suggesting better
packing of the head groups and higher surface charge density at the interface [50,51].
Both obtained gemini surfactants have negative ∆Go

mic, indicating that the micellization
process is spontaneous [50,55]. Surfactant with oxygen-functionalized spacer (16-O-16)
shows greater tendency to form micelles, because in this case ∆Go

mic is lower.

3.3. Preparation and Characterization of Silver Nanoparticles

AgNPs were prepared by chemical synthetic procedure under different conditions.
We used: silver salt (AgNO3) as a metal precursor, sodium borohydride (NaBH4) as a reduc-
tant and gemini surfactants (16-6-16 in experiments 1–3 and 7–8, 16-O-16 in experiments
4–6) as stabilizing agents (Figure 4). Experiments 1–6 were performed according to prepa-
ration described by Pisárčik [87]. Different molar ratios of AgNO3 and gemini surfactants
were applied to study the formation of AgNPs (Table 2). In these cases, nAgNO3 was taken
in excess of 6-fold to nNaBH4. Experiments 7 and 8 were carried out by another procedure,
with 16-6-16 as stabilizing agent in silver-gemini surfactants molar ratio 5 (Table 2). In these
cases, nNaBH4 was taken in excess of 6-fold to nAgNO3.
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Table 2. Experimental data of different procedures for AgNPs obtaining.

Experiment Gemini Surfactant Molar Ratio nAg/nGemini Concentration of AgNO3 [mM]

1 16-6-16 2.5 0.75
2 16-6-16 5 0.75
3 16-6-16 10 0.75
4 16-O-16 2.5 0.75
5 16-O-16 5 0.75
6 16-O-16 10 0.75
7 16-6-16 5 2
8 16-6-16 5 1

The color of AgNPs solution depends on the degree of dilution of the colloids, starting
from yellow and going to intense orange with the increase of colloids concentration. Gemini
surfactant allows for keeping the nanodispersion homogeneous, with a color depending on
the nanodispersion dilution. In our work, in all experiments, the intense orange color was
formed, showing that the reaction was followed by the formation of nanoparticles [87–90].
The color of AgNPs solution is suggested to appear due to localized surface plasmon
resonance (LSPRs). LSPR is a collective excitation of the free electrons in the conduction
band around the surface of the nanoparticles. The electrons are specified to particular
vibration modes, which depend on particle size and shape. Therefore, AgNPs could be
detected and characterized by UV-Vis. With increasing of particle size, the absorption
wavelength shifts to longer wavelengths [91].

UV-Vis spectroscopic analysis is an essential technique for observation of AgNPs
formation and stability in solution. The absorbance peak of silver nanoparticles usually
occurs at wavelength range of 350–450 nm, and moves to longer wavelengths with progres-
sive particle size [91]. In Figure 5a, the UV-Vis spectra of AgNPs, which were stabilized
with 16-6-16 is presented. The spectra were measured for three various Ag-to-gemini
surfactant molar ratios: nAg/n16-6-16 = 2.5; 5; 10. We can see that from the highest gemini
concentration (experiment 1) to the lowest (experiment 3), the peak of absorbance increases
gradually: 0.286, 0.332 and 0.359. As it is known, the absorbance is directly connected
with the concentration, thus, since the difference is not significant, it can be concluded that
16-6-16 has a strong stabilizing effect on AgNPs in the extensive range of nAg/n16-6-16
molar ratio values. However, the nAg/n16-6-16 molar ratio at 2.5 indicates a slightly weak
stabilizing effect since the concentration of AgNPs is not high.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 14 
 

Experiment Gemini Surfactant Molar Ratio nAg/nGemini Concentration of AgNO3 [mM] 
1 16-6-16 2.5 0.75 
2 16-6-16 5 0.75 
3 16-6-16 10 0.75 
4 16-O-16 2.5 0.75 
5 16-O-16 5 0.75 
6 16-O-16 10 0.75 
7 16-6-16 5 2 
8 16-6-16 5 1 

The color of AgNPs solution depends on the degree of dilution of the colloids, start-
ing from yellow and going to intense orange with the increase of colloids concentration. 
Gemini surfactant allows for keeping the nanodispersion homogeneous, with a color de-
pending on the nanodispersion dilution. In our work, in all experiments, the intense or-
ange color was formed, showing that the reaction was followed by the formation of nano-
particles [87–90]. The color of AgNPs solution is suggested to appear due to localized sur-
face plasmon resonance (LSPRs). LSPR is a collective excitation of the free electrons in the 
conduction band around the surface of the nanoparticles. The electrons are specified to 
particular vibration modes, which depend on particle size and shape. Therefore, AgNPs 
could be detected and characterized by UV-Vis. With increasing of particle size, the ab-
sorption wavelength shifts to longer wavelengths [91]. 

UV-Vis spectroscopic analysis is an essential technique for observation of AgNPs for-
mation and stability in solution. The absorbance peak of silver nanoparticles usually oc-
curs at wavelength range of 350–450 nm, and moves to longer wavelengths with progres-
sive particle size [91]. In Figure 5a, the UV-Vis spectra of AgNPs, which were stabilized 
with 16-6-16 is presented. The spectra were measured for three various Ag-to-gemini sur-
factant molar ratios: nAg/n16-6-16 = 2.5; 5; 10. We can see that from the highest gemini 
concentration (experiment 1) to the lowest (experiment 3), the peak of absorbance in-
creases gradually: 0.286, 0.332 and 0.359. As it is known, the absorbance is directly con-
nected with the concentration, thus, since the difference is not significant, it can be con-
cluded that 16-6-16 has a strong stabilizing effect on AgNPs in the extensive range of 
nAg/n16-6-16 molar ratio values. However, the nAg/n16-6-16 molar ratio at 2.5 indicates 
a slightly weak stabilizing effect since the concentration of AgNPs is not high. 

  
(a) (b) 

Figure 5. UV-Vis spectra of silver nanoparticles stabilized with gemini surfactants (a) 16-6-16; (b) 
16-O-16 at different nAg/nGemini values. 

Figure 5b shows the UV-Vis absorption spectra of nanoparticles stabilized with 16-
O-16. These AgNPs were synthesized similar to the previous ones, but 16-O-16 was taken 

Figure 5. UV-Vis spectra of silver nanoparticles stabilized with gemini surfactants (a) 16-6-16; (b) 16-
O-16 at different nAg/nGemini values.

39



Appl. Sci. 2021, 11, 154

Figure 5b shows the UV-Vis absorption spectra of nanoparticles stabilized with 16-O-
16. These AgNPs were synthesized similar to the previous ones, but 16-O-16 was taken
as capping agent (experiment 4–6). We observe that the peak of absorbance gradually
increases with the decrease of gemini surfactant concentration as well, as in the case of
experiments 1–3. The peaks of absorbance for experiments 4, 5, and 6 are 0.185, 0.313, and
0.397, respectively. The stabilizing effect of 16-O-16 on AgNPs is stronger for molar ratios
of nAg/n16-O-16 = 5 and 10, whereas it has weaker effect for reaction with nAg/n16-O-16
molar ratio of 2.5. Same trend was observed for of 16-6-16.

UV–Vis absorption spectra of AgNPs obtained in experiments 7 and 8 are shown
in Figure 6. Strong absorption peaks at approximately 410 and 419 nm come from the
surface plasmon absorption of nanosized silver particles. These spectra stand out; the good
symmetric absorption peaks with a nearly unaltered width, suggesting that the size of the
nanoparticles is very homogenous [89,92].
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Figure 6. UV-Vis spectra of silver nanoparticles stabilized with 16-6-16 obtained in procedure with
excess of reductant.

All UV–Visible absorption spectra exhibit the absorbance peaks in the range of
410–435 nm (Table 3), which is typical feature for colloidal silver nanoparticles [93], confirm-
ing our statement that gemini surfactants in the Ag nanodispersion ensures a stabilizing
effect on the nanoparticles. These results are in good correlation with what was described
previously [87,94,95].

Table 3. The wavelength and absorbance data obtained from UV-Vis spectra.

Experiment Wavelength [nm] Absorbance

1 420 0.286
2 435 0.332
3 425 0.359
4 420 0.185
5 420 0.313
6 415 0.397
7 410 0.690
8 419 0.596

Consequently, the colloidal stability is also confirmed by the polydispersity index
(PDI), which is given in DLS analysis and should be less or about 0.3. If the PDI is equal or
higher than 1, the observable precipitation may occur [96]. The PDI values were between
0.2 and 0.4 in experiments 1–3 and 7–8, illustrating good colloidal features, and PDI values
around 0.5 were found to be for the experiments 4–6. Higher PDI values in experiments
4–6 supports relatively broad and slightly distorted width of the UV-Vis spectra (Figure 5b)
as well as the visual minor nanodispersions, which were of white color.
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3.4. Effect of Spacer Structure on the Size of Silver Nanoparticles

The size of AgNPs capped with gemini and their particle size distributions were ob-
tained using DLS measurements. The Figure 7 shows hydrodynamic diameter of nanopar-
ticles stabilized with gemini surfactants16-6-16 and 16-O-16, which is plotted as a function
of the nAg/nGemini molar ratio. The nanoparticle diameter values illustrate an average
value of the particle size distribution.
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molar ratio.

For experiments 4–6 we can observe, that with decreasing of 16-O-16 concentration
the silver nanoparticles diameter size increase. However, in the case of 16-6-16 (experi-
ments 1–3) the opposite trend is noticed—we monitor the almost constant diameter size
in the range of all molar ratios. Construction of the spacer of gemini surfactants have a
considerable impact on nanoparticles size. Compounds with more hydrophobic linker
stabilizes more efficiently and gives smaller AgNPs than analog with spacer functionalized
by ether group.

Hydrodynamic diameter of silver nanoparticles, stabilized with 16-6-16 from synthetic
procedure with excess of reductor, are 110 and 220 nm for experiments 7 and 8, respectively.
These results clearly show that synthetic procedure applied in experiment 7 gives the
smallest AgNPs with the best stabilizing effect of gemini bilayer. Figure 8 represents the
particle size distribution histograms of AgNPs synthesized in the experiments 7 and 8.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 14 
 

3.4. Effect of Spacer Structure on the Size of Silver Nanoparticles 
The size of AgNPs capped with gemini and their particle size distributions were ob-

tained using DLS measurements. The Figure 7 shows hydrodynamic diameter of nano-
particles stabilized with gemini surfactants16-6-16 and 16-O-16, which is plotted as a func-
tion of the nAg/nGemini molar ratio. The nanoparticle diameter values illustrate an aver-
age value of the particle size distribution. 

 
Figure 7. Size of silver nanoparticles capped with 16-O-16 and 16-6-16 as a function of nAg/nGem-
ini molar ratio. 

For experiments 4–6 we can observe, that with decreasing of 16-O-16 concentration 
the silver nanoparticles diameter size increase. However, in the case of 16-6-16 (experi-
ments 1–3) the opposite trend is noticed—we monitor the almost constant diameter size 
in the range of all molar ratios. Construction of the spacer of gemini surfactants have a 
considerable impact on nanoparticles size. Compounds with more hydrophobic linker 
stabilizes more efficiently and gives smaller AgNPs than analog with spacer functional-
ized by ether group. 

Hydrodynamic diameter of silver nanoparticles, stabilized with 16-6-16 from syn-
thetic procedure with excess of reductor, are 110 and 220 nm for experiments 7 and 8, 
respectively. These results clearly show that synthetic procedure applied in experiment 7 
gives the smallest AgNPs with the best stabilizing effect of gemini bilayer. Figure 8 repre-
sents the particle size distribution histograms of AgNPs synthesized in the experiments 7 
and 8. 

 
Figure 8. Particle size distribution histograms of AgNPs obtained by DLS measurements. 

In fact, the particle sizes of AgNPs measured by DLS is the whole conjugate size, with 
countslayer of capping agents too [88]. This explains the relatively big diameters. He et al. 

Figure 8. Particle size distribution histograms of AgNPs obtained by DLS measurements.

In fact, the particle sizes of AgNPs measured by DLS is the whole conjugate size, with
countslayer of capping agents too [88]. This explains the relatively big diameters. He et al.
explained that the gemini cationic surfactants can be adsorbed on the particle surface due
to electrostatic interactions between surfactant positive charge head group and counterions
attached onto the nanoparticle surface. This causes the formation of coating layers, which
lowers the aggregation of particles [90]. Pisárčik et al. demonstrates that gemini surfactants
with dodecyl substituent and different spacer length from two to twelve carbon atoms
are able to efficiently stabilize silver nanoparticles [87]. Our results indicate that gemini
surfactants with longer substituent can also be applied as efficient stabilizer for AgNPs.
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Introduction of oxygen atom to spacer results in an increase of hydrophilicity of surfactant
molecule. This caused increasing of formed silver nanoparticles size, indicating that the
stabilizing effect of gemini bilayer is less efficient. We also demonstrate that, not only
the kind of stabilizing agent is crucial, but also synthetic procedures and silver to gemini
surfactant molar ratios are very important factors in AgNPs synthesis. These results are in
good correlation with what was described previously [87].

4. Conclusions

The 1,6-hexamethylene-bis(N-hexadecyl-N,N-dimethylammonium bromide) and 3-
oxa-1,5-pentane-bis(N-hexadecyl-N,N-dimethylammonium) bromide) were obtained via
solvent-free green synthetic procedure. The products structures have been confirmed by
1H and 13C NMR, FITR, and elemental analysis. The critical micelle concentrations were
specified by conductivity measurement. Silver nanoparticles were obtained via chemical
reduction, using gemini surfactants as stabilizing agent. Physicochemical investigations
were done by using UV-Vis spectroscopy and DLS measurements. We demonstrated that
the structure of the gemini surfactant and conditions of the silver nanoparticles prepa-
ration determine their shape and size distribution. It was shown that the hydrophilicity
of the dimeric alkylammonium salts can affect the size distribution of AgNPs. The best
stabilization, which is represented by a small nanoparticle size, was received in experi-
ment with 16-6-16 as a stabilizing agent, molar ratio nAg/nGemini =5, and with excess
of reductant. Results of our research show that application of gemini surfactants is a
prospective field of study, which may provide an easy-to-follow green method for the
synthesis of nanoparticles.
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Abstract: Silica mesoporous nanocapsules are a class of “smart” engineered nanomaterials
(ENMs) applied in several fields. Recent studies have highlighted that they can exert deleterious
effects into marine organisms, attributed to the use of the toxic cationic surfactant N-hexadecyl
-N,N,N-trimethylammonium bromide (CTAB) during the synthesis of ENMs. The present study
reports the successful synthesis and characterization of novel gemini surfactant-based silica
nanocapsules. The gemini surfactant 1,4-bis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl]benzene
dibromide (QSB2-12) was chosen as a more environmentally-friendly replacement of CTAB.
Nanocapsules were characterized by scanning electron microscopy (SEM), Fourier-transformed
infrared spectroscopy (FTIR), dynamic light scattering (DLS), thermogravimetric analysis (TGA) and
N2 adsorption-desorption isotherms. Short-term exposure effects of new ENMs were evaluated in
four marine species (Nannochloropsis gaditana, Tetraselmis chuii and Phaeodactylum tricornutum) and the
microcrustacean (Artemia salina). The replacement of the commercial cationic surfactant by the gemini
surfactant does not change the structure nor the environmental behaviour in seawater of the newly
synthesised silica nanocontainers. Additionally, it is demonstrated that using gemini surfactants
can reduce the toxicity of novel silica nanocapsules towards the tested marine species. As a result,
environmentally-friendly ENMs can be obtained based on a safe-by-design approach, thereby fitting
the concept of Green Chemistry.

Keywords: cationic surfactants; microemulsion; mesoporous silica; encapsulation; ecotoxicity

1. Introduction

Engineered nanomaterials (ENMs) have been proposed as new solutions for encapsulation of
active compounds, such as corrosion inhibitors, antifouling agents, pH indicators, drugs or dyes [1–7].
Nanocapsules are core–shell structures with diameter generally ranging between 100–500 nm [8],
and one of the most used nanocapsules are based on mesoporous silica, typically with a diameter
of 100–200 nm [9]. This cutting-edge immobilization technique has assumed a relevant role in the
field of smart coatings, by providing a controlled release of encapsulated molecules, reducing their
toxicity (compared to the free forms), preventing direct interaction with coating matrices, reducing
leakages and ultimately increasing the coating’s service life [3,10,11]. However, state-of-the-art
information shows that even empty silica nanocapsules show some degree of toxicity [10]. They have
been found to be more toxic towards selected marine species than other engineered nanomaterials,
namely Zn-Al layered double hydroxides (LDH) [12,13]. Recent studies have revealed that the silica
nano-form or the formation of agglomerates in artificial saltwater, over time, is not necessarily the
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source of silica nanocapsules toxicity [10–12,14]. Indeed, it is related to the presence of a cationic
surfactant, N-hexadecyl-N,N,N-trimethylammonium bromide (CTAB) which is used as a template
during nanomaterials’ synthesis. Replacing CTAB with a greener surfactant has been suggested
previously in order to reduce capsules’ toxicity [10]. There are strategies that allow the complete
removal of CTAB from capsules’ surface such as extraction with solvents solutions, washing with
a solution of ethanolic HCl or thermal treatment (calcination) [9,15,16]. Although these steps are
effective for removal of synthesis remnants from empty silica nanocapsules, they may be undesirable
if the entrapment of active molecules inside the nanomaterials is the main goal: calcination leads to
complete degradation of all organic molecules, while using other solvents may lead to leaching of the
encapsulated agents as well. Therefore, replacing CTAB with a more eco-friendly surfactant would
prevent toxicological issues and may avoid the implementation of additional steps.

Cationic gemini surfactants are a group of innovative quaternary ammonium salts that consist
of two monomeric moieties linked by a spacer. Each moiety is made of a hydrophilic part
(positively charged nitrogen atom) and a hydrophobic part (alkyl chain) [17]. Due to this dimeric
structure, gemini surfactants show unique surface properties, such as critical micelle concentrations
(CMC), which is lower comparing with conventional cationic surfactants, with higher efficacy in
lowering surface tension (for surfactants with the same number of carbon atoms in hydrophobic
parts). CMC is the concentration at which micelles start forming [18], and the ability of cationic
surfactants to form stable oil in water emulsion allows their use as a template in silica nanocapsules
synthesis [14]. For a conventional monomeric surfactant, N-dodecyl-N,N,N-trimethylammonium
bromide (DTAB), the CMC is 16 mM whereas for a dimeric surfactant, with a rigid spacer, such as
1,4-bis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl]benzene dibromide (QSB2-12) the CMC is
1.21 mM [18]. For CTAB the CMC is 0.907 mM [19], lower than for QSB2-12. It has been reported that
by modifying the surfactants’ structure, aggregation behavior may be changed. Increasing the number
of hydrophilic parts decreases the CMC (when the hydrophobic part is fixed), which is also observed
when an increase in the number of carbon chains of the hydrophobic part occurs (when hydrophilic
part is fixed) [17].

Gemini surfactants are known to be less toxic to freshwater organisms [20]. As an example,
and looking at the key freshwater species Daphnia magna, CTAB was found to be 28 times more toxic
than QSB2-12: LC50 of 0.026 mg/L [21] vs. 0.73 mg/L [20], respectively. Comparing QSB2-12 with
its monomeric analogue DTAB, the gemini surfactant is also less toxic than the conventional one
(LC50 for DTAB towards Daphnia magna is 0.35 mg/L [20]). It has been already reported that elongating
an alkyl chain leads to an increase in toxicity [22,23]. As an example, for betainate cationic dimeric
surfactants, LC50 values towards Daphnia magna decreases from 50 to 7.5 mg/L [22] when the number
of carbon atoms in the hydrophobic parts increases from 8 to 10. It can be also observed for the
above-mentioned monomeric surfactants DTAB (C12) and CTAB (C16). The compound with 12 carbon
atoms is classified as very toxic toward Daphnia magna [20,24] whereas the one with 16 carbon atoms
as extremely toxic [21]. Nevertheless, when we look at marine or estuarine organisms, not many
information is available regarding gemini surfactant toxicity. This represents a serious gap in marine
hazard information available, as nanocapsules synthetized using gemini surfactants are often used in
maritime infrastructures. One of the few examples is a study where gemini surfactants were shown to
be 20-times less toxic when looking at marine microalgae than CTAB [25].

Taking into consideration the relation between surfactant structure, aggregation properties and
ecotoxicity, environmentally-friendly silica nanocapsules may be designed. This approach, named
safe-by-design (SbD), focuses on setting, at minimum, any sources of possible hazards for the
environment and humans. SbD aims at ecologically oriented design since the beginning, meaning that
all possible safety issues will be identified and replaced with non-toxic or less toxic alternatives [26,27].

Therefore, the aim of this study was to develop a safe-by-design approach to silica nanocapsules
synthesis. In order to achieve it, CTAB was replaced by the gemini surfactant QSB2-12 as a
template for the nanocapsules’ synthesis. The nanocontainers based on both cationic surfactants
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were fully characterized by scanning electron microscopy (SEM), Fourier-transformed infrared
spectroscopy (FTIR), dynamic light scattering (DLS), thermogravimetric analysis (TG/DTA) and
N2 adsorption–desorption isotherms, as well as, in terms of their ecotoxicity towards chosen marine
microalgae and crustaceans. The marine environment is the compartment where most of these ENMs
will be applied and, therefore, looking at effects to marine biota is crucial and it will help to fill in the
gap on the few available information regarding hazard assessment.

2. Materials and Methods

2.1. Materials

Ammonia solution (NH4OH) (25%) was purchased from Merck (Portugal). Hexadecyltrimethy
lammonium bromide (CTAB) (≥98%), tetraethyl orthosilicate (TEOS) (≥99%), diethyl ether and sodium
chloride (NaCl) were purchased from Sigma-Aldrich (Oeiras, Portugal).

Cationic gemini surfactant 1,4-bis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl]benzene
dibromide (QSB2-12) was synthesised according to the methods described in the literature [20].

The structures of cationic surfactants are presented in Figure 1.
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2.2. Methods

2.2.1. Nanocapsules Synthesis and Characterization

Silica nanocapsules (SiNC) were synthesized in a one-step process through an oil-in-water
microemulsion (Figure 2) based on a published procedure, with minor alterations [9]. Diethyl ether
was used as a co-solvent, ammonia as a catalyst and TEOS as a silica precursor. The water phase
consisted of different amounts of cationic surfactant (Figure 2) dissolved in 35 mL water and 0.25 mL
of ammonia solution. Diethyl ether (25 mL) was then added (dropwise) to the water phase and an
oil-in-water microemulsion was obtained. Subsequently, 2 mL of TEOS was added dropwise to the
microemulsion under controlled stirring and kept in a closed vessel for 24 h. The obtained products
were filtered, washed with warm water (~40 ◦C) and dried at 60 ◦C.

Capsules morphology was characterized by scanning electron microscopy (SEM) coupled
with energy dispersive spectroscopy (EDS) (Hitachi SU-70 electron microscope) and by scanning
transmission electron microscopy (STEM) with secondary electron (SE) imagining capability (Hitachi
STEM/SEM HD-2700).

Fourier-transformed infrared spectroscopy (FTIR) was used to identify characteristic peaks of the
synthesized nanomaterials. FTIR analysis was performed on a Bruker tensor 27 spectrophotometer
coupled with an ATR device.

A Malvern Zetasizer Nano-ZS instrument was used to perform dynamic light scattering (DLS)
and zeta potential (ζ) measurements. The measurements were performed in deionized water and the
concentration of silica nanocapsules was 10 mg/L.
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Thermogravimetric analysis (TG/DTA) was conducted on a Sataram-Labsys system under air
atmosphere, with a heating rate of 10 ◦C min−1 from room temperature up to 800 ◦C. A portion of
these nanocapsules was calcined at 550 ◦C for 5 h, with a heating rate of 10 ◦C min−1.

Textural properties of nanocapsules were evaluated based on the adsorption–desorption isotherms
of N2 at 196 ◦C, performed on the equipment Quantachrome NOVA 4200e. Samples were previously
degassed at 180 ◦C for 6 h. The specific area (SBET) was calculated by the BET method (Braunauer,
Emmett and Teller), the total pore volume (VPp/p0=0.98) was obtained from the volume of N2

adsorbed at p/p0 = 0.98. The most frequent pore diameters (øpores) was calculated by the BJH
method (Barrett–Joyner–Halenda), applied to the desorption branch of the isotherm [14].

2.2.2. Ecotoxicity Tests

The short-term toxic effects of the two silica nanocapsules were evaluated on marine microalgae
species (Nannochloropsis gaditana, Phaeodactylum tricornutum, Tetraselmis chuii) and on a microcrustacean
species (Artemia salina), following the standard protocols OECD 201 (2011) [28] and ISO 10253 (2016) [29],
respectively, with some adaptations fully described by Kaczerewska et al. [25] Briefly, tests were run with
0.45 µm filtered artificial seawater (ASW) and for each compound, five concentrations plus one negative
control (ASW only) were tested (n = 4 for microalgae; n = 3 for crustaceans). Range-finding tests were
run for exposure concentrations ranging from 0.01 mg/L to 100 mg/L. Definitive exposure tests included
the following exposure concentrations: Nanochloropsis gaditana and Tetraselmis chuii: 2 mg/L, 4 mg/L,
6 mg/L, 8 mg/L, 10 mg/L; Phaeodactylum tricornutum: 2 mg/L, 4 mg/L, 6 mg/L, 8 mg/L, 10 mg/L for
SiNC_QSB2-12 and 0.5 mg/L, 1 mg/L, 2 mg/L, 4 mg/L, 6 mg/L for SiNC_CTAB; Artemia salina: 6.25 mg/L,
12.5 mg/L, 25 mg/L, 50 mg/L, 100 mg/L. Microalgae growth inhibition was monitored for 72 h through
fluorescence daily measurements whereas crustaceans mortality or immobilization was checked after
48 h of exposure. The median lethal (LC50) and median growth inhibition (IC50) concentrations
were determined by a non-linear regression model with the software Graphpad Prism v.6.0. Then,
toxicity endpoints were categorized according to the EC Directive 93/67/EEC scheme adapted by
Blaise et al. [30] for nanomaterials: non-toxic (L/IC50 > 100 mg/L), harmful (10 > L/IC50 ≥ 100 mg/L),
toxic (1 > L/IC50 ≥ 10 mg/L), very toxic (0.1 > L/IC50 ≥ 1 mg/L) and extremely toxic (L/IC50 ≤ 0.1 mg/L).

I/LC50 values estimated for both nanomaterials were statistically compared. A table containing
the logL/IC50, associated standard error and degrees of freedom (data extracted from each non-linear
regression report) for both SiNC (QSB2-12) and SiNC (CTAB) was prepared for each tested species.
Then, the null hypothesis that both best fitting datasets were similar was tested (p < 0.05) through a
t-test, followed by an F-test to compare the data variance (total of 4 independent tests).
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3. Results and Discussion

3.1. Synthesis

As mentioned in the Materials section, silica nanocapsules have been obtained in a one-step process
with minor adjustments. Both SiNC_CTAB and SiNC_QSB2-12 were obtained as white powders.
CTAB concentration used for the synthesis was 19 mM, which is definitely above its CMC (0.907 mM).
The number of moles used for QSB2-12 was reduced by half (11.6 mM) due to its dimeric structure.
Zeta potential of CTAB and QSB2-12 microemulsions were +58.3 mV and +41.9 mV, respectively.
Values of ζ for the surfactants differ slightly suggesting similar stability of the obtained microemulsions.
Micelles made of cationic surfactants were a template for silica shell formation after adding TEOS [10].

3.2. Characterization of Silica Nanocapsules

SEM and STEM pictures of synthesised silica nanocapsules are presented in Figure 3.
Obtained nanocontainers have a spherical shape with a diameter ranging between 100 nm and
200 nm. In STEM images (Figure 3c,d), a distinction (red arrow) between the wall and the core of the
nanocapsules can be noticed, which confirms that obtained nanomaterials are capsules.
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Figure 3. SEM (a,b) and scanning transmission electron microscopy (STEM) (c,d) images of
silica nanocapsules based on N-hexadecyl-N,N,N-trimethylammonium bromide (CTAB) (a,c) and
QSB2-12 (c,d).

In the FTIR spectra, presented in Figure 4a–c, some characteristic bands for silica capsules can be
observed, such as Si–O–Si stretching at 1049 cm−1, Si–OH stretching at 935 cm−1 and Si–O–Si bending
at 800 cm−1. By overlapping the spectra of SiNC_CTAB and SiNC_QSB2-12 (Figure 4c) it is possible
to observe their similarity. FTIR spectra for CTAB and QSB2-12 show characteristic wavenumbers
values of the bonds: C-H stretching absorption vibrations of long alkyl chains between 2840 cm−1 to
3000 cm−1, C-H bending vibration of the (CH3)4N+ cation at around 1490 cm−1 and rocking vibrations
of (CH2)n, when n ≥ 4, at around 720 cm−1 (present only in case of long alkyl chains) [25]. In the
silica capsules’ spectra, lower intensity of signals associated with CTAB and QSB2-12 are observed
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suggesting that traces of cationic surfactants remained on the capsules’ surface, as can be seen in the
overlapped spectra of silica nanocapsules and surfactants (Figure 4a,b). Washing silica nanocapsules
with an ethanolic solution of hydrochloric acid (1.5 mL of HCl in 150 mL of ethanol) at 60 ◦C allows
the removal of cationic surfactants completely [16]. This route can be used for empty nanomaterials
but applying it to nanocapsules loaded with active molecules may cause the unwanted release of the
active molecules during washing steps. Another possibility to remove traces of cationic surfactants
is calcination. However, this process removes all the organic compounds and cannot be applied to
nanomaterials loaded with organic molecules [9,11].
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Regarding the size distribution of the synthesised capsules in distilled water (Table 1), determined
by DLS, peaks centred at 157.1 nm and 191.6 nm were observed for SiNC_CTAB and SiNC_QSB2-12,
respectively (Figure 5). These data agree with the size determined by SEM, although polydispersion
index (PdI) shows values higher than 0.5, indicating heterogeneity of the samples and the presence of
larger aggregates. For both SiNC_CTAB and SiNC_QSB2-12 larger particles are observed probably due
to the presence of polymer residues (TEOS polymerization) [14]. DLS data also confirm this assumption
by the presence of secondary peaks, indicating the agglomeration of the nanocapsules and the polymer
residues into larger particles [14]. The zeta potential associated with SiO2 is typically −28 mV [31],
so the recorded positive values of Z-potential for the synthesised silica nanocapsules in this work
(cf. Table 1) are associated with the traces of cationic surfactants remaining in the capsules, which is
consistent with FTIR spectra. Data for SiNC_CTAB are also in agreement with the literature where the
hydrodynamic size for that conventional nanomaterial range from 80 nm to 180 nm [10,11,14].

Table 1. Dynamic Light Scattering (DLS) data for synthesized SiNC_CTAB and SiNC_QSB2-12.

Hydrodynamic Size
[nm]

ζ

[mV] PdI

SiNC_CTAB 157.1 ± 18.3
731.2 ± 134.3 32.8 ± 1.1 0.68

SiNC_QSB2-12 191.6 ± 37.1
662.1 ± 160.0 40.9 ± 6.8 0.56

ζ—Zeta potential; Pdl—Polydispersion index.
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Figure 5. Size distribution of silica nanocontainers (SiNC) synthesized with CTAB and QSB2-12.

Thermogravimetric (TG) experiments were performed in order to verify and compare the thermal
stability of synthesized nanocapsules. Tests with calcined samples (after thermal treatment) were
carried out as a reference. TG profiles are presented in Figure 6. The degradation temperature for
both SiNC_CTAB and SiNC_QSB2-12 was found to be 105 ◦C, which can be assigned to the process
of dehydration of water adsorbed in the interlayer structure [32]. As expected for inorganic silica
materials, curves for calcined nanomaterials show no variation in temperature, which suggests good
thermal stability. Comparing curves for calcined and as-synthesized nanocapsules, a mass loss of
approximately 80% can be observed for the as-synthesized ones. This may be due to the degradation
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of non-hydrolysed TEOS as well as some residues of cationic surfactants used for the synthesis [14].
These results suggest that replacing CTAB with QSB2-12 will not change the thermogravimetric profile
of silica nanocapsules.
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Textural properties of silica nanocontainers (SiNC_CTAB and SiNC_QSB2-12) were evaluated
by adsorption–desorption isotherms N2 at −196 ◦C. In Figure 7a it is possible to observe that
both samples show a typical type IV adsorption–desorption, according to IUPAC classification,
with symmetric adsorption–desorption pathway isotherm indicating the presence mesoporous
materials. A characteristic type H3 hysteresis loop is observed. This type is typical for mesoporous
materials with slit-shaped pores [33]. Table 2 presents the main textural parameters of the silica
nanocontainers: specific surface area (SBET) and the most frequent diameter of pores (mode of
distribution of pore diameter). Data obtained for SiNC_CTAB are in agreement with what is reported
in the literature when using diethyl ether as co-solvent [9]. When CTAB is replaced with QSB2-12 a
slight increase in pore size was observed. Additionally, changing surfactants during synthesis results
in a decrease in surface area from 719 m2/g to 603 m2/g.

Table 2. Textural properties of SiNC_CTAB and SiNC_QSB2-12.

SBET
[m2/g]

Pore Size
[nm]

SiNC_CTAB 719 4.4
SiNC_QSB2-12 603 5.9

3.3. Ecotoxicity

Ecotoxicity data (I/LC50) are summarized in Table 3. Respective dose–response curves supporting
these results are presented in a Supplementary Material (Figure S1). Both nanomaterials were toxic
towards the tested microalgae and harmful towards the tested crustaceans [30]. However, SiNC_CTAB
was more toxic than the novel SiNC_QSB2-12, for all tested species, statistically significant (p < 0.05)
in the case of the diatom P. tricornutum (up to 3.5-times more toxic) and T. chuii (+25%) (Table 3).
It has been suggested that the toxicity of silica nanocapsules may be associated with traces of cationic
surfactants used during synthesis [10]. This is in accordance with FTIR data which confirm the
presence of cationic surfactant residues in both nanomaterials. Previous studies by researchers from
the University of Aveiro have shown that CTAB has 20-times higher toxicity towards P. tricornutum
than gemini surfactant QSB2-12 [25]. These results prompted the decision to replace CTAB with QBS12,
leading to the development of the work presented in this paper.
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Table 3. Toxicity of synthesized reference (SiNC_CTAB) and newly developed (SiNC_QSB2-12) silica
nanocapsules towards marine species and statistical comparison of I/LC50 through t-tests and F-tests
per tested species.

Marine
Species

I/LC50 [mg/L]
(95% CI) t-Test p-Value

F-Test to Compare
Variances
DFn, DFd

p-Value

SiNC_CTAB SiNC_QSB2-12

Nannochloropsis gaditana 8.51 9.69
1.2230 0.2282

94.91
<0.0001(6.76–10.7) (9.48–9.91) 20, 22

Tetraselmis chuii
7.41 9.26

3.3437 0.0014
17.28

<0.0001(7.37–7.45) (8.97–9.55) 19, 22

Phaeodactylum
tricornutum

2.37 8.30
2.1350 0.0386

14.84
<0.0001(1.75–3.23) (2.69–15.61) 22, 20

Artemia salina
23.0 25.4

0.6126 0.5451
8.42

0.0003(20.6–25.7) (18.4–35.0) 14, 14

Data are presented as median growth inhibition concentration (72 h-IC50) and median lethal concentration values
(48 h-LC50), and respective 95% confidence intervals (CI). DFn—degrees of freedom numerator. DFd—degrees of
freedom denominator.
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There are some ecotoxicity data available in the literature for CTAB-based silica nanocapsules.
For the diatom P. tricornutum IC50 ranges from 2.03 mg/L [10] to 3.67 mg/L [13], for microalgae N. gaditana
IC50 is 1.15 mg/L [10], while for the crustacean A. salina SiNC_CTAB are harmful (LC50 = 12.2 mg/L [34])
or non-toxic (LC50 > 100 mg/L [10]). The results obtained in the present work agree with the literature
data, particularly in the case of diatoms and crustaceans. There is a difference for the microalgae
N. gaditana, which may be associated with different amounts of the cationic surfactant still adsorbed to
the silica nanocapsules surface.

Sustainability is, nowadays, one of the main challenges in materials science. Designing
nanomaterials by a proper selection of raw materials seems to be the way to obtain environmentally-
friendly nanocontainers. Since it has been reported that the encapsulation of active molecules reduces
their toxicity due to a controlled release mechanism [10], non-toxic nanocarriers are needed. To the best
of our knowledge, there is no information published on the use of different cationic surfactants in order
to prepare silica nanocapsules. However, comparing data of the toxicity profile of SiNC_CTAB with
another nanomaterial namely, layered double hydroxides (LDHs) the silica nanocarriers have been
found as exerting some degree of toxicity towards marine species [12]. Other eco-friendly alternatives
have been reported in the literature, such as natural polymercarriers based on gelatine or chitosan
microcapsules. These materials are non-toxic, biocompatible and biodegradable [35,36]. However,
due to some limitations, such as size or swelling in aqueous solutions, their use is not always possible.
In those cases, silica nanocapsules are often a solution, however current versions are still toxic.

This study demonstrates that developing greener silica mesoporous nanocapsules by replacing
cationic surfactants used during SiNC synthesis, may lead to less toxic alternatives. In the present
study, this was not fully achieved, however, the statistical differences between the toxicity on two
ecologically relevant marine species demonstrate this approach is in the right direction to obtain less
toxic materials. Considering the potential application of such nanomaterials as coating additives for
maritime applications, improvements in their design and further ecotoxicological studies on other
marine species may confirm the present findings.

4. Conclusions

Silica nanocapsules based on gemini surfactant QSB2-12 were successfully synthesised
and characterized.

The synthesis is performed in a one-stage process where the toxic commercial cationic surfactant
CTAB is replaced by a less toxic gemini surfactant QSB2-12. Changing surfactants allows the reduction,
by 50%, of the number of moles used to obtain a stable microemulsion and does not hinder the
formation of the nanomaterials. Moreover, the present results show that replacing the surfactant does
not significantly change the structure and properties of silica nanocapsules.

Ecotoxicity tests show that nanocapsules based on CTAB are significantly more toxic than
nanocontainers prepared with gemini surfactant for two (out of four) species and slightly more toxic
for the other two. Both nanomaterials are classified as toxic (microalgae) and harmful (crustacean).
The present study shows that by choosing a template surfactant carefully, environmentally safer silica
nanocapsules can be designed. Nonetheless, further research is still needed.

To the best of our knowledge, the safe-by-design approach for silica nanocapsules synthesis
is addressed in this work for the first time. Following this approach allows us to obtain not only
environmentally friendly nanomaterials but also prevent the use of toxic surfactants and decrease the
number of used chemicals, thus being aligned with the concept of green chemistry [37].

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/22/8085/s1,
Figure S1. Dose–response curves of the microalgae Nannochloropsis gaditana and Tetraselmis chuii, the diatom
Phaeodactylum tricornutum and the crustacean Artemia salina exposed to tested cationic surfactants.
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Featured Application: The present study can foster nanoecotoxicology research on tropical
environments and can be also applied on the maritime industry.

Abstract: The encapsulation of the biocide DCOIT in mesoporous silica nanocapsules (SiNC) has been
applied to reduce the leaching rate and the associated environmental impacts of coatings containing
this biocide. This research aimed to evaluate the effects of DCOIT in both free and nanostructured
forms (DCOIT vs. SiNC-DCOIT, respectively) and the unloaded SiNC on different life stages of the
bivalve Perna perna: (a) gametes (fertilization success), (b) embryos (larval development), and (c)
juveniles mussels (byssus threads production and air survival after 72 h of aqueous exposure).
The effects on fertilization success showed high toxicity of DCOIT (40 min-EC50 = 0.063 µg L−1),
followed by SiNC-DCOIT (8.6 µg L−1) and SiNC (161 µg L−1). The estimated 48 h-EC50 of SiNC,
DCOIT and SiNC-DCOIT on larval development were 39.8, 12.4 and 6.8 µg L−1, respectively.
The estimated 72 h-EC50 for byssus thread production were 96.1 and 305.5 µg L−1, for free DCOIT
and SiNC-DCOIT, respectively. Air survival was significantly reduced only for mussels exposed
to free DCOIT. Compared to its free form, SiNC-DCOIT presented a balanced alternative between
efficacy and toxicity, inhibiting efficiently the development of the target stage (larvae that is prone to
settle) and satisfactorily preventing the juvenile attachment.

Keywords: Perna perna; biofouling; nanotechnology; toxicity

1. Introduction

Long-term submerged structures are susceptible to aggregate fouling organisms, such as algae,
barnacles, mussels, and other benthic organisms, known as biofouling [1]. In the shipping industry,
this phenomenon causes extensive economic losses, resulting in a significant decrease in ships’
durability and operational efficiency, interfering with vessels’ navigability. The friction caused by
the increase in the hull’s roughness exponentially increases maritime transport costs, as it demands
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greater engine power and fuel consumption [2]. Moreover, this increase in fuel consumption leads to
an increase in greenhouse gas emissions. Another problem related with the biofouling regards the
dispersion of invasive species associated with the hull’s vessels or its ballast water [3].

However, the traditional methods used to inhibit the establishment and growth of biofouling
have arisen concerns since the 20th century due to the critical environmental impacts, particularly on
non-target foulers/biota. The chemical formulation of antifouling (AF) paints contain biocides, which are
chemical substances that neutralize, inhibit or exert control over undesirable fouling organisms and/or
communities, preventing their settlement and further growth [4]. Despite the desired antifouling action,
many of these compounds are toxic to non-target species [5,6], and may cause adverse effects to the
non-fouling biota. The global ban on the organotin-based paints in 2008 increased the use of alternative
AF booster biocides, such as 4,5-dichloro-2-octyl-2H-isothiazole-3-one (DCOIT). DCOIT is the biocidal
ingredient of the AF products Sea Nine 211™ or Kathlon™ 910 SB, among other commercial products,
which stands out as one of the most widely used AF agents in maritime topcoats [7]. This organic
compound has been considered environmentally safe by USEPA [8], due to its reduced half-life (<1 day
in seawater) [9,10]. However, recent studies have indicated that its half-life can be longer than four
days in natural seawater [11], at least one week in artificial saltwater [12], and up to 13 days [13],
depending on the environmental conditions, such as sunlight, dissolved oxygen or temperature [1].
Consequently, DCOIT has been found in water and sediment from several countries in Asia [14] and
Europe [15]. Not surprisingly, studies have demonstrated this biocide’s high toxicity to non-target
organisms [12,16]. Recently, DCOIT was classified as “very toxic to aquatic life, with long-lasting
effects” by the European Chemicals Agency [17].

Because environmental regulations have become increasingly restrictive on national and
international bases, new AF strategies need to attend some aspects such as environmental safety,
AF efficacy and coating’s lifetime. In this sense, promising AF alternatives to regular state-of-the-art
biocides have gained space, such as the encapsulation and immobilization of the biocides in low
toxic nanocontainers [18–22]. Novel AF nanomaterials have been recently developed using silica
mesoporous nanocapsules (SiNC) to encapsulate DCOIT [23]. SiNC have an empty core and shell
with gradual mesoporosity which confers significant loading capacity and allows prolonged and
stimuli-triggered release of the biocide, such as pH or chloride concentration [24], providing a safe
environmental loading of the biocide together with specific targeting [23]. When used as coating
additive, the biocide’s lifetime is increased and the percentage content of the main active ingredient in
the coating is also greatly reduced. This feature has been triggering the core business of the company
Smallmatek, Lda, which develops and produces functionalized engineered nanomaterials, including
SiNC-DCOIT, to be added in protective coatings for maritime applications.

A recent study comparing the antifouling efficacy and toxicity of DCOIT in both free and
encapsulated forms (DCOIT vs. SiNC-DCOIT) indicated that the novel AF nanostructured additive is
much less toxic (up to 214-fold) towards non-target species from temperate regions [12]. However,
there is no knowledge on the toxicity and efficacy of this AF nanomaterial on species from different
climatic regions, a critical requirement on environmental risk assessment at global scale. Furthermore,
the effects of SiNC-DCOIT on different life stages of a given species are also unknown so far. The brown
mussel Perna perna occurs on rocky reefs, forming dense colonies at the low-tidal and intertidal levels
in the tropical and subtropical zones. This bivalve species is regarded as a socio-economically relevant
species with a very-broad natural distribution along Africa and the Arabic Peninsula, being an invasive
species in the Gulf of Mexico and, more recently, in Portugal [25]. This bivalve species is economically
important in Brazilian southern and southeastern coastal areas and represents a relevant food resource
for coastal populations [26]. Therefore, due to its socio-economic importance, P. perna is a non-target
fouling organism at adult life stages; however, it can be considered a target organism at the larval
stage since it is prone to settle and become part of the undesirable fouling in human-made structures.
Accordingly, this research aimed to evaluate and compare the effect of two DCOIT forms (free DCOIT
vs. its nanostructured form SiNC-DCOIT) and the unloaded nanocarriers (SiNC) on different life
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stages of the bivalve P. perna, namely, on gametes (fertilization success), fertilized eggs (embryo-larval
development), and juveniles mussels (byssus threads production and air survival capacity).

2. Materials and Methods

2.1. Chemical Compounds

DCOIT (CAS nr. 64359-81-5) was purchased from Sigma-Aldrich (São Paulo, SP, Brazil). Nanomaterials
(SiNC; SiNC-DCOIT) were supplied by Smallmatek, Lda. (Aveiro, Portugal). Tested nanomaterials were
fully characterized by Figueiredo et al. [12]. Briefly, SiNC has a diameter of 129 nm and SiNC-DCOIT has
diameter of 152 nm and a biocidal content of 18.3% [12]. Stock solutions/dispersions were prepared in
natural seawater (salinity 33 ± 2), filtered through a 0.22 µm microporous membrane filter and dispersed in
an ultrasonic bath (40 kHz) for 30 min. Diluted dispersions were sonicated for 15 min., immediately before
the exposure test.

2.2. Animals

Adult and juvenile Perna perna mussels were acquired from a mariculture farm located on the
north coast of São Paulo (Brazil). In the laboratory, the animals were placed on 60 L plastic boxes
filled with seawater (salinity 33) and maintained under constant aeration, temperature (25 ± 2 ◦C),
and photoperiod of 12 h:12 h (light:dark) for 72 h prior to the experiments [27].

2.3. Fertilization Assay

The fertilization assay was carried out according to the protocol proposed by the United States
Environmental Protection Agency [28], adapted for P. perna by Zaroni et al. [27]. The exposure
concentrations used in the fertilization assay were: 1, 3.33, 10, 33 and 100 µg L−1 of free DCOIT; 24.7,
74.1, 222.2, 666.7 and 2000 µg L−1 for SiNC-DCOIT (expressed as DCOIT content); and 250, 500, 1000,
2000 and 4000 µg L−1 for SiNC. These concentration ranges were chosen based on previous toxicity
data acquired for temperate marine species [12].

The mussel’s gametes (eggs and sperm) were obtained by the thermal induction [27].
The experiment was carried out in glass test tubes containing 10 mL of each test solution. Four
replicates were prepared for each treatment and experimental control (filtered seawater). In each
replicate, 150 µL of sperm solution were transferred to each replicate and incubated (25 ± 2 ◦C) for
40 min. Next, approximately 2000 eggs were added to the sperm suspensions. Sixty minutes after
the eggs are added, the test was terminated by adding 500 µL of formaldehyde (10%) buffered with
borax to each replicate. The percent fertilization was determined by microscopic examination of an
aliquot from each replicate of the treatments placed on a Sedgwick-Rafter chamber. The first 100 eggs
observed were counted and the average percentage of fertilization was determined, considering the
4 replicates used.

2.4. Embryo-Larval Development Assay

The short-term chronic exposure assay using P. perna embryos followed the standard method
ABNT NBR 16,456 [29]. In this experiment, six exposure concentrations were tested for each chemical:
1, 3, 3.3, 10, 33 and 100 µg L−1 of free DCOIT, 0.064, 0.32, 1.6, 8, 40 and 200 µg (of DCOIT) L−1 in
SiNC-DCOIT, and 6.5, 32, 162, 808 and 4040 µg L−1 of SiNC. These concentrations were established
based on the findings of a preliminary experiment.

Gametes obtention and fertilization were conducted according to the procedure described in the
fertilization assay. Approximately 400–500 fertilized eggs were added to the glass test-tubes containing
10 mL of test solutions. Four replicates per concentration were prepared. The experiment was incubated
(25 ± 2 ◦C) for 48 h with a photoperiod of 12 h:12 h (light:dark). Development confirmation was verified
in the experimental control (above 70% of normal larvae, according to Zaroni et al., [27]). The test
was then terminated by adding 500 µL of 10% buffered formaldehyde to each replicate. The first
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100 organisms observed were counted and identified: and the normal veliger larvae were determined as
those presenting symmetrical and closed valves, visible internal content, and a “D shape”. On the other
hand, abnormal larvae included those undeveloped, those exhibiting delays and/or morphological
abnomalies and the absence of development of eggs.

2.5. Short-Term Exposure Assay with Juveniles

The tested concentrations were 10, 100 and 1000 µg L−1 for SiNC and SiNC-DCOIT (as mg of
DCOIT L−1) and 0.81, 8.1 and 81 µg L−1 for DCOIT (free form), based on the sublethal toxicity of these
compounds for adult mussels of the species Mytilus galloprovincialis [12]. Negative control (filtered
seawater) was also prepared.

Juvenile mussels with approximately 2.5 cm long were selected. Their byssus threads were cut
with surgical scissors aiming at to examine their growth during exposure and counting at the end of
the experiment. A total of 300 animals were randomly divided into 500 mL glass flasks with 400 mL
of test solution (n = 6, 5 organisms per replicate). The animals were exposed for 72 h with constant
gentle aeration, at 25 ± 2 ◦C and photoperiod of 12:12 h (light:dark). During the experimental period,
mussels were not fed and the test solutions were not renewed. In order to maintain the quality of
the experiment, survival of the organisms were evaluated daily and dead organisms were removed;
physical-chemical parameters were measured in the beginning and in the end of the exposure.

2.5.1. Byssus Threads Formation

The number of byssus threads produced by the organisms (n = 6 per treatment) was counted after
the exposure period. This procedure consisted of viewing both upside and underside of the mussel
through the transparent glass flasks that were clearly visible, allowing the identification and counting
of all the byssus threads.

2.5.2. Survival-in-Air Test

Mussels (n = 3) of each treatment were exposed to air, on empty containers (6-wells cell culture
plates), after the aqueous exposure period of 72 h aiming at assessing the fitness to survive in prolonged
extreme conditions. Containers were kept at constant room temperature (25 ± 1 ◦C) and photoperiod
(12:12 h). Organisms’ survival was checked daily by an inspection of the valve closure. Mussels were
considered dead when their valves did not close after mechanical stimulation.

2.6. Statistical Analysis

Data normality and homoscedasticity obtained in each experiment (fertilization, embryotoxicity,
byssus threads produced, and survival in air tests) were tested using the Shapiro Wilk and the
Levene tests (p < 0.05), respectively. For each experiment, statistical differences between the negative
control and each treatment were analyzed using one-way ANOVA, followed by Dunnett’s multiple
comparison tests whenever significant differences were observed (p < 0.05). Then, the no observed
effect concentration (NOEC) and the lowest observed effect concentration (LOEC) were derived for
fertilization and embryotoxicity tests.

The median effective concentrations (EC50) that reduce 50% of fertilization success, embryo-larval
development and byssus threads production were determined using dose-response curves through
nonlinear regression analysis using a 4-parameter log-logistic model, performed with the statistical
software GraphPad Prism v.6 (GraphPad Software, La Jolla, CA, USA). The number of byssus threads for
each chemical concentration were normalized to the total threads production of the control (considered
as 100%). For each chemical, the nonlinear regression equation that best fits the data was selected
considering the R2 value, absolute sum of squares, and the 95% confidence intervals.
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3. Results and Discussion

3.1. Fertilization Assay

All tested treatments exhibited significant effects compared to the negative control (Figure 1;
Table 1). The 40 min-EC50 value of DCOIT (free form) was estimated at 0.063 µg L−1 (Table 1), roughly
137-fold more toxic than the nanostructured form SiNC-DCOIT (8.6 µg DCOIT L−1) and 4 orders of
magnitude more toxic than the unloaded SiNC (161 µg L−1). The high difference between toxicity of
SiNC-DCOIT in comparison with DCOIT may be related to the biocidal controlled release property of
SiNC-DCOIT, which occurs gradually in time and by predefined stimuli [12,13].

Figure 1. Fertilization rates observed for P. perna gametes exposed to (a) SiNC, (b) DCOIT, and (c)
SiNC-DCOIT. Asterisks (*) indicate significant differences relative to the control (p < 0.05). Data are
presented as average ± standard deviation (SD).

Table 1. NOEC, LOEC, EC50 values and respective confidence intervals (95%) of DCOIT, SiNC-DCOIT,
and SiNC on gametes fertilization, embryo-larval development, byssus threads production, and survival-in-air
of P. perna. Units are given in µg L−1. SiNC-DCOIT values correspond to the concentration of encapsulated
DCOIT (µg DCOIT L−1). “nd”: not determined.

Parameter NOEC LOEC EC50 95% CI

SiNC

Fertilization <250.0 250.0 161.3 139.3–186.8
Embryotoxicity <6.5 6.5 39.8 10.5–150.8
Byssus threads 1000 >1000 1323 218.2–8019

Air survival capacity 1000 >1000 nd –

DCOIT

Fertilization <1.0 1.0 0.063 0.016–0.255
Embryotoxicity 1.0 3.3 12.4 9.9–15.4
Byssus threads 81.0 >81.0 96.1 6.3–470

Air survival capacity <0.810 0.810 nd –

SiNC-DCOIT

Fertilization <24.7 24.7 8.6 4.9–15.0
Embryotoxicity 0.064 0.320 6.8 2.7–16.9
Byssus threads 100.0 1000 305.5 124.2–751.5

Air survival capacity <10.0 10.0 nd –

These results stress the high toxicity of the conventional form of DCOIT by inhibiting the
fertilization of P. perna gametes even at very low and environmentally relevant exposure concentrations.
As a comparison, the EC50 reported for the sea urchin Paracentrotus lividus fertilization assay was
198 µg L−1 [30]. However, it is worth pointing out that the experiment was slightly different since
sperm was pre-exposed for 45 min, and the subsequent fertilization was carried out in artificial seawater
without DCOIT. In the present study, the fertilization was carried out in the same test-solutions that
sperm was exposed for 40 min.

Previous studies demonstrate that DCOIT was more toxic (i.e., efficient) towards temperate target
species, namely the bacterium Vibrio fischeri (IC50 = 299µg L−1 of free DCOIT vs. IC50 = 459 µg DCOIT L−1

for SiNC-DCOIT) and the diatom Phaeodactylum tricornutum, involved in the biofilm formation
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(IC50 = 4 µg L−1 and 7 µg L−1 for free DCOIT and SiNC-DCOIT, respectively [12]). Nevertheless,
in such study, the sibling nanomaterial containing also silver (SiNC-DCOIT-Ag), demonstrated the
opposite being much more efficient than the dissolved forms of DCOIT or Ag towards the tested target
species [12].

3.2. Embryo-Larval Development Assay

The effects of SiNC, DCOIT, and SiNC-DCOIT on the larval development rate of P. perna are
shown in Figure 2 and Table 1. Significant effects were observed as low as at the lowest tested
exposure concentration of unloaded SiNC (6.5 µg L−1). Additionally, at 4040 µg SiNC L−1 no developed
veliger larvae were found (Figure 2a). The 48 h-EC50 value was set at 39.8 µg SiNC L−1, the highest
value amongst the three tested compounds. Despite being the less toxic among the tested chemicals,
the embryotoxicity caused by SiNC was much higher than expected since silica was expected to be,
in principle, inert. According to Figueiredo et al. [12] this effect can be attributed to the cationic
surfactant cetyltrimethylammonium bromide (CTAB) used in the synthesis of the mesoporous silica
nanocapsules [23]. CTAB is a quaternary ammonium compound (QACs), a class of toxic surfactants
towards aquatic species [12,31]. Besides, residues of this organic component can be detected even
after several washes [12] explaining the recently reported effects of SiNC on the fertilization and
embryo-larval development of the sea-urchin Paracentrotus lividus [32] and the inhibition settlement of
the bryozoan Bugula neritina larvae [33]. This raw nanomaterial is not considered environmentally
dangerous when compared with the AF biocides, but our results indicate the importance of knowing
its potential toxicity against a wide set of organisms in order to improve the manufacturing process of
the engineered nanomaterial, as recently proposed by Kaczerewska et al. [34].

Figure 2. Larval development rates observed in P. perna embryos exposed to (a) SiNC, (b) DCOIT,
and (c) SiNC-DCOIT. Asterisks (*) indicate significant differences relative to the control (p < 0.05). Data
are presented as average ± standard deviation (SD).

Regarding the tested biocide, the development of mussel embryos was significantly affected at
3.3 µg L−1 of DCOIT (LOEC). Above 33µg L−1 (Figure 2b) no tested organisms reached a well-developed
veliger larvae stage. The embryotoxicity of DCOIT to P. perna is in agreement with previous findings
for other bivalve species from temperate regions, namely, the mussel Mytilus edulis, for which
Bellas et al. [35] and the USEPA Office of Pesticides Programs [36] reported 48 h-EC50 values of 10.7
and 2.7 µg L−1, respectively. Moreover, Shade et al. [10] estimated the DCOIT 48 h-EC50 at 6.9 µg L−1

for embryos of the oyster Crassostrea virginica.
In the SiNC-DCOIT treatment, the embryonic development rates differed significantly from the

control at 0.32 µg L−1 (Figure 2c). Moreover, the estimated 48 h-EC50 of SiNC-DCOIT was set on
6.77 µg DCOIT L−1 (Table 1), nearly 2-fold more toxic to the embryos of P. perna than the free form of
DCOIT (12.36 µg L−1). The present findings are the first evidence that SiNC-DCOIT can exhibit a better
antifouling efficacy comparing with the non-nanostructured form of DCOIT in the pre-settlement
stage of a fouler organism. This can be justified by the very low and slow release of DCOIT from
the nanocapsules through diffusion, during the exposure period (undetectable by HPLC with a high
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detection limit of 240 µg DCOIT L−1 [12]). Interestingly, similar findings were previously reported on
settlement inhibition assays of other foulers, such as the bryozoan Bugula neritina, and the mussels
Mytilus galloprovincialis and Brachidontes pharaonis, in a study comparing the efficacy of other AF
nanomaterials containing Zn or Cu pyrithiones (ZnPT and CuPT) and the respective free/dissolved
forms [33]. As an example, CuPT immobilized in engineered nanoclays (LDH) can be up to 250-fold
more efficient in inhibiting the settlement of the Mediterranean B. neritina larvae than CuPT [33].
Naturally, species sensitivity may differ across the worldwide marine ecosystems, and abiotic factors,
such as temperature and salinity can affect the performance of AF compounds [33]. Despite more
studies are needed with other fouler organisms, it is safe to conclude that the innovative nanomaterials
demonstrate a promising antifouling capacity.

3.3. Short-Term Exposure Assay with Juvenile Mussel Stages

The parameters estimated for the studied chemicals on byssus threads production are presented
in Table 1. The number of byssus threads secreted by mussels exposed to the different treatments
showed no significant differences comparing to organisms from the experimental control, except for
SiNC-DCOIT (at 1000µg DCOIT L−1), in which the number was significantly lower. However, increasing
concentrations of DCOIT and SiNC-DCOIT reduce byssus production (Figure 3b,c, respectively).
The 72 h-EC50 value of DCOIT was estimated at 96.1 µg L−1, being 3-fold more toxic than the
SiNC-DCOIT (305.5 µg DCOIT L−1) and one order of magnitude more toxic than the unloaded SiNC
(1323 µg L−1). These data confirm the high antifouling efficacy of free DCOIT, which inhibit the
attachment of P. perna. In temperate and subtropical regions, mussels have been successfully used as
a model system to test the antifouling activity of both free-forms and nanostructurated biocides by
determining their continued attachment by byssus threads [33].
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Figure 3. Byssus threads produced by juvenile mussels exposed for 72 h in aqueous solution/dispersion
of (a) SiNC, (b) DCOIT, and (c) SiNC-DCOIT. Asterisks (*) indicate significant differences relative to the
control (p < 0.05). Data are presented as average ± standard deviation (SD).

Regarding to evaluation of the capacity of organisms to survive to aerial exposure after the
chemical exposure in water, mussels from the control group survived for approximately 53 h (Table 1).
Mussels previously exposed to SiNC treatments survived in air, in average, 40 ± 17 h at 10 µg L−1,
40 ± 21 h at 100 µg L−1 and 36 ± 23 h at 1000 µg L−1. The air survival capacity of mussels exposed
to unloaded SiNC did not differ significantly concerning the experimental control. SiNC-DCOIT
impaired the mussels physiological capacity to survive to a prolonged aerial exposure, set on 33 ± 12 h
at 10 µg L−1 and 31 ± 11 h at 100 µg DCOIT L−1 treatments (not possible to measure on the highest
SiNC-DCOIT tested concentration (1000 µg DCOIT L−1) due to the high lethality during the aqueous
exposure). Juvenile P. perna exposed to dissolved DCOIT presented the lowest survival-in-air rate.
In average, the air survival was 31 ± 17, 29 ± 14, and 24 ± 13 h for animals previously exposed to
0.81, 8.1, and 81 µg DCOIT L−1, respectively, being significantly different from the control. It was
possible to conclude that the average survival was reduced by less than 50% for mussels exposed to
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81 µg DCOIT L−1 (Figure 4). Since P. perna mussels live mainly at the intertidal level and are periodically
exposed to air during tidal cycles, less ability to survive may indicate limited physiological capacity.
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Figure 4. Results of the juvenile mussel survival-in-air after exposition to DCOIT, SiNC-DCOIT and
SiNC. Concentration is expressed as DCOIT content (µg DCOIT L−1) in the case of SiNC-DCOIT.
Asterisks (*) indicate significant differences relative to the control (p < 0.05). Data are presented as
average ± standard deviation (SD).

Overall findings indicate that the biocide’s encapsulation protected the mussels from significant
effects compared with the DCOIT exposure. Similarly, the acute toxicity of DCOIT, in its free form, in the
mussel Mytilus galloprovincialis, from the temperate region was much higher than the nanostructured
form SiNC-DCOIT (72 h-EC50 = 1270 µg DCOIT L−1 and 38,500 µg DCOIT L−1, respectively; [12]).
According to the authors, these mussels close the valves as a defense mechanism to prevent the animals’
exposure to contaminants. Thereby, the survival of mussels during the 72 h exposure to free DCOIT
solutions can also be related to this mechanism to avoid exposure. In this sense, these individuals
possibly remained without oxygenation of gills for a longer time, characterizing physiological effects
that reduced their survival capability in a dry environment.

3.4. Environmental Relevance

No information regarding the presence or levels of DCOIT throughout tropical and subtropical
zones has been reported in literature. However, DCOIT has been detected in coastal waters of the
temperate climate zone in the northern hemisphere, such as Greece [13], Japan [37] or Sweden [38],
reaching a maximum of 3.7 µg L−1 reported in a Spanish marina [39]. Since this level is above the
LOEC value determined for the DCOIT exposure in the fertilization bioassay and above both LOEC
values determined in the embryotoxicity test with DCOIT and SiNC-DCOIT, adverse effects on the
reproduction of bivalves may occur. In the other hand, the statistical predicted no effect concentration
(PNEC) based on L/E/IC 50 values of DCOIT was recently set on 0.2 µg L−1 [40], one order of magnitude
higher comparatively to the EC50 of DCOIT on P. perna fertilization. Thus, environmental concentrations
of DCOIT may critically impair natural populations of this species, indicating potential ecological
risks worldwide. Fonseca et al. also shown that the viability of haemocytes of mussels of P. perna
are affected by DCOIT exposure as early as 24 h of exposure [41]. It is important to emphasize that
the lowest exposure concentration of DCOIT (with environmental relevance) of the present study
also caused a reduction on the air survival capacity of P. perna mussels by 45%. Since the natural
populations of P. perna mussels inhabits intertidal rocky shores, a continuous exposure, particularly
close to marinas or harbors, may cause incapacity of mussels to properly cope with the presence of
DCOIT. Thus, a hypothetical decline of the established populations caused by the continuous exposure
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to DCOIT can have a negative socioeconomic impact in mid and low-income countries. In Brazil,
for instance, P. perna mussels has both ecological and economical relevance [42], and many natural
populations and mussel farms are located close to marinas, being under potential influence of AF
compounds, including DCOIT.

In this sense, deleterious levels of DCOIT can foster technological developments to control the
biocidal leaching from maritime coatings with environmental and economic benefits for the maritime
industry. Recently, Figueiredo et al. [40] demonstrated that the encapsulation of DCOIT was able
to promote a 25-fold decrease on the marine hazard of DCOIT in temperate ecosystems shown by
the increase of the PNEC values from 0.2 to 5 µg L−1 on the conventional DCOIT and SiNC-DCOIT,
respectively [40]. In the same direction, the present study demonstrated for the first time the promising
antifouling efficacy of the novel nanostructured biocide in early life stages of the mussel P. perna
together with the reduced toxicity on non-target stages of this neotropical species compared with
the conventional DCOIT. These results are explained by the slow and controlled release of biocide
in time, as recently demonstrated by Figueiredo et al. [12] in artificial saltwater. Since this is the
first ecotoxicological study ever conducted in a tropical species, future research should focus on the
holistic assessment of the fate, behavior, toxicity and hazard on the tropical environment of this novel
nanoadditive for maritime coatings to avoid the same mistakes of the past when conventional biocides
entered in the market without an appropriate assessment of their effects on the environment.

4. Conclusions

This is the first study assessing the ecotoxicological effects of SiNC-DCOIT, a novel AF nanomaterial,
in a tropical marine species. The present findings reinforce the importance of balancing toxicity towards
non-target species and efficacy against fouler species when developing a novel AF biocide. Using the
mussel P. perna, as a model to holistically assess DCOIT in a dissolved and nanostructured forms,
it was possible (a) to confirm that DCOIT is very efficient inhibiting the attachment of juvenile P. perna,
nevertheless extremely toxic towards gametes and very early stages of the tested mussels; (b) to
demonstrate that SiNC-DCOIT can be even more efficient than DCOIT, by preventing the formation of
the P. perna veliger larvae, which can be the critical to control the undesired settlement of such fouler
species on coated immersed surfaces; (c) to corroborate the lower toxicity of SiNC-DCOIT (comparing
with DCOIT), now on fertilized gametes and juveniles of P. perna, thus ensuring the ecological success
of the natural populations of this species.

Therefore, SiNC-DCOIT can be regarded as promising AF additive for maritime coatings that
poses lower environmental risk while can successfully tackle the adhesion of larvae of P. perna thanks
to the controlled biocidal release of this engineered nanomaterial. Future integrative studies would
unveil the holistic effects on tropical marine biota and environment.
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