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1. Introduction

Pickering emulsions are mainly stabilised by nanoparticles,
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A deeper insight into the evaluation of water-in-oil
amicroemulsion templated samarium sulfide
nanospheres: exploring its role in pickering
emulsion formulation for photocatalytic dye
degradation and synthesis of PANI@Sm,S3
nanocompositest
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This study examines the effectiveness of W/O microemulsion-mediated Sm,Sz nanospheres in pickering
emulsion-based crystal violet (CV) dye degradation and PANI@Sm,Sz nanocomposite synthesis. The
evaluation of nanospheres inside the core of reverse micelles was performed through DLS, TEM and
FESEM analyses. The formation of nanospheres involve two phases: a nucleation phase (5-30 min) and
growth phase (30-120 min). Through in situ hydrophobization of negatively charged (with a zeta value
of —4.47 mV at neutral pH) Sm,Ss nanoparticles (0.1 wt%) with a suitable amount of a cationic CTAB
surfactant, a stable O/W pickering emulsion was developed. 0.1 wt% Sm,Ss in situ hydrophobized with
2.7 mM CTAB offered a stable pickering emulsion with a diameter of 23 um after 1 day of storage. This
pickering emulsion improves the local concentration of CV by efficiently encapsulating dye molecules
inside the core of emulsion droplets. Therefore, dye molecules get numerous opportunities to interact
with the Sm,Ss photocatalyst and efficiently degrade. The pickering emulsion stabilised by 0.1 wt% of
Sm,Ss nanoparticles in situ hydrophobized with 2.7 mM of CTAB results in almost 100% degradation.
Moreover, using only solid SmySs (having wt% of 0.025 or 0.075) as a pickering stabiliser, new
PANI@SmM,Ss spherical nanocomposites were synthesised via pickering emulsion polymerization. The
formation of PANI@Sm,Ss composites was identified via UV-vis, IR, and H-NMR investigations. The
analysis of FESEM images showed that the amount of nanoparticles used in the dispersion (for
0.025 wt%, 35 nm and 0.075 wt%, 29 nm) strongly influences the size and shape of the composites.

the nanoparticles can be employed to produce stable pickering
emulsions.*® However, a great number of hydrophilic nano-
particles alone could not provide stability to the emulsion.'***

while conventional emulsions are mostly stabilised by surfac-
tants or amphiphilic polymers.*” Generally, after adsorbing to
the oil-water interface, surfactant or amphiphilic polymer
molecules reduce the interfacial tension in conventional
emulsions.*® Conversely, pickering emulsions, which are
produced by the adsorption of nanoparticles to the oil-water
interface, prevent the droplets from aggregating and improve
the emulsions’ stability.»>®” It is interesting to note that few of
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Therefore, the hydrophobization of these employed nano-
particles is required for endowing them with an amphiphilic
nature.'®™ In practise, as the possibility of hydrophobization
increased, nanoparticles became increasingly amphiphilic. In
this study, we used hydrophilic nanoparticles of samarium
sulfide (Sm,S;) to produce a stable pickering emulsion.
However, the addition of a surfactant via in situ hydro-
phobization further improves the stability of emulsion droplets.
The way in which ionic surfactants interact with oppositely
charged particles has been extensively studied in the last few
decades.”*™ Ionic surfactants basically adsorb themselves on
the surfaces of quite hydrophilic or surface-inactive particles via
in situ hydrophobization, imparting them with a hydrophobic
character.">'® By electrostatically adsorbing to particles, ionic
surfactants actually form a hydrophobic monolayer and impart
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an amphiphilic nature.”® Following that, these particles
effectively adsorbed on the oil-water interface, inhibiting
droplet coalescence and enhancing emulsion stability. By
changing the composition and concentration of the employed
surfactants, it is possible to alter the amphiphilic nature of
nanoparticles and cause the Pickering emulsion to change from
O/W to W/O.?

A key component in the preparation of pickering emulsions
is the use of commercially accessible, conventional inorganic
nanoparticles (such as Al,O3, TiO,, or SiO,). Xu et al. investi-
gated the alteration from a Pickering to an oil-in-dispersion
emulsion using Al,O; nanoparticles.” Yu et al. investigated the
effects of using bola-type selenium surfactant in conjunction
with Al,O; nanoparticles to prepare the pickering emulsion.*
Using silica nanoparticles, Li et al. developed a pickering
emulsion with redox and pH responsive properties.” Xie et al.
employed a pH-switchable, salt-resistant pickering emulsion,
stabilised by mesoporous silica nanoparticles in situ hydro-
phobized with CTAB.® In a different study, Liu et al used
conventional silica nanoparticles to prepare a pH-responsive
pickering emulsion.”® Pickering emulsion stabilised by
commercial TiO, nanoparticles in the form of rutile and anatase
has been developed by Demina et al.>* Moreover, Fessi et al.
developed pickering emulsions of fluorinated TiO, to enhance
the photocatalytic degradation efficiency of nitrobenzene.*
Adaptable nanocellulose-anatase TiO, hybrid nanoparticle-
based pickering emulsions were developed by Voisin et al. to
aid in the photocatalytic degradation of both organic and
aqueous dyes.”” Consequently, it can be concluded from this
thorough review of previous reports that no previous research
has explored the formation of Pickering emulsions using
microemulsion-mediated (typically W/O microemulsions, also
known as reverse micelles) size and shape-controlled non-
conventional nanoparticles in place of such commercially
available conventional nanoparticles. This current study there-
fore presents a novel application of microemulsion-based
nanoparticles in the challenging field of pickering emulsion
preparation.

Nowadays, a wide variety of processes can be used to produce
monodispersed nanoparticles, such as sol-gel, co-precipitation,
hydrothermal synthesis, and sonochemical methods.**?>
However, particle size and shape cannot be controlled when
using these methods. On the contrary, the primary benefit of
employing a microemulsion technique is its practicable ability
to regulate the size and shape of the nanomaterials; as a result,
nowadays, microemulsion scaffolds are primarily used in the
synthesis of nanomaterials.>*"*” In earlier studies, we examined
the effects of surfactant and cosurfactant hydrophobicity on the
formation (with a special focus on size and shape) of lanthanum
sulfide and cerium tetrafluoride nanoparticles.>*?® Therefore, in
this study, we employed Tween 80 (as surfactant) and 1-butanol
(as cosurfactant) to prepare the microemulsion template
(Tween 80/1-butanol/water/toluene) to produce Sm,S; nano-
particles. Afterwards, it was employed to produce a pickering
emulsion, which is subsequently utilised in additional potential
fields. The use of metal sulphur nanoparticles in the formation
of pickering emulsions has been rarely reported before. In order
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to stabilise the O/W pickering emulsion, Huang et al. hydro-
phobized the lead sulfide nanoparticles using oleic acid and
cinnamic acid.* Zinc sulfide nanoparticles were used by Roy
et al. in the formulation of pickering emulsion (containing tea
tree essential oil) for use in active packaging applications.*

Similar to conventional emulsion, pickering emulsion is also
essential for a variety of uses, including drug delivery,
controlled release, emulsion polymerization, food industry
product formulation and protection, petroleum industry oil
drilling, biphasic enzyme catalysis, interfacial catalysis, and
also wastewater treatment.>'%*=** The purpose of the current
work is to evaluate the effectiveness of Sm,S;-based pickering
emulsion on photocatalytic crystal violet (CV) dye degradation
and aniline polymerization to polyaniline (PANI). In a photo-
catalytic dye degradation process, the degradation of nearly all
organic substrates is made possible by the formation of highly
oxidising active oxygen species at the semiconductor surface
through light-induced redox reactions.”** Few studies have
been reported on the use of pickering emulsion in the
enhancement of photocatalytic degradation of organic pollut-
ants.”* The kinetics of the photocatalytic reaction in normal
aqueous media are hindered since hydrophobic organic
pollutants adsorb poorly onto the hydrophilic surface of the
photocatalyst. This problem is resolved by the introduction of
pickering emulsion where solid photocatalyst particles (some-
times in situ hydrophobized with surfactant) acts as emulsion
stabilizers. The employment of a pickering emulsion increases
the contact between the photocatalyst and the pollutant
through the reduction of size of oily droplets. In other words,
because of the increased availability of active sites, emulsion
droplets function as microreactors that effectively facilitate
photocatalytic degradation. Moreover, the majority of the pho-
tocatalyst used in heterogeneous photocatalysis to degrade
organic contaminants in pickering emulsions is TiO,. Fessi
et al. used a Pickering emulsion stabilised with TiO, to photo-
catalytically degrade 1-methylnaphthalene.** In another works,
Fessi et al. used fluorinated TiO, to stabilise pickering emulsion
for photocatalytic nitrobenzene degradation and 1-methyl-
naphthalene.®?® Ag;PO,@palygorskite, a distinct kind of
nanocomposites, was used by Han et al. to efficiently photo-
degrade alkane by forming an in situ pickering emulsion.?”
Herein, we employed Sm,S; nanospheres (in situ hydro-
phobized with CTAB)-based pickering emulsion for the photo-
catalytic degradation of CV.

Typically, surfactants are employed as emulsifiers in emul-
sion polymerizations to stabilise the emulsion systems.
However, they also need to take an extra challenging step of
removing the surfactants following the polymerization.*® Pick-
ering emulsion polymerization uses only solid particles as
a stabiliser, in contrast to conventional emulsion polymeriza-
tion methods.?**° Therefore, the stabiliser is not removed from
the resulting polymer-solid particle composite by a separate
process. Usually, a solid hydrophilic inorganic substance is
typically used as the stabiliser in the pickering emulsion poly-
merization process.*®*™*° In water, the used solid particles tend to
encircle the hydrophobic monomer, developing a pickering
emulsion with droplets of polymerized monomer.*®**' Previous
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research revealed that the organic-inorganic composite mate-
rials developed through the pickering method have core-shell
structures, consisting of polymer cores and inorganic shells.*>*
In our present polymerization processes, PANI@Sm,S; nano-
composites were developed employing surfactants-free O/W
pickering emulsion, stabilised only by hydrophilic Sm,S;
nanospheres. These polymerization techniques are recent
additions in polymer science, and there are few previous reports
available for pickering emulsion polymerization of aniline.
Polyaniline/zinc-ferrite composite was developed by Kim et al.
using the pickering emulsion polymerization method.*® In
a similar manner, Wang et al. used pickering emulsion poly-
merization to synthesise polyaniline@MnO,/graphene ternary
hybrid hollow spheres.** Consequently, the current pickering
emulsions based on Sm,S; nanoparticles show promise for use
in the synthesis of PANI@Sm,S; nanocomposites and the
degradation of CV. This therefore opens the door for the utili-
zation of microemulsion-mediated nanoparticles in a crucial
branch of emulsions, i.e., pickering emulsions, and explores its
role in different applied fields.

2. Experimental section

2.1. Materials

Samarium nitrate (99%, AR, SRL-India), sodium sulfide (99%,
AR, SRL-India), Tween 80 (AR, SRL-India), cetyltrimethyl
ammonium bromide (CTAB) (99%, AR, HiMedia), 1-butanol
(99%, AR, SRL-India), toluene (MERCK-India), crystal violet dye
(88%, AR, LOBA CHEMIE), potassium persulfate (99%, AR,
Merck-India), aniline (99%, AR, SRL-INDIA) HCI (Fisher Scien-
tific). Throughout the studies, distilled water (Millipore, India)
was utilised to make all the aqueous solutions.

2.2. Preparation of Sm,S; nanoparticles in W/O
microemulsion scaffolds

The Sm,S; nanoparticles were prepared using the reverse
micellar method. The W/O microemulsion preparation process
is described below.

Tween 80 and toluene were poured into a dry beaker at a pre-
set [water]/[surfactant] (W,) ratio, i.e., at W, = 10. After that, the
mixture was sonicated for 30 s in a digital ultrasonic cleaner
(MC-109 SPL). Cosurfactants (1-butanol) was then added slowly
to the turbid and viscous solution and swirled continuously to
get the best transparency. The system was then allowed enough
time to establish equilibrium; once it had disappeared,
turbidity could not be re-established. The amount of 1-butanol
required for preparing a stable microemulsion was then deter-
mined. The entire process concluded at W, = 10 and 303 K fixed
temperature. Therefore, for W, = 10, toluene, water, Tween 80,
and 1-butanol have respective volume percentages of 55.24,
1.10, 7.21, and 36.45, respectively.

Now, to produce Sm,S; nanoparticles, a W/O microemulsion
containing toluene as the organic phase, Tween 80 as the
surfactant, and 1-butanol as the cosurfactant was mixed with
a 1 M aqueous solution of Sm*" and S*> . In other words,
microemulsion I normally contained a 1 M solution of
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samarium nitrate, whereas microemulsion II often contained
a 1 M solution of sodium sulfide. The two microemulsion
solutions were completely mixed and stirred for 2 h using
a magnetic stirrer. After a specified period of time (5, 15, 30, 60,
90, and 120 min), centrifugation was used to separate the
required product from the organic phase and surfactant. The
centrifugation was conducted at a speed of 4000 rpm for 15 min.
Acetone was used to clean the synthesised nanoparticles before
allowing it to air dry naturally.

2.3. Characterization of Sm,S; nanoparticles

Powder X-ray diffraction (PXRD) on a Bruker D8 Advance
diffractometer with Ni-filtered Cu Ko radiation was used to
evaluate the crystallographic information on the synthesised
Sm,S; nanoparticles.

FTIR spectrum data were taken between 400 and 4000 cm ™
using a KBr pellet method on a Shimadzu IRAffinity-1S FT-IR
spectrophotometer.

The surface area was measured by the Brunauer-Emmett-
Teller (BET) method through the N, adsorption/desorption
isotherms, which were acquired on a Quantachrome Instru-
ments at 77 K temperature.

At various time intervals (5, 15, 30, 60 and 120 min), the
droplet size of nanoparticles produced from microemulsion
media of W, = 10 was measured using dynamic light scattering
(DLS) (Malvern Zetasizer Nano ZS). The required amount of the
colloidal solution containing the synthesised nanoparticles was
introduced into a quartz cell, and the test temperature was
maintained at 30 °C.

A Zeiss EM 912 U equipment was used to conduct trans-
mission electron measurements (TEM) at a 120 kV acceleration
voltage. Before being placed on copper grids, the solid Sm,S;
nanoparticles were first dispersed in ethanol. A copper grid was
positioned on a filter paper at the bottom of a Petri dish to
prevent the aggregation of nanoparticles.

To examine the microstructure of the synthesised Sm,S;
nanoparticles, a field emission scanning electron microscope
(FESEM) (Zeiss Gemini SEM 450) was used. FESEM images can
be used to determine the size and shape of the particles
produced by a microemulsion medium of W, = 10.

1

2.4. Preparation of Sm,S;-stabilised pickering emulsion

A 5 mL glass vial (1 dram homoeopathy glass vials) was filled
with a certain amount of Sm,S; nanoparticles by weight, and
then 2 mL of pure water was added. Concentrations of Sm,S;
nanoparticles were presented as wt%, and four different
concentrations (0.025, 0.05, 0.075 and 0.1 wt%) were taken. It
was then dispersed through high ultrasonication (MC-109 SPL)
for 5 min. Thereafter, 2 mL of toluene (served as oil phase) was
added to the dispersion and sonicated for 5 min, followed by
handshaking to emulsify it.

A digital camera was employed to take photographs of the
prepared emulsion. The emulsion type was determined through
the drop test method by immersing a drop of emulsion into
a large excess of water or toluene. The micromorphology of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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emulsion droplets was examined through optical microscopy
(Weswox-FM2000).

2.5. Photocatalytic degradation of crystal violet in the Sm,S;-
stabilised pickering emulsion

In the degradation process of CV in the pickering emulsion,
Sm,S; served as a photocatalyst. But due to the least stability of
the prepared emulsion, only the Sm,S;-stabilised pickering
emulsion is not sufficient in efficient photocatalytic degrada-
tion. The employed nanoparticles (0.1 wt%) were in situ
hydrophobized with different concentrations of CTAB (0.6, 1.3,
2.0 and 2.7 mM). Thereafter, the identical procedure stated just
earlier was followed.

Zeta potential facilitated the adsorption of CTAB onto the
surface of nanoparticles. Sonication (MC-109 SPL) was used for
2 min to disperse 0.1 wt% nanoparticles in an aqueous CTAB
solution. After that, the dispersions were left standing at room
temperature for 24 h to reach equilibrium. The zeta potentials
of the colloidal dispersions were then measured with a Anton
Paar Litesizer 500 instrument.

An adequate amount of CV was dissolved completely in
distilled water to produce a 0.01 M stock solution for the pho-
tocatalytic degradation of CV. The solution was kept at room
temperature in a dark place. A Shimadzu 1800 UV-vis spectro-
photometer was used to measure the absorbance of CV.
Degradation investigations were carried out in sunlight and for
subsequent studies, the distinctive absorbance peak at 592 nm
was chosen. The absorbance of a specific volume of CV solution
was measured on a regular basis, and the collected volume was
subsequently added back into the degradation medium.

CV degradation was carried out into a 4 mL pickering
emulsion, stabilised by 0.1 wt% Sm,Ss, in situ hydrophobized
with 0.6, 1.3, 2.0 and 2.7 mM CTAB. 4 mL of CV with a concen-
tration of 5 x 107> M was then added into the pickering
emulsion. The mixture was thereafter stirred (using magnetic
stirrer of model REMI) under sunlight exposure to ensure the
degradation of CV. The degradation process was considered to
be finished when the CV solution turned colourless. After
completion, the amphiphilic nanoparticles were recovered from
the solution by centrifugation (using HERMLE Labortechnik
GmbH) at 4000 rpm for 10 min. It was then dried under hot air
oven and the particle was reused in pickering emulsion
formation and subsequent photocatalytic degradation. In all
these experiments, neutral pH (~6.16) was maintained.

The percentage of CV degradation was measured through
the following formula.

G - C

0

Percentage of degradation = x 100 (1)
here, C, is the initial concentration of CV and C is the concen-
tration after a certain time interval. Moreover, it is known that
according to Beer's law, the concentration is proportionate to the
absorbance of CV at 592 nm in the UV-vis spectra.

Moreover, the effect of CV concentration on degradation was
also examined by varying the concentration of dye from 2.5 x
107" to 10 x 107> (M).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Under the optimised condition of pickering emulsion
(0.1 wt% of nanoparticles, in situ hydrophobized with 2.7 mM
CTAB) and CV concentration (5 x 107> (M)), a repetition of
experiments was carried out for the further investigation of the
reusability of pickering emulsion.

Using the absorbance of the dye solution measured after
different time intervals, a kinetic experiment for CV degradation
was conducted. The Langmuir-Hinshelwood model was applied
to the experimental results.

2.6. Synthesis of PANI@Sm,S; composites in pickering
emulsion

The water phase (2 mL) was an aqueous dispersion of
varying wt% (0.025 and 0.075) of Sm,S;, while the oil phase (2
mL) was toluene-containing aniline. To produce a Pickering
emulsion, the two phases were combined and homogenised for
2 min at 500 rpm using a homogenizer. The prepared emulsion
was submerged in ice water for about half an hour. Similarly, in
separate systems, a certain amount of potassium persulfate
(potassium persulfate/aniline = 1:1) was immersed in
a1 mol L' HCI solution and left in an ice bath for half an hour.
Thereafter, potassium persulfate solution was added subse-
quently in to the emulsion. To assure the complete polymeri-
zation of aniline, the mixture was stirred at an ice water bath for
6 h. The necessary product was separated using centrifugation
at a speed of 4000 rpm for 15 min.

For comparison, another set of polymerisation was carried
out by the direct addition of acidic potassium persulfate to
aniline instead of the introduction of Sm,S;-stabilised picker-
ing emulsion.

2.7. Characterization of PANI@ Sm,S; composites

The UV-vis spectra of the PANI@Sm,S; composites were recor-
ded on a Shimadzu 1800 UV-vis spectrophotometer, within the
range of 200-800 nm. A Shimadzu FTIR-8400S spectropho-
tometer was utilised to acquire the FTIR spectrum data within
the range of 400 and 4000 cm ™. Spectroscopic grade KBr was
used to prepare the samples in pellet form. Using a Bruker
ASCEND-400 MHz spectrophotometer, '"H NMR measurements
were performed to identify the evaluation of PANI@Sm,S;
composites. Using field emission scanning electron microscopy
(Zeiss Gemini SEM 450), the morphology of PANI@Sm,S; was
ascertained.

3. Results and discussion

3.1. Characterization of Sm,S; nanoparticles

Characteristics of Sm,S; nanoparticles are described using
PXRD analysis, and for this, X-ray diffraction was applied to the
sample made using a microemulsion template. Fig. S1t displays
the findings. The peaks in the PXRD spectrum match with the
planes (103), (013), (105) and (212) of orthorhombic crystalline
Sm,S; (having JCPDS No. 44-1259).%

The functional groups of synthesised Sm,S; nanoparticles
were identified via FTIR analysis. Several transmission peaks of
nanomaterials between 400 and 4000 cm ' are shown in
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Fig. S2.f Due to the OH symmetric stretching vibrations,
a peak is apparent in the spectrum at a wavelength of
3390 em~'. In Sm,S; nanocomposites, the two strong and
narrow absorption bands at 632 cm™' and 846 cm ' are
attributed to the pairing mode between Sm-S stretching of
tetrahedral and octahedral sites, respectively.** O-H molecules
that have been adsorbed on the surface are thought to be the
cause of the band at 1639 cm™". Consequently, the synthesis of
nanomaterials containing Sm,S; is confirmed by all of the
characteristic bands.

The specific surface area was determined using Brunauer—
Emmett-Teller (BET) gas adsorption experiments. Fig. S3t
shows the nitrogen adsorption-desorption curve of Sm,S;
nanospheres and the corresponding pore size distribution. The
nitrogen isotherm has a small hysteresis loop and is categorised
as a type IV isotherm.*® It suggests the existence of pores on the
nanomaterials. The BET surface area of Sm,S; nanospheres is
estimated to be 27.665 m> g~ ' based on the N,-sorption
isotherm.

3.2. Analysing the DLS findings

As determined by the DLS particle size analyser, Fig. 1 shows the
in situ particle size distribution (PSD) of the nanoparticles,
synthesised from the core of microemulsions (of W, = 10) at
various times. For determining the size of reverse micelles and
their direct impacts on the size of the resulting nanoparticles,
prepared inside their core, DLS techniques are particularly
effective.”*?® The in situ growth mechanism of Sm,S; nano-
particles is therefore examined using DLS measurements. After
collecting an aliquot of the colloidal solution from the reaction
medium, in situ DLS experiment was carried out.

After 5 min of reaction time, Sm,S; nanoparticles with an
average size of 2.0 nm are observed, suggesting the presence of
solubilized reactant ions or the so-formed spherical
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nanocomposites. Up to 30 min (5.89 nm) into the reaction, no
such detectable increase in the particle size is found, suggesting
that the first 5 to 30 min of the reaction are a phase of early
nucleation for this microemulsion-based reaction system.***?¢
Therefore, at the early nucleation stage (5-30 min), droplets
begin to collide and form an intermediate encounter complex
known as a transient dimer.>*?*>? Due to this transient dimer's
short lifetime and the need for quicker time scale technologies,
DLS is unable to detect it. As the reaction progresses, the
microemulsion droplets carrying the newly synthesised parti-
cles and the microemulsion containing the active reactants
coalesce with much higher probability. Consequently, larger
dimension nanoparticles become evident. Actually, the drop
diameter expands during the coalescence of two microemulsion
droplets, allowing nanoparticles more space to grow and
forming a larger Sm,S; nanostructures. Thus, according to DLS
instrumentation, the average particle size increases to 25.89 nm
after 60 min of the reaction and keeps growing up to 120 min
(44.67 nm) of the reaction. The DLS plots thus exhibits two
primary droplet zones with distinctive size distributions
through which nanostructures are produced.

(a) Droplets consist small-sized nanostructures formed at the
early nucleation phase (5-30 min of the reaction).

(b) Droplets having comparatively higher dimension nano-
structures formed at the growing phase (30-120 min of the
reaction).

3.4. Examining the TEM images

In order to support the results obtained from DLS, the product,
taken after centrifugation (at various times of the reaction), is
subjected to TEM studies. Fig. 2 displays the results.

TEM images at any stage of the process indicate that the
synthesised nanoparticles have a spherical shape. The results of
DLS are further supported by the TEM images, showing that the
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Fig. 1 Particle size distribution (PSD) patterns of Sm,Ss nanoparticles synthesised from the reverse

toluene/Sm,S3 at various time intervals.
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Fig. 2 TEM images of Sm,Ss nanoparticles, synthesised from reverse micellar media of Tween 80/1-butanol/toluene/Sm,Ss at various time

intervals.

size of the nanospheres increases progressively as the reaction
proceed. TEM images taken at 5 min (3.16 nm) into the reaction
suggests that the particles just started to form through nucle-
ation.***?* Up to 30 min (6.41 nm) into the reaction, no
dramatic increase in particle size is seen. Hence, the initial
nucleation stage is expected to be between 5 and 30 min. This
results show that the reverse micelles have a significant extent
of surface film rigidity at the initial stage and are less prone to
aggregate, leading to a slow rise in particle size.>®?*8

60
Nucleation : Growth
509 Phase ) Phase .
|
40 4 1
I
) I
= 304 |
N
= !
@ 4] |
|
|
1 ) —s—TEM
= I —e—DLS
0 ) ) ) L) L) I
0 20 40 60 80 100 120
Time (min)
Fig. 3 Illustration of the variation of average diameter of Sm,Ss

nanospheres synthesised from the microemulsion medium of Tween
80/1-butanol/toluene/Sm;Ss.

© 2024 The Author(s). Published by the Royal Society of Chemistry

However, TEM images taken at 60 min (34.78 nm) of the reac-
tions show that the sizes of nanospheres increased dramatically
during this 30-60 min timeframe, indicating that the reaction
has now reached its growth phase (as also supported by
DLS).?*?¢ The size of the nanospheres continued to increase up
to 120 min (46.31 nm) into the reaction, at which point it
reached its maximum dimension. The emergence of the diffuse
phase boundary through micelle-micelle interaction and
a decline in the rigidity of the surface film is suggested by the
rapid increase in the particle size.?*?***® Consequently, there is
an enhanced probability of aggregation of resulting nano-
spheres inside the reverse micellar core to produce larger
nanospheres. It is therefore concluded by the analysis of DLS
data and TEM microstructures that the formation of Sm,S;
nanospheres occurs in two stages: the nucleation stage (5-30
min) and the growth phase (30-120 min) (as shown in Fig. 3).
Table S17 shows the average diameter of the particles resulting
from the DLS plots and TEM microstructural analysis.

3.5. Examining the FESEM images

Now, in addition to the TEM findings, FESEM images support
the formation of spherical shapes with varying sizes of nano-
particles obtained at different time intervals (5, 15, 30, 60, and
120 min) for Tween 80/1-butanol/toluene/Sm,S; micellar
systems (Fig. 4). FESEM microstructural analysis also proved
that the size of nanospheres gradually increases with the
progression of the reaction. According to the FESEM images
acquired at 5 and 15 min of the reaction, it is concluded that the
particles are just beginning to form by nucleation with a very
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Fig. 4 FESEM images of Sm,Ss nanospheres synthesised from reverse micellar media of Tween 80/1-butanol/toluene/Sm,Ss at various time

intervals.

small particle diameter. The particle size does not significantly
increase during the first 30 min of the process. The initial
nucleation stage is therefore anticipated to exist at 5 to 30 min.
However, the FESEM images taken at 60 min into the reaction
reveal that the size of the nanospheres markedly increased
throughout this 30 to 60 min time period, indicating that the
reaction has now entered its growth phase (as also supported by
DLS and TEM). Up until 120 min into the reaction, the size of
the nanospheres kept growing, and a dramatic rise in particle
size is finally noticed. Therefore, the idea that the formation of
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Fig. 5
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Sm,S; nanospheres proceeds in two stages, the nucleation stage
(5-30 min) and the growth phase (30-120 min), is further vali-
dated by the FESEM microstructural study.

3.6. Effect of Sm,S; based pickering emulsion on the
photocatalytic degradation of crystal violet (CV) dye

3.6.1. Preparation of pickering emulsion stabilised by
Sm,S; nanoparticles. Sm,S; nanoparticles (with different wt%)
are employed in the preparation of pickering emulsion with
toluene (2 mL) as the non-polar phase and water (2 mL) as the

— OO(o

-

0
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(@) 00
(0]

100 pm ™ o)

Optical micrographs along with digital images of pickering emulsion formed by different wt% Sm,Ss nanoparticles taken after 1 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na01067h

Open Access Article. Published on 12 February 2024. Downloaded on 10/25/2025 12:18:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

polar phase. All these mixtures are homogenised, and digital
photographs and subsequent optical micrographs are taken
after 1 h of preparation (Fig. 5). The as-prepared Pickering
emulsion are O/W type and is detected by the dilution
method.*>* In brief, emulsion droplets are dispersed in excess
water rather than toluene, indicating the O/W type.>** The
stability of the pickering emulsion was analysed through the
measurement of the size of emulsion droplets, and it further
depends on the amount of the nanoparticles employed in the
aqueous phase.»®”'* The produced pickering emulsion imparts
larger emulsion droplets and fails to attain specified stability at
very low nanoparticle concentrations. The droplet diameter
drastically decreased as the nanoparticle concentration is raised
to 0.1 wt%, demonstrating the increased stability of the pick-
ering emulsion (Table 1). Synthesised particles are well adsor-
bed onto the toluene-water interface at very high wt% of
nanoparticles and totally encompass the oil phase from the
aqueous one. Thereby, it imparts a clearly defined phase
boundary between the two phases and reduces the chance of
coalescence of emulsion droplets.*' However, metal sulfide
nanoparticles are comparatively less amphiphilic and after

Table 1 Average diameter of pickering emulsion droplets (after 1 h)
prepared with different wt% of Sm,Ss nanoparticles

wt% Average diameter of emulsion
of Sm,S; droplets (um)

0.025 52

0.05 50

0.075 46

0.1 32
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allowing the pickering emulsion to settle, the emulsion droplets
started to coalesce.”**® The larger dimensional emulsion drop-
lets were produced after 1 day of preparation for every wt% of
nanoparticles (Fig. S471). For the pickering emulsion of 0.025
and 0.05 wt%, a complete phase separation is observed with the
particle dimension of 162 and 145 pum, respectively. In this
instant, not such remarkable rise in the particle size is observed
for 0.075 and 0.1 wt% of nanoparticles (51 and 55 um, respec-
tively). But, in this case too, the rigidity of droplets is almost
diminished, suggesting the start of the phase separation.
Moreover, for the precise examination of the effect of time on
the emulsion droplets’ diameter, another set of experiments
with a fixed concentration (0.1 wt%) of nanoparticles was also
carried out (Fig. 6). This study thereafter re-established the
consequences of coalescence of emulsion droplets to a larger
one upon standings of a longer time (Table 2).

3.6.2 Stabilisation of the pickering emulsion by amphi-
philic Sm,S; nanoparticles in situ hydrophobized with CTAB.
Sm,S;-mediated pickering emulsion was employed in the pho-
tocatalytic degradation of CV at neutral pH (~6.16). But it is
interestingly observed that the pickering emulsion with its
maximum concentration (0.1 wt%) of nanoparticles fails to
degrade CV efficiently. This may be because this microreactor
only with comparatively less amphiphilic Sm,S; are very
unstable, coalesced to form larger droplets, and phase separa-
tion is eventually observed. Owing to this phenomenon, the
local concentration of CV within the inner core O/W emulsion
droplets decreased and, consequently, did not get a chance to
degrade photocatalytically by Sm,S;.>****® In other words,
within the core of emulsion droplets, hydrophobic organic
pollutants adsorb poorly onto the hydrophilic surface of the
photocatalyst Sm,S;.>* Therefore, it is required to increase the
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Fig. 6 Optical micrographs along with digital images of pickering emulsion formed by 0.1 wt% Sm,Sz nanoparticles at different time intervals.
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Table 2 Average diameter of pickering emulsion droplets prepared
with 0.1 wt% of Sm,Ss nanoparticles after different time intervals

Average diameter of emulsion

Time droplets (um)
0 min 36
1h 32
6h 37
1 day 55
20
0\
15 / °

10

Zeta potential (mV)
[0,

~9—0.1 wt.% Sm,S3 + CTAB

0 1 2 3
Concentration of CTAB (mM)

Fig. 7 Effect of concentration of CTAB on the surface charge of
0.1 wt% Sm,S3 nanoparticles in pure water (i.e., at pH 6.16).

surface film rigidity of emulsion droplets so that CV molecules
remain present in the inner core (with increased the local
concentration of the dye) and get a sufficient chance to interact

View Article Online
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with the photocatalyst and subsequent degradation. This
requirement can be fulfilled by imparting more amphiphilic
nature of nanoparticles and it is done employing the positively
charged surfactant CTAB.

Sm,S; nanoparticles are in situ hydrophobized with an
adequate amount of CTAB, a cationic surfactant. From Fig. 7, it
is seen that the employed nanoparticles at neutral pH exhibits
a negative surface with a zeta potential of —4.47 mV. Eventually,
at neutral pH, the positively charged CTAB will become elec-
trostatically adsorbed onto the surface of nanoparticles and
imparts them an amphiphilic nature through in situ hydro-
phobization.**>** More accurately, with the increasing concen-
tration of CTAB (up to 1.3 mM), the zeta value increased
dramatically from —4.47 mV to 13.06 mV. But, thereafter, no
such tremendous rise in positive zeta value was observed
(15.06 mV at 2.7 mM CTAB). This final outcome suggests
monolayer adsorption on the surface of nanoparticles."”

After the addition of trace amount of CTAB, the emulsifying
behaviour of nanoparticles was improved and provided
a comparatively more stable O/W pickering emulsion (Fig. 8).
Digital images of the pickering emulsion after different time
intervals are shown in Fig. S5.f Consequently, with the
increasing concentration of CTAB from 0.6 to 2.7 mM, the
diameter of emulsion droplets is further decreased from 24 to
17 um (Fig. 9) after 1 h of storage. Not only that, unlike
surfactant-free nanoparticles-mediated pickering emulsion,
this newly modified amphiphilic particles provided an excep-
tional stability to the emulsion droplets even after 1 day of
storage. It is therefore interestingly observed that the day after
preparation, there are no effective changes detected for the
pickering emulsion with 2.0 (1 h: 18 pm and 1 day: 26 um) and
2.7 mM (1 h: 17 pm and 1 day: 23 pm) of CTAB. Since the
nanoparticles became more amphiphilic through CTAB

5 min

1hr

1 day

Fig. 8 Optical micrographs of pickering emulsion formed by 0.1 wt% Sm,Ss nanoparticles, in situ hydrophobized with 0.6 mM, 1.3 mM, 2.0 mM

and 2.7 mM CTAB at different time intervals.
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304

204
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104

0-
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Fig. 9 Variation of droplet diameter of pickering emulsion formed by
0.1 wt% Sm,Ss nanoparticles, in situ hydrophobized with 0.6 mM,
1.3 mM, 2.0 mM and 2.7 mM CTAB at different time intervals.

adsorption, it thereby provides higher surface film rigidity and
is able to increase the local concentration of CV within the non-
polar core.**** Eventually, hydrophobic dye molecules get
a sufficient chance to interact with Sm,S; and efficiently
degraded by photocatalytic reduction.***°

3.6.3. Photocatalytic degradation of CV in pickering
emulsion stabilised by amphiphilic Sm,S; nanoparticles in situ
hydrophobized with CTAB. The photocatalytic activity of CTAB-
modified Sm,S; nanoparticles-based Pickering emulsion is
excellent for CV degradation in an aqueous solution having the
pH ~6.16 (i.e., at neutral pH). It is noteworthy to find that
neither only nanoparticles nor only CTAB-based emulsions are
sufficient enough for dye degradation. An adequate amount of
nanoparticles modified by the requisite concentration of CTAB
is able to degrade the CV, and it is observed that 0.1 wt% of
Sm,S; nanoparticles stabilised by 2.7 mM of CTAB results in
almost 100% degradation of CV.

The photocatalytic degradation of CV was examined through
the decrease in the absorbance at 592 nm after the subsequent
addition of amphiphilic nanoparticles under sunlight irradia-
tion.>* The degradation study was carried out at neutral condi-
tion (pH ~6.16) and examining the effect of CTAB concentration
and initial concentration of CV. Throughout the study, 0.1 wt%
of nanoparticles were employed; as stated earlier, this
maximum concentration of nanoparticles results in a most
stable pickering emulsion upon in situ hydrophobization by
CTAB (Fig. 8).

The effect of amount of CTAB on the photocatalytic degra-
dation of CV is shown in Fig. 10. Due to this study, four different
CTAB solutions with concentrations of 0.6, 1.3, 2.0 and 2.7 mM
were employed. In all these studies, the concentrations of CV
were adjusted to 5 x 107> (M). For 0.6 mM of CTAB, 72% dye
degradation was achieved within 900 s under sunlight exposure.
But by a progressive increase in the concentration of CTAB, the
degradation efficacy increased dramatically. Almost 100%
degradation within just 30 s of exposure of sunlight is achieved
by uplifting the concentration of CTAB to 2.7 mM. The degra-
dation efficiency after certain time intervals at different CTAB

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Effect of CTAB concentration on photocatalytic CV (having
fixed concentration of 5 x 10~ (M)) degradation and corresponding
time requirement.

concentrations is represented in Fig. S6.T It is already estab-
lished from Fig. 8 that with increasing CTAB concentration, the
Pickering emulsion started to get sufficient stability over a long
period; therefore, dye molecules are efficiently encapsulated
within the core of the emulsion droplets and the local concen-
tration of the dye is increased.***>** Consequently, dye mole-
cules get a sufficient chance to interact with the photocatalyst
and participate in effective photocatalytic degradation under
sunlight exposure.>">*>?

The effect of initial CV concentration on photocatalytic
degradation was also examined at a fixed concentration of Sm,S;
(0.1 wt%) and CTAB (2.7 mM) and is represented in Fig. 11. Five
different dye concentrations in the range of 2.5 x 107> to 10 x
107> (M) was employed and it was observed that with increasing
concentration, the degradation efficacy decreased by elevating
the required time. For a CV concentration of 2.5 x 10> M CV,
almost 99.87% of degradation is achieved within just 40 s of
exposure to sunlight. But the degradation efficiency is slightly
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Fig. 11 Effect of initial concentration of CV on photocatalytic degra-
dation in the pickering emulsion template (having a fixed concentra-
tion of CTAB (2.7 mM) and Sm,Ss (0.1 wt%)) with corresponding time
requirement.
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diminished to 95.91% by raising the requisite time to 900 s for
the CV concentration of 10 x 10> M. Moreover, for the complete
photocatalytic deterioration of CV with 10 x 10~> M concentra-
tion, almost 2760 s is required (Fig. S77). At very low concentra-
tion of CV, almost all the dye molecules interact with the surface
of the photocatalyst (Sm,S;) that are already triggered by
sunlight. But by increasing the CV concentrations, dye molecules
themselves started to cover a larger portion of the surface of the
photocatalyst. It may therefore obstruct the surface of the catalyst
to activate by the exposure of sunlight.**>***” This eventually
inhibits the formation of "OH radicals, which is employed to
oxidise and degrade the dye molecules.>****

The ability of repeated utilisation of a photocatalyst is
a critical factor from the stand point of cost-effective industrial
use. The pickering emulsion based on Sm,S; (0.1 wt%, in situ
hydrophobized with CTAB (2.7 mM)) can be employed for three
times in photocatalytic CV degradation (as shown in Fig. 12).
The nanoparticles modified with CTAB were recovered through
centrifugation, dried over time, and employed again in picker-
ing emulsion preparation, which is thereafter involved in the
next photocatalytic CV degradation. In the 2nd cycle, photo-
catalytic degradation was decreased to 87.5% within 210 s. But
in the 3rd repeat cycle, the degradation efficiency was dramat-
ically decreased to 56.6% after 3600 s. Since the efficacy of
degradation was almost reduced to 50%, just after the 3rd cycle,
no further repetitions were done.

Eqn (2)-(7) describe the sequence of reactions that are
believed to be involved in the CV degradation process in the
pickering emulsion (Fig. 13). The amphiphilic Sm,S; nano-
particles are present in the oil-water interface and increase the
local concentration of dye molecules inside the emulsion
droplets. The electrons in Sm,S; absorb photons, which causes
the formation of hole pair inside the nanoparticles.?*>*

SmF; + hu(UV) — SmF3*(ecg™ + hyg') 2)

here, SmF;* is the excited state of the SmF;, ecg~ is the
photoexcited electron present in the conduction band, and h,g"
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Fig. 12 Reusability of the pickering emulsion (based with Sm,Ss
(0.1 wt%) in situ hydrophobized with CTAB (2.7 mM)) in photocatalytic
CV degradation.
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Water phase

Fig.13 Schematic representation of the photocatalytic degradation of
CV in the pickering emulsion.

represents the photogenerated holes persisting in the valence
band.

As demonstrated in eqn (2), photogenerated holes (h,g")
immediately oxidise the dye to reactive intermediates. In an
alternative mechanisms, oxygen and water molecules are
adsorbed on the surface of the photocatalyst (Sm,S;3). Super-
oxide ions ('O,”) and unstable hydroxyl radicals (‘OH) are
produced when these molecules (O, and H,O) interact with
photoexcited electrons (ecg”) and electron-hole pairs (hyg"),
respectively (eqn (4) and (5)).>*** The CV is then oxidised into
inorganic compounds by interacting with these ionic or radical
species (eqn (6) and (7)).

hg" + CV = CV* — oxidation of CV (3)
or
O, +ecg” — Oy (4)
H,O + h,g" — "OH + H* (5)
and
‘0O, + CV dye — CO, +H,O (6)
‘OH + CV dye — CO, +H,0 (7)

The experimental results are subjected to the Langmuir-
Hinshelwood kinetic model.**** The kinetics of heterogeneous
catalytic reactions are dealt with in this model. The degradation
of CV in the pickering emulsion (stabilised by Sm,S; nano-
particles, in situ hydrophobized with CTAB) by sunlight expo-
sure follow the pseudo first order kinetics.

de

U P Kipp € (8)
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here, r is the rate (mol L' s ') of photocatalytic degradation, C
is the concentration of CV (mol L™") at different exposure times,
t is the time of exposure of sunlight, and K, is the apparent
degradation rate constant (s—).

Upon integration of the above eqn (8),

—In (C£0> = Kappt

here, C, is the initial concentration of CV (ie., before
irradiation).

According to Beer's law, the concentration is proportionate
to the absorbance of CV at 592 nm in the UV-vis spectra. The

©)

C
—ln(C—) varies linearly with exposure time (¢) (as presented in
0

Fig. S81), indicating that the photocatalytic degradation of CV in
the Pickering emulsion followed pseudo first order reaction
kinetics. Table 3 summarises the pseudo first order rate

. . Cc
constants that are obtained by the linear fit of the fln(c—) versus
0

time curves.

3.7. Characterisation of PANI@Sm,S; nanocomposites

With the assistance of a stable pickering emulsion (stabilised by
reverse micellar mediated Sm,S; nanospheres), the polymerisa-
tion of aniline at the toluene/water interface was induced by the
addition of the oxidant potassium persulfate. Upon the addition

View Article Online
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of an oxidant, the colour of the emulsion systems gradually turns
into dark green, which is a clear indication of the formation of
PANI@Sm,S; composites.*® For the further support of the syn-
thesised composites, UV, IR and "H NMR instrumentational
analyses were performed. The effect of the employed Sm,S; on
the size and shape of PANI@Sm,S; composites was further
examined through FESEM microstructural analysis.

3.7.1. Analysis of UV-vis absorption spectra and energy
band gap (E,) calculation. Looking into the potential applica-
tions of microemulsion-templated nanoparticles, one of the key
aspects is the examination of the optical characteristics of
PANI@Sm,S; composite. The UV-vis absorbance spectra of the
composite PANI@Sm,S; are presented in Fig. 14(a). As can be
seen, the optical absorption was mainly found to be 277 nm for
the composite and is caused by the conducting PANI's w-7* and
polaron-mt* transition.®»** PANI usually shows an absorption
peak at 300 nm, and the shift in the PANI@Sm,S; composite
films is likely the result of the formation of a coordinate
complex between PANI and Sm,S; nanospheres.®>* Addition-
ally, at higher wavelengths (473 and 629 nm), PANI@Sm,S;
composites showed two broad bands due to a significant
conjugation in the aromatic polymer chain.

The absorption coefficient («), which is calculated as
a function of incident photon energy hv, can be used to deter-
mine the optical band gap E,.°>® It is generally represented by
the following relation.

Table 3 Pseudo first order rate constant for the photocatalytic degradation of CV in the pickering emulsion (prepared by Sm,Ss nanoparticles, in

situ hydrophobized with CTAB)

wt% of CTAB concentration CV dye concentration Rate constant
samarium sulfide (mM) x 107° (M) (s™
0.1 0.6 5 0.0011
1.3 0.0015
2.0 0.057
2.7 0.086
2.7 2.5 0.167
3.75 0.113
5.0 0.086
7.5 0.015
10.0 0.0009
@ g6 ® s
PANI@Sm;S3 = PANI@Sm,S3
£
rl
2.0 H
0.5 £
ﬁ‘ £
g E 1.5
= o
£ 044 277 nm \>w,
s o
2 Z 1.0
< 3 am 629 nm &
0.3
\ /
3.49eV
0.2 T T T T T 0.0-1— T T T T T T
200 300 400 500 600 700 800 1.5 2.0 25 3.0 3.5 4.0 4.5
Wavelength (nm) hv (eV)
Fig. 14 (a) UV-vis absorbance spectra and (b) energy band gap calculation plot for PANI@Sm,Ss composites.
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ahv = B (v — Ep)" (10)
here, « represents absorption coefficient, z represents Planck
constant, v stands for the frequency of incident light, E, indi-
cates the energy band gap of the composites, and m is the factor
governing the direct/indirect transfer.

By extrapolating the linear part of the plot (ahv)” versus hv to
ahv = 0, the optical band gap values for PANI@Sm,S; are
calculated. It is represented in Fig. 14(b) and found to be 3.49 eV
for PANI@Sm,S; composites. These results are quite similar to
those that Sasikumar et al., where PANI@TiO, nanocomposites
were employed.®* For the production of excited carriers and an
increase in conductivity, this narrow band-gap would be more
advantageous.

3.7.2. Analysis of FTIR spectrum. The FTIR spectrum of
PANI@Sm,S; composites is shown in Fig. 15. Compared to the
peak of pure Sm,S; nanospheres (870 and 685 cm '), new peaks
at 3202, 2889, 1564, 1470, 1290, 1140 and 802 cm ™~ * (which is also
characteristic of the peak of polyaniline), are observed in the
FTIR spectrum of PANI@Sm,S;.°>** Furthermore, due to the
complexation of Sm,S; nanospheres and PANI, the two pure
Sm,S; peaks at 846 and 632 cm ' (as shown in Fig. S21) are
significantly displaced to 870 and 685 cm ™", respectively.*3>-64
Consequently, the data mentioned above amply supported the

50 PANI@Sm,S,
s «l \
e 3202 cm!
b 2889 cm”
g 30 1564 cmi4—
E 1470 cmt
g 1290 cm™!
=
= 140 em™ o0

20

802 cm™ 685 cm!
T T L]
4000 3000 2000 1000

Wave number (cm'l)

Fig. 15 FTIR spectrum of PANI@Sm,S3z composites.

Table 4 The primary band position of PANI@Sm,Ss composites in the
FTIR spectrum with their corresponding assignment

Band position (ecm ™) of

PANI@Sm,S; Assignment

802 Para substituted

1140 Benzenoid rings

1290 C-N stretching

1470 C=C stretching (aromatic ring)
1564 Quinoid rings

2889 C-H stretching (aromatic ring)
3202 N-H stretching
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existence of PANI and the successful synthesis of PANI@Sm,S;
composites. The findings of the FTIR study are in good agree-
ment with the previously published data. Table 4 displays the
corresponding allocations of all the key absorption bands for the
composites in the FTIR spectra that have already been identified.

3.7.3. Analysis of the "H-NMR spectrum. The analysis of
the 'H-NMR spectrum provides information about peaks of
different types of protons present in the PANI@Sm,S;
composites. The 'H-NMR spectrum (in CDCl; solvent) of
composites is shown in Fig. 16. Aromatic protons of
PANI@Sm,S; composites give a peak at about 8.8 ppm (A).***> A
peak approximately arises at about 6.8 ppm due to the benze-
noid rings (C) present in the PANI part of the composites.****
Moreover, the peak appears at about 4.8 ppm owing to the para
position on aniline (B) being used for polymerization.

3.7.4. Analysis of FESEM images. It is noted that the
formation of the spherical shape PANI@Sm,S; composites
depends on the amount of nanoparticles employed in the
dispersion. The FESEM images of PANI@Sm,S; composites with
different Sm,S; are shown in Fig. 17. For polyaniline without any
nanoparticles, only agglomerated particles (having average
diameter of 51 nm) with largely deviated spherical symmetry were
found from the SEM images. In contrast, the introduction of
Sm,S;-stabilised pickering emulsion well-engineered the shape
and size of the targeted polyaniline. The core of emulsion drop-
lets acts as a scaffold for the polymerisation reaction.*®* After
a closer inspection of Fig. 5, it is established that on increasing
the wt% of Sm,S;, the surface film rigidity of the emulsion
droplets increased with consequently decreased droplet diam-
eter. Eventually, it reduced the chances of agglomeration with the
result of a progressively smaller dimension (for 0.025 wt%, 35 nm
and 0.075 wt%, 29 nm) spherically distributed PANI@Sm,S;
nanocomposites. Fig. 18 represents an illustration of
PANI@Sm,S; nanocomposites’ synthesis through the pickering
emulsion polymerization process. As PANI is a promising con-
ducting polymer, our newly synthesised nanocomposites of PANI
may be employed in different potential applied fields.

(A)

8.8
—PANI@Sm,S3

(A) (B) >< ©)

©)

6.8 (B)

4.8 \
I I '. l ) L] . | . T l 1 l.h 1
14 12 10 8 6 4 2 0
ppm

Fig. 16 'H-NMR spectrum (in CDCls solvent) of PANI@Sm,Ssz
composites.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na01067h

Open Access Article. Published on 12 February 2024. Downloaded on 10/25/2025 12:18:37 AM.

Paper

Signal A=InLens ZEISE

‘Water phase

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Oil phase

View Article Online

Nanoscale Advances

&
<
1

Average diameter (nm)

w
=l
I
/
©

T T T T T
0.00 0.02 0.04 0.06 0.08

wt.% of nanoparticles

Fig. 17 FESEM images of PANI@Sm,S3 composites having different wt% of Sm,S3z in aqueous phase (a) 0, (b) 0.025 and (c) 0.075.

= H0

Toluene
Sm,S;

®  Aniline

© PANI@Sm,S;

Emulsion
polymerization

Fig. 18 Schematic representation of the synthesis of PANI@Sm,Ss nanocomposites through Pickering emulsion polymerisation.

4. Conclusion

The current study involves the evaluation of W/O microemulsion-
mediated Sm,S; nanoparticles and its subsequent employment
in Pickering emulsion-based CV degradation and PANI@Sm,S;

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanocomposites synthesis. The evaluation of nanospheres inside
the core of reverse micelles was done through DLS, TEM and
FESEM instrumentations. According to DLS studies, the forma-
tion of nanostructures involves two phases: nucleation phase (5-
30 min of the reaction) and growth phase (30-120 min of the
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reaction). The two phases of the evolution of nanospheres have
been established by microstructural analysis using TEM and
FESEM. Although the synthesised nanospheres play a role in the
formation of O/W pickering emulsions, only Sm,S;-stabilised
pickering emulsion is insufficient for photocatalytic CV degra-
dation. Most effective O/W pickering emulsions have been
developed through the in situ hydrophobization of negatively-
charged Sm,S; nanoparticles (0.1 wt%) by an appropriate quan-
tity of a cationic CTAB surfactant. The local concentration of the
dye is enhanced by the stable pickering emulsion, which effec-
tively encapsulated the dye molecules within the core of emulsion
droplets. As a result, dye molecules have an adequate opportunity
to interact with Sm,S;, the photocatalyst, and degrade effectively.
Under optimal conditions, pickering emulsion stabilised by
0.1 wt% of Sm,S; nanoparticles in situ hydrophobized with
2.7 mM of CTAB results in almost 100% degradation of CV within
just 30 s. According to the Langmuir-Hinshelwood kinetic
model, the kinetics of heterogeneous catalytic reactions of CV
degradation followed the pseudo first order kinetics. Moreover,
under optimal conditions, this Pickering emulsion can be
successfully employed for three repetitions. Novel PANI@Sm,S;
spherical nanocomposites are synthesised through Pickering
emulsion polymerisation employing only solid Sm,S; as a pick-
ering stabiliser. UV, IR and "H-NMR investigations revealed the
formation of PANI@Sm,S; composites within the core of the
emulsion droplets. The analysis of FESEM images revealed that
the size and shape of the composites strongly depends on the
amount of wt% nanoparticles (for 0.025 wt% 35 nm and
0.075 wt% 29 nm) employed in the dispersion. The introduction
of the Sm,S;-stabilised pickering emulsion well-engineered the
shape and size of the polyaniline, while in the absence of nano-
particles, only agglomerated particles with largely deviated
spherical symmetry are observed. Therefore, reverse micellar-
mediated synthesised Sm,S; nanospheres participate in picker-
ing emulsion formation, which act as a scaffold for photocatalytic
CV degradation as well as the emulsion polymerisation of aniline.
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