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Abstract: A longstanding interest in bone tissue engineering is the development of new bio-
scaffolds that can be manufactured on a large scale with high throughput at low cost. Here, we
report a low-cost and systematically optimized hydrothermal synthesis for producing Mo-
doped potassium titanate nanofibers with high structural purity. This new nanosynthesis is
based on bone tissue growth on an undoped titanate nanowires-entangled scaffold, as
previously reported by our team. The morphological and structural characterization data
suggest that the crystal structure of Mo-doped titanate nanofibers closely resembles that of the
undoped ones. This resemblance is potentially valuable for assessing the role of Mo dopants in
engineering bone tissue.

Keywords: nanosynthesis; titanate nanofiber; bone scaffold; molybdenum dopant

1. Introduction

Exploiting new methods for synthesizing biocompatible nanowires with novel
structures and surface properties is critical to the development of new tissue
engineering scaffolds. The nanowires-entangled scaffolds with well-tuned surface
chemistry (e.g., the surface energy, protein adsorption, and pore structure) can facilitate
a programmable release of growth hormones, drugs, and nutrients to promote the
osteoblast cells adhesion, proliferation, and differentiation, thus-upgrading the bio-
scaffolds versatilities [1]. Further, doping valve metal atoms in the nanowire structure
or on the nanowire surface can enhance the scaffold’s radio-opacity to boost the
orthopedic X-ray imaging’s contrast, i.e., resolution [2—-6]. Under these inspirations,
this work has successfully doped and optimized the nanowire analogs of natural bone
scaffold, in a series of systematic syntheses for doping the scaffold nanowire rationally
using different valve metals in different doping ratios. Thus, varied properties of the
nanowires, such as aspect ratio, surface chemistry, and the chemical environment of
the doping atoms, are anticipated to provide new insights into the role of valve metals
in bone implants [1].

Titanium dioxide (TiO,) has been attracting enormous interest in both
nanomaterial chemistry and orthopedic nanomedicine. The TiO,-based nanosyntheses
have typically resulted in a clay-like layered titanate structure in the nanowire [7] or
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nanotube [8] morphologies, with the edge-sharing [TiO¢] octahedra in the negatively
charged layer and the cations intercalating in between the layers, which can promote
the hydroxyapatite nucleation and formation on the nanowire surface quickly in a
simulated body fluid (SBF) [9]. In a hydrothermal treatment, the TiO, powders
(regardless of the rutile or anatase phase) originally suspended in an aqueous KOH
solution can quickly start to form the K-titanate of one-dimensional (1D) nanowires
[10]. The resultant layered 1D-nanostructure can act like a cation “reservoir”,
facilitating the ion-exchange of K" with other cations in the body fluids. This allows
for an autonomous, real-time balance of cations in situ, on which the bone tissue
growth can be promoted. Here, the K-titanate, in a hypotonic condition with respect
to the plenty of calcium (Ca*") ions nearby, can prompt the ion-exchange of K* ions
with the Ca®" in SBF. Subsequently, the phosphate anions in the body fluid, including
(PO4)*, (HPO4)?, and (H,PO*), can support the interactions with the Ca? ions on the
titanate surface. This interaction results in the formation of hydrated calcium
phosphate, commonly referred to as hydroxyapatite, which is a vital component of
natural bone and essential for establishing an osteogenic/osteoconductive environment
[9].

In addition, nanomaterials containing valve metals such as Molybdenum (Mo),
Zirconium (Zr), Niobium (Nb), or Tantalum (Ta) can help improve the
osteointegration [10—16]. Here, the Mo ions can promote the immunomodulation and
facilitate bone repair by comodulating the balance between bone formation and
resorption, showing a good potential to help regenerate bones [12]. Further, the Mo-
based nanomaterials syntheses in literature should be optimized to meet the need for
large-scale productions. Moreover, doping the relatively expensive valve metals on or
in the low-cost titanate scaffold nanowire can reduce the cost and the valve metals
cytotoxicity to the bone tissue. In this work, we systematically conducted
nanosynthesis to produce long and pristine Mo-doped titanate nanofibers with the
good feasibility for mass-production of the new orthopedic implants. The doping ratio
was optimized using the structural, morphological, and chemical characterizations
data from the scanning electron microscopy with an energy-dispersive elemental
analyzer (SEM-EDX), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS).

2. Materials and methods

2.1. Nanowire synthesis

The Mo-doped potassium titanate nanowires were prepared following a protocol
in literature [10,17-20] with some modifications. Briefly, in a Teflon cup containing
50 mL water solution of 10M KOH, 500 mg of TiO, powder (Aeroxide P25) was
added in and stirred for about 5 min with a Teflon-coated magnetic stirring bar on an
electrical stirrer. Thereafter, Molybdenum oxide powder (from Alfa Aesar) was mixed
into the Teflon cup to form a mixture upon stirring. Here, the weight ratio of Mo-
dopant to titanate was in the range of 1%—4%.

Next, the mixture containing Teflon cup was sealed in an autoclave container,
heated in an oven at 240 °C for 72 h and then cooled down in air. The white powdery
product was collected, water-washed to pH = 7, and oven-dried at 60 °C for the



Characterization and Application of Nanomaterials 2024, 7(1), 3587.

characterizations. To keep the nanowire lattice intact, it is important to do the water-
washing step carefully, as detailed separately below.

2.2. Characterizations

The SEM-EDX analysis was done on the FEI Nova NanoLab 200 to check the
nanowires morphology and chemical composition. Typically, a nanowire sample was
placed on an aluminum holder to let the sample dry in air, then surface-coated with
Au in a plasma sputtering coater. The XRD analysis was performed on the Rigaku
MiniFlex II Desktop X-ray diffractometer using monochromatized Cu-Ka (A = 1.5406
A) at 30 kV and 15 mA, in the range of 20 from 5° to 60° at a speed of 1°/min. The
XPS characterization was conducted on the PHI VersaProbe Scanning XPS system to
study the chemical environment of Mo.

3. Results and discussions

3.1. Evidence of the novel Mo-doping

The Mo-doped potassium titanate nanowires underwent a self-assembly process,
resulting in the formation of a bio-scaffold, as illustrated in Figure 1. This
self-assembled nanofibrous scaffold has pores in the size of tens of microns (Figure
1(a)) to support the effective adhesion of osteoblast cells into the pores, while the
pore wall (of self-entangled nanowires) is also highly porous (Figure 1(b)) to
allow the osteoblast cells’ nutrients and metabolites to diffuse quickly across.

¥ 4 4 F 3 o / 5

Figure 1. SEM micrographs of Mo-doped potassium titanate.

Upon examination at a higher magnification (Figure 2(a)), the clean and well-
crystallized long nanowires in self-entangled form can be clearly seen, which is a
characteristic of the Mo-doped potassium titanate nanowires. The nanofibers length
extends into tens of microns, while retaining their width below 100 nm. In addition,
Figure 2(a) shows the relatively smooth surface of the high length-to-width ratio (or
aspect ratio) nanofibers, suggesting the optimal control over the nanowires’ nucleation
and 1D-growth in nanoscale, which is crucial for the Mo-dopant’s good distribution
throughout the crystal lattice of all the nanowires from the “one-pot” nanosynthesis.

In the Energy-Dispersive X-ray (EDX) spectroscopy mapping (Figure 2(b)), the
Mo dopants exhibit a uniform distribution in the nanofibers. This uniformity in
distribution suggests the dopant well-dispersed in the Mo-doped potassium titanate
nanowires, which is indicative of a quite precisely controlled nano-synthesis process.
In theory, the [MoOs] octahedron in the nanowire lattice is larger than the [TiOs]
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octahedra [21]. However, this size difference-induced structural distortions were well-
tolerated without compromising the overall lattice continuity, as suggested by the
EDX mapping in Figure 2. Intuitively, the good dispersion of Mo allows each [MoOs]
octahedron to integrate into the lattice without disrupting the structural integrity, thus
keeping the framework intact everywhere. In other words, the high dispersion of Mo
dopant in the nanofiber structure suggests the optimal doping conditions that support

the Figure 1.

3

v -
Figure 2. The EDX Mapping of the Mo-doped Potassium Titanate Nanofibers. (a) The high-resolution SEM of Mo-doped potassium with the
yellow box for EDX mapping. (b) The EDX mapping showed that the Mo, K, Ti, and O are evenly distributed on the titanate nanowires.

The nanofiber crystal structure was further characterized using the XRD patterns
(Figure 3). All the XRD peaks of (200), (110), (310), (312), (404), and (020) can be
assigned to the layered K,TicOi; titanate lattice (JCPDS No. 40-0403). The XRD
patterns of titanate nanofibers with various doping ratios were identical and no residual
impurity was detected, as evidenced by no extra peaks in the XRD pattern with respect
to the XRD detection limit, which again indicates that the larger [MoOs] octahedron
was evenly doped in the titanate crystal structure to maintain the lattice integrity and
nanowire structure.

370 )
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Figure 3. X-Ray diffraction of Mo-doped potassium titanate nanofibers with doping percentage.

Comparing the XRD patterns with and without the Mo-dopants (Figure 4(a)), the
large Mo-dopant increases the d-space between adjacent titanate sheets by shifting the
XRD peak to do0) = 8.0919 A (or a lower 2-theta angle at 20 = 11.03°). This is in
contrast with the undoped nanowire’s smaller d-space of d0) = 7.7415 A at a higher
2-theta angle (20 = 11.43°). This interlayer spacing expansion is indicative of Mo
substitutional doping within the titanate lattice. More specifically, the ionic radius of
Mo’" (75 pm) and Mo®" (73 pm) is larger than that of Ti*" (53 pm) which leads to
interlayer spacing expansion with Mo*"¢* replacing Ti** while without destroying the

original lattice structure [21]. Equivalently, the Mo dopant’s higher content can shift
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the doo) peak to a lower diffraction angle. The same shift happened to (110), (310),
(312), and (020), as shown in Figure A1. Moreover, the doped samples XRD patterns
show no structural impurity. Apparently, all the XRD peaks are in the same width and
can be indexed to that of potassium titanate, matching what our lab reported in
literature before [10,17,18].
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Figure 4. (a) XRD analysis of Mo-doped potassium titanate nanowires with (b) d-space. (¢) and (d) the
schematics for illustrating the Mo-dopant impact on the titanate crystal structure.

The XPS characterization investigated the chemical environment of the Mo
dopant. The Mo 3ds, and 3ds» peaks of the 4% Mo-doped K-titanate nanofibers are
presented in Figure 5. The peaks observed at 232.5 and 235.7 eV came from the Mo
3ds;» and Mo 3ds» of Mo®*, while the peaks at 231.9 and 235.0 eV came from the Mo
3ds» and Mo 3ds» of Mo>* [22]. These characteristic peaks are attributed to Mo-O
bonds, indicating the successful integration of Mo into the K-titanate lattice. Obtaining
from the ratio of peak area, the atomic percentage of Mo®" is 67.5% while that of Mo>*
is 32.5%, showing that Mo®" is the main dopant form in the K-titanate nanofiber crystal

lattice.

Intensity (a.u.)

238 236 234 232 230 228
Binding energy (eV)

Figure 5. XPS spectroscopy of 4% Mo-doped potassium titanate nanofibers.
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3.2. Lessons from the Mo-doping

Evidently, within the K-titanate nanofiber’s clay-like layered crystal structure, the
Ti*-based [TiOs] octahedra were partially substituted by the Mo-based [MoOs]
octahedra, confirming the sterically challenging doping of Mo. Naturally, the larger
[MoOs] compared to [TiOs] would position itself more easily on the nanofiber surface
to reduce perturbations in the [TiOs]-dominated nanowire crystal lattice. Such surface-
exposed [MoOgs] units can be recognized by the osteoblast cell surface to facilitate the
bone-tissue adhesion, as supported by the previous studies [12,13]. In this logic, the
interlayer K* cations near the [MoQs] could be rapidly substituted by the nearby Ca*"
cations in the body fluids. The Ca*" cations’ rapid exchange can in turn accelerate the
formation of hydrated calcium phosphates, or hydroxyapatite, on the nanowire surface,
matching the findings from other research groups using SBF [9,23], which supports
this project’s logic in the rational design. On this basis, the hydroxyapatite layer on
the underlying titanate nanofiber should in turn support the sustained bone tissue
adhesion on the hydroxyapatite-supported nanofiber, crafting an optimal
osteogenic/osteo- conductive milieu [9], which is under an ongoing verification using
the slow and tedious in vitro cell-culture experiments. The doping-modified titanate
nanofibers surface characteristics has demonstrated a simple approach to existing
methodologies in literature, for potentially improving the osteoconductivity of bone-
scaffolds [10,12,15,18,24]. Fundamentally, this work found a new and manufacturing-
viable route to incorporating Mo into the titanate nanowire matrix, which could be
generally applicable to other subfields of the orthopedic nanomedicine.

4. Conclusions

Potassium titanate nanofibers doped with Mo have been successfully fabricated
through a simple hydrothermal process, which to the best of our knowledge is quite
new, especially in orthopedic nanomedicine. The doping process has been well-
controlled to keep the nanowire’s morphology, structure, and chemical composition
intact. These are indicative of the successful development of an efficient and well-
controlled doping method for varying the Mo dopant concentrations while preserving
the nanowires lattice. This is critical for further optimizing the nanowires other
properties for different applications. To evaluate the influence of this material in the
field of bone tissue engineering, nanofibers with different concentrations of Mo-
dopant have been investigating in vitro to determine their biocompatibility and
osteogenic capabilities.

Currently, a critical and logical phase of the follow-up research is in progress,
concentrating on the analysis of these nanofibers with systematically varied
concentrations of Mo dopants, for specifically assessing these new nanowires
biocompatibility and osteogenic potential. The investigation into the interactions
between these Mo-doped nanofibers and bone cells is pivotal for acquiring a deeper
understanding of their suitability as potential materials for bone implants. The
thorough evaluation of the biocompatibility is pivotal to determining these materials
viability in for medical applications, especially in the bone tissue regeneration. A
forward-thinking strategy to expand upon this research entails the doping of titanate
nanowires with, for example, dual oxide dopants. Such a new methodology could pave
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the way for exploring a broader spectrum of bone implants of new types with the
potentially greater physiological adaptability. Comprehending the biocompatible
transition metals’ doping impact on the physical and chemical properties of these
nanowire-based bone implants is crucial and fruitful. This understanding is pivotal for
the tailored customization of biomaterials to suit each unique application, ensuring
their optimal performance and compatibility.

Finally, developing a diverse and novel family of doped titanate nanofibers, each
characterized by distinct compositions and properties, constitutes a strategic approach
for enabling researchers to systematically explore how variations in doping influence
the material's characteristics and performance. Gathering such data is imperative for
the precise optimization of these materials, tailoring them for specific uses in bone
tissue engineering or other relevant fields.
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Appendix

XRD analysis of K-titanate NFs with various doping ratio.
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Figure Al. XRD peak shift analysis of K-titanate NFs with various doping ratio.
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Abstract: The present study deliberates the recovery of sodium fluoride (NaF)-natrite
(Na2CO3)-sodium chloride (NaCl) ternary fluxing agent from hazardous aluminum dross waste
using three types of heating methods, including direct heating on a hotplate, heating by a drying
oven, and microwave heating. Deionized water was used as a green solvent for the recovery
experiments. Investigating the effects of time and temperature on recovery percentage showed
that a recovery percentage of around 96.5% can be achieved under time and temperature of 90
min and 95 °C, respectively. The recovered fluxing agent salt was characterized by XRD, FTIR
spectroscopy, FESEM, and energy dispersive X-ray spectroscopy (EDS) elemental analysis.
Rietveld fitting analysis of phases detected in the XRD patterns showed that the recovered
fluxing agent contained 74—81 wt.% NaF, 8-11 wt.% NaCl, and 11-14.7 wt.% Na>COs. The
FESEM micrographs revealed that the retrieved salts were in nano scale. The recovered fluxing
agent showed different morphologies including needle-like, round shape, and a mixture of both,
corresponding to microwave, drying oven, and hotplate heating methods, respectively. The
nano-needles exhibited diameter of the tip and base in the range of 39-60 nm and 50-103 nm,
respectively.

Keywords: waste; sodium fluoride; needle-like; microwave-assisted; nanostructure

1. Introduction

With a general look at the current situation of the industry in the world, industrial
production is associated with challenging issues such as waste accumulation and
natural resource depletion. The accumulation of industrial wastes over time generates
environmental and public health problems [1]. In recent years, public awareness on
improving the quality and preservation of the environment has coerced legislators into
passing strict regulations on air and water pollution [2].

Aluminum black dross (ABD) as a hazardous industrial waste is a salty-metallic-
oxidic waste of aluminum ingot production process formed in casting units [3,4]. The
ABD also contains about 8%—10% of soluble salts, mainly alkali fluorides and
chlorides [5,6]. In aluminum production process, a fluxing agent (usually a salt
mixture containing sodium and potassium chlorides as well as a small amount of a
mineral fluorine compounds (NazAlFs or CaF,) is used to protect Al metal from
oxidation under favorable conditions (high temperature and the presence of oxygen)
[1]. NaF is formed as a result of the disintegration of NasAlF¢ (also known as cryolite)
which plays the role of an electrolyte in the melting process as well as a fluxing agent
in the process of smelting alumina and turning it into metallic aluminum [7,8]. Also,
NaF may directly come from the molten salt flux [7].

10



Characterization and Application of Nanomaterials 2024, 7(1), 5593.

In Europe, stockpiling of this kind of waste is prohibited because the soluble salts
are a major source of surface and groundwater pollution [9] and may have some
disadvantages such as cost and safety risks [5,6]. The presence of excess fluoride in
drinking water often results in skeletal fluorosis, weakening bone structure, as well as
discoloration and speckling of teeth, cancer or adverse effects on the brain and kidney
[10]. Also, high levels of sodium in drinking water exacerbate chronic congestive heart
failure, blood pressure and hypertension [11]. Therefore, finding an appropriate
solution to eliminate or reduce the environmental pollution of the waste is a necessity.

Halite (NaCl), natrite (Na,COs), and NaF are water-soluble and recoverable
mineral salts. The recovered salt can be mixed with fresh fluxing agent and returned
to aluminum smelting furnace. This is economically beneficial and also reduces the
toxicity of the ABD waste [12]. Recently, NaF pellets have been applied for the
adsorption of gaseous HF as an impurity in the industrial generation of fluorine gas
[13]. Inasmuch as the adsorption of gaseous pollutants can be noticeably enhanced by
developing nano-structures [14], the last mentioned application of NaF seems more
important.

NaF in a bulk scale is prepared by neutralizing hydrofluoric acid with sodium
hydroxide [15]. In nano scale, the synthesis of nanoparticles of sodium halide salts
(NaF; NaCl, NaBr, Nal) having sizes of less than 3.0 nm using reverse micelles
methods with capping agent has been reported by Abdelkader and Buckner [16].

Sodium carbonate (Na,COs3) can be used to remove iron oxide in some stages of
aluminum production and cause further purification of aluminum. In addition, sodium
carbonate can improve the flotation performance and play a role as a pH regulator [17].
In the aluminum smelting process, sodium carbonate improves the performance of the
fluxing agent [18]. Sodium fluoride, sodium chloride, and sodium carbonate can be
used as roasting agents in the processes of extracting valuable materials from primary
and secondary sources [19-21].

Within the scope of this work, facile green recovery of fluxing agent
nanostructures from the ABD is investigated for the first time. The recovery of soluble
salts in the form of nanostructures implies to the principles 3 (substances with little or
no hazard), 5 (safer solvents and auxiliaries), and 12 (safety considerations) of the
twelve principles of green chemistry [22]. After removing the soluble salts from the
ABD, its pollution is significantly reduced, and the soluble salt-free residue can be
subjected to subsequent processes such as the recovery of alumina as a valuable and
widely used material [23,24].

2. Materials and methods

2.1. Materials

The ABD used herein was obtained from Iranian Aluminum Company (Iralco)
situated in Markazi province, Iran. The as-received BAD was medium gray in color
with the actual and bulk densities of 2.22 and 0.85 g/cm?, respectively. The mineralogy
of the ABD will be discussed in section 3.2. Figure 1 shows the particle size
distribution of the ABD. As seen, about 55% of the ABD particles are below 250 um,
whereas about 90% of which are less than 2.38 mm.
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Figure 1. Particle size distribution of ABD.

Table 1 gives oxide composition of the ABD which was determined by X-ray
fluorescence (XRF) technique. According to data in Table 1, the ABD contains almost
61 and 15 wt.% aluminum oxide and silicon dioxide, respectively. The loss on ignition
(LOI) was obtained around 9 wt.% and the remaining 15 wt.% accounts for the other
oxides.

Deionized (DI) water (TDS = 5 mg/L) was utilized at all recovery experimental
tests as a green solvent.

Table 1. Chemical composition of ABD.

Oxide (wt.%)
Al03 62.56
SiO2 7.53
CaO 5.87
Fe203 2.73
Na2O 4.68
MgO 1.25
P20s 0.17
SO3 0.10
K>O 0.81
TiO2 0.32
MnO 0.31
Cl 3.35
F 1.32
CuO 0.11

LOTI* 8.89
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2.2. Methods
2.2.1. Determination of water leachable salt content of ABD

To determine the water leachable salt content of the ABD, the method described
in DIN 38414-S4 standard for determination of leachability by water was used.
According to this standard, first 100 g of dry ABD sample is loaded into a 2 L beaker
and then 1 L of DI water is added. The mixture is then stirred for 24 h. After the mixing
time has elapsed, the mixture is filtered through a vacuum filtration system. The filtrate
should be transparent at this stage, otherwise it must be re-filtered with a filter paper
with a mesh size of 0.45 pm. The determination of the chemical analysis of leachate
is performed using inductively coupled plasma atomic emission spectroscopy (ICP-
AES). At the end of the experiment, the mass of the leached substance is calculated
by the following Equation (1).

Wes= (B x Vi)/ms (D)
where, Wgs is the mass of the leached substance (in mg/kg), f is the mass concentration
of the leached substance (in mg/L), m; is the dry mass of initial sample (in kg), and Vz
is the volume of the filtrate (in L).

2.2.2. Salt recovery experiments

To perform salt recovery experiments, the setup shown in Figure 2 was used.
Figure 2 shows a three-neck glass reactor, Graham condenser, a water bath for
homogenizing the recovery temperature, and a magnetic stirrer. After accurate
weighing, 5.00 g of the ABD is loaded into the reactor. Then 100 mL of deionized
water is added to it. The rinsing starts at a specified temperature under the stirring
speed of 600 rpm. After a certain period of time, the suspension is filtered using a
vacuum filtration system.

Hood

p—— Water out

Condenser

Thermometer

y/

)
pe—//—— Water in
Three-neck reactor f

___— Water bath

o
,'j D[] Stirrer o\
l

Figure 2. Experimental setup used for salt recovery from ABD.

As illustrated in Figure 3, in order to evaporate the water content of the obtained
filtrate, three types of heating methods including microwave irradiation, heating by a
drying oven (Pars Khazar, OT 650P), and heating by a hotplate (IKA C-MAG HS7
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Digital) were applied. The microwave irradiation was provided using a domestic
microwave oven (Sapor, 1500 W, 2450 MHz). At the end of the heating, a white solid
was achieved. The heating processes were performed at 95 + 1 °C for 2 h by hotplate
and at 95 + 0.5 °C for 1 h by drying oven. The microwave irradiation continued for a
preset time of 15 min.

|| Heating element )

L

1

e ‘§ e =]
> i 1) /
oo

- L
|__Heatingelement |

Figure 3. Three types of heating methods (left: microwave irradiation, middle:
heating by a drying oven, right: heating by a hotplate).

2.2.3. Characterization methods

To obtain X-ray diffractograms of the samples, Philips Expert System X-ray
diffractometer was utilized with CuKoa-radiation and Ni-filter at voltage and current
of 40 kV and 30 mA, respectively. The XRD analyses were carried out at 28 angles of
10°-80° (scanning speed: 2 °/min; anti-scatter: 1°; receiving slit: 0.01 mm). Fourier
transform infrared spectroscopy (FTIR) spectra of the recovered salts were recorded
employing a FTIR spectrometer device (SHIMADZU IR Spectrophotometer 8400 s)
in the wavenumber range of 400-4000 cm!. The spectra were recorded with a
sensitivity of 4 cm ™' and 64 scans per spectrum taken.

Morphological and elemental analyses were obtained employing two kinds of
microscopes including SIGMA VP-500 FESEM microscope (ZEISS) and TESCAN
MIRAZ3 at accelerating voltages of 15 and 10 kV, respectively. For sample preparation,
an adequate amount of the recovered salts is adhered on a holder. Then they are coated
with a thin layer of gold. The chemical composition of the ABD was determined using
a XRF PW2404 device with a measurement range of 20 ppm to 100 wt.%.

3. Results and discussion

3.1. Chemical analysis of leachate

The ICP-AES chemical analysis of the leachate obtained according to DIN
38414-S4 standard is presented in Table 2, indicating significant amount of sodium
and minor amounts of potassium and aluminum.

Table 2. Chemical analysis of the leachate obtained according to DIN 38414-S4
standard.

Element Na K Al Ca
Concentration (mg/L) 5662.40 37.23 74.77 ND*
Mass% 98.06 0.64 1.30 -

*ND: not detected.
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Based on the data in Table 2, the water leachable salt content of the ABD was
5.77 mass%. The pH value of the leachate was around 11.25.

The previous studies [23,24] revealed that the ABD contains aluminum oxide
(Alx03), spinel (MgAl>Os), quartz (Si0»), diaoyudaoite (NaAl;1017), villiaumite (NaF),
cryolite (Na3AlFs), silicon (Si), aluminum nitride (Al) and iron oxide (Fe,Os) as well
as minor traces of halite (NaCl), graphite (C), and fluorite (CaF,). Considering the
aforementioned compounds, the presence of sodium in the leachate is majorly due to
the dissolution of NaF and NaCl. The presence of aluminum in the leachate originates
from the partial hydrolysis of aluminum nitride in water [25,26]. A trace amount of
potassium is more likely due to the dissolution of potassium chloride which is used
along with sodium chloride as salt flux in melting process of aluminum.

3.2. Effects of time and temperature on salt recovery efficiency

Before performing any salt recovery experiment, the moisture content of the
ABD sample was removed in a drying oven at 105 + 0.5 °C. This is a necessary step
to obtain exact recovery efficiency data. The previous study [24] showed that a drying
time of 50 min is enough to completely remove the moisture. In order to investigate
the possibility of faster recovery of soluble salts, water leaching of the ABD was
carried out at different temperatures and times. In these experiments, the water
leaching of the ABD was performed at 25, 45, 65, 85 and 95 °C for 30, 60, 90, and
120 min at each temperature. Each experiment was performed twice. The results are

depicted in Figure 4.
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Figure 4. The effects of time and temperature on salt recovery efficiency.

From Figure 4, it is clear that the salt recovery efficiency generally increases
with increasing temperature and time. Such an enhancement was expected, since the
solubility of NaF in water increases with temperature [27]. At 95 °C, after 60 min, the
recovery efficiency is about 96%, and more increase in time does not significantly
change the percentage of salt recovery. Also, recovery times of more than 1 h are not
practically interesting. Figure 5 shows the XRD patterns of the raw ABD and water-
leached ABD.
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Figure 5. XRD patterns of (a) raw ABD and (b) water-leached ABD.

Figure 5a shows that the ABD contains aluminum oxide (Al,Os), spinel
(MgAl04), defect spinel (Al .83Mgo.s703.61), quartz (SiO), diaoyudaoite (NaAl;1017),
villiaumite (NaF), cryolite (Na3AlF), silicon (Si), aluminum nitride (Al) and iron
oxide (Fe»0s) as well as minor traces of halite (NaCl), graphite (C), and fluorite (CaF>).
Among all these phases, only NaF and NaCl are highly soluble in water. As can be
clearly observed from the peaks surrounded by rectangles in Figure 5, almost all
villiaumite (NaF) has been dissolved in water. Reduced intensity of the diaoyudaoite
phase shows that this phase has also partially been dissolved in water. Unfortunately,
there is not enough information on the solubility of this material in the literature.

3.3. Characterization of the recovered salts
3.3.1. XRD patterns

Figure 6 presents the X-ray diffractograms of the recovered salts using the
mentioned three types of heating methods. The peaks of the recovered salts correspond
to those of NaF, NaCl, KCI, AIN, and SiO, phases according to the standard cards of
ICDD-01-089-2956, 1ICDD-01-088-2300, ICDD-01-077-2121, ICDD-01-089-3446,
and ICDD-01-081-0069, respectively. Because XRD data are substantially qualitative
and also due to the proximity of the intensities of some peaks, a reasonable comparison
between the three patterns requires the quantification of data and gaining the mass
fraction of each phase. To calculate the mass fraction of each phase, the XRD data
were quantified applying the Rietveld fitting analysis. The Rietveld fitting analyses
were performed using crystallographic information files (CIFs) of villiaumite (NaF),
halite (NaCl), and natrite (Na,COs). According to the quantitative data shown in
Figure 6, the recovered salts consist of predominantly NaF, accounting for 74-81
wt.%. The remaining 20-25 wt.% is dedicated to the presence of sodium chloride and
sodium carbonate. The higher amount of NaF improves the performance of fluxing
agent. Therefore, according to Figure 6, heating by a drying oven is more suitable. In

16



Characterization and Application of Nanomaterials 2024, 7(1), 5593.

fact, this type of drying method is a type of indirect heating method, which is mainly

done through convection.
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Figure 6. XRD patterns of the recovered salts. Heat source: (a) microwave

irradiation, (b) drying oven, and (c) hotplate.

The average crystallite size was obtained using Scherrer equation:
L = kA/fcosf

in which L is the average crystallite size, 6 the Bragg’s angle, 4 the incident X-ray
wavelength (1 = 1.541874 A), and P the full width at half maximum (FWHM) of the
peak. f and 20 values were obtained from each XRD pattern using HighScore Plus

software. The results are presented in Table 3.
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Table 3. Values of 20, 5, and average crystallite size of the recovered salts.

Recovered salt sample 20 (degree) S (degree) p (rad) Average crystallite size (nm)

Salt recovered by 38.9254 0.1653 0.00288  61.9
microwave 1rrad1at10n

Salt recovered by drying ¢ 535 0.1968 0.00343 520
oven heating
Salt recovered by hotplate

heati 38.7726 0.2952 0.00515 345
eating

According to Table 3, the salt recovered by hotplate heating has the most minute
average crystallite size (34.5 nm) and the salt recovered by microwave irradiation has
the largest one (61.9 nm). The larger crystal size of the salt recovered by microwave
irradiation is due to the fact that the heating rate is very rapid (only one tenth to one
hundredth of the time needed by conventional ways), which leads to the
supersaturation of the solution. Crystals in a supersaturated solution can grow faster
and become larger [28,29].

3.3.2. FTIR analysis
Figure 7 depicts FTIR spectra of the recovered salts.
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Figure 7. FTIR spectra of the recovered salts. Heat source: (a) microwave
irradiation; (b) drying oven; and (c) hotplate.

All three samples show absorption bands at 697, 880, 1158, 1436, 2366, 2924,
and 3429 cm™!. The bands observed at 697 and 880 cm ™! are assigned to the presence
of AIN. This is in agreement with the literature that the main excitation of the AI-N
bonds by infrared radiation take place at the range 200-1000 cm™' [30]. The band at
1158 cm™! is caused by the asymmetric stretching of the oxygen atom in the Si-O-Si
chain [31]. The absorption band at 1436 cm™! is allocated to (OHF)~ complexes with
a hydrogen bond [32,33]. The presence of (OHF)  complex may be due to some
amount of water at the surface of the recovered salts, which dissolves some NaF and
produces fluoride ions. Thus, the generated fluoride ions are surrounded by OH groups
due to hydrogen bonding. Considering this peak, it is realized that its intensity in the
salt recovered by hotplate heating is higher than that in two other samples. The reason
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may be the formation of more hydrogen bonds and thus the formation of more (OHF)~
complexes. This evidence suggests that the hotplate heating method is less effective
in evaporation of water content of the recovered salt compared to other two heating
methods. The absorption band at 3429 ¢m™!' shows a small amount of water in the
recovered salts.

3.3.3. Microstructural and elemental analyses

To gain appropriate insight into the morphological and elemental information of
the recovered salts by three types of heating sources, FESEM/EDS analyses were used.
Figure 8 depicts the FESEM images and corresponding EDS elemental analyses of
the recovered salts. Figure 8a shows that the evaporation of water of the leached salt
from the ABD through heating by a hotplate has caused the formation of a needle-like
nanostructure on surfaces of relatively larger particles (a few to several microns) that
seems to be amorphous. Observations at high magnification (Figure 8al), however,
reveals that the relatively large particles are aggregation of numerous round shape
nanoparticles with a diameter in the range of 33—40 nm. As it can be clearly seen from
Figure 8b, a pure needle-like morphology has emerged due to the removal of water
of the leached salt by microwave heating. Figure 8b1 shows that the needle-like
particles grown with different orientations are in nano scale. The nano-needles show
diameter of the tip and base in the range of 39-60 nm and 50—-103 nm, respectively.
This is despite the fact that the evaporation of water of the leached salt through heating
by a drying oven has resulted in the formation of aggregates of round shape
nanoparticles only. As can obviously be observed from Figure 8c, the agglomerates
include nanoparticles with the sizes larger than 20 nm (as shown in Figure 8c1). All
EDS elemental analyses disclosed Na, F, O, Cl, Al, C, Si, and K as the chemistry of
the formed nanostructures.
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Figure 8. FESEM images and corresponding EDS elemental analyses of the recovered salts. Heat source: (a, al)
hotplate; (b, b1) microwave irradiation; and (c, ¢1) drying oven.

The mechanism for the formation of different nanostructures can be interpreted
as follows:

Water-soluble halides are ionized in water according to the following reaction
[16]:

NaY (sotid) <> Na'(aqueous) T Y (aqueous) 3)

Driving force for the formation of nanostructures of sodium halides or any water-
soluble particles is the evaporation of water from a confined space which allows the
size and shape control. Considering the type of heating source for evaporation of water
of the leached salts, two main parameters that may have a key role in the appearance
of different nanostructures are temperature gradient and supersaturation. As shown in
Figure 3, heating through a hotplate causes the temperature of regions from the
solution close to the hot plate to be higher than the temperature of the surface regions
of the solution in the vicinity of the air. This results in the formation of a sharp
temperature gradient in the solution, which in turn leads to a different evaporation rate
and, ultimately, a different crystallization rate. The heat generated by a drying oven
with heating elements embedded in top and bottom of the oven chamber creates a
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milder temperature gradient compared to the previous heating state. Consequently, the
evaporation rate and the rate of crystallization are more uniform. As a result,
morphology is expected to be more uniform. Also, the nanoparticles obtained by
drying oven and hotplate heating methods tend to severe agglomeration [28] and this
is clear in Figure 8a,c. The microwave heating as a green heating method, has a
mechanism fundamentally different from the common heating methods. This
difference is significant from two perspectives: firstly, in common heating methods,
i.e., conduction, convection, and radiation, heat is supplied through an external source.
While in microwave heating, heat generated from microwave energy is absorbed by
the material depending on its position in the microwave field. Secondly, common
heating methods produce a sharp temperature gradient in the material, while the
microwave heating method does not create any temperature gradient and the
temperature of the whole material is almost the same. In addition, microwaves deliver
heat uniformly and simultaneously throughout the bulk of a material and also have the
potential to penetrate deeply into material bulk [34,35]. As another important reason,
experimental results have revealed that the crystal characteristics such as size
distribution, crystal morphology and degree of agglomeration are also strongly
influenced by the degree of supersaturation at the beginning of crystallization [29,36].
The crystals in a relatively high supersaturated solution focus on extending along the
longitudinal direction. With the progress of the process, the supersaturation descends
around the tips of the crystals and this causes the tips have a smaller diameter than the
bases. As a result, a more orderly and uniform structure is expected.

4. Conclusions

In the present work, NaF-Na>,COs;-NaCl ternary fluxing agent ternary was
recovered from aluminum black dross as a hazardous solid waste. Despite a significant
reduction in waste toxicity, the recovery of fluxing agent in the form of a
nanostructured salt can provide economic benefits. The recovery process was
performed using water as a green solvent followed by the evaporation of water. The
heat for the evaporation process was supplied using three sources of heating including
a hotplate, microwave irradiation, and a drying oven. Investigating the effects of time
and temperature revealed that a recovery efficiency of 96.5% can be achieved under
optimum temperature and time of 95 °C and 90 min, respectively. The recovered
fluxing agent salt was found to contain more than 74 wt.% of NaF by employing the
Rietveld fitting analysis. Microstructural study by FESEM disclosed that the ternary
fluxing agent has been recovered in the form of highly aggregated round shape
nanoparticles, needle-like nanoparticles, and a combination of both.
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Abstract: Green manufacturing is increasingly becoming popular, especially in lubricant
manufacturing, as more environmentally friendly substitutes for mineral base oil and synthetic
additives are being found among plant extracts and progress in methodologies for extraction
and synthesis is being made. It has been observed that some of the important performance
characteristics need enhancement, of which nanoparticle addition has been noted as one of the
effective solutions. However, the concentration of the addictive that would optimised the
performance characteristics of interest remains a contending area of research. The research was
out to find how the concentration of green synthesized aluminum oxide nanoparticles in nano
lubricants formed from selected vegetable oils influences friction and wear. A bottom-up green
synthesis approach was adopted to synthesize aluminum oxide (Al,O3) from aluminum nitrate
(AI(NOs)3) precursor in the presence of a plant-based reducing agent—Ipomoea pes-caprae.
The synthesized Al,O3 nanoparticles were characterized using TEM and XRD and found to be
mostly of spherical shape of sizes 44.73 nm. Al,Osz nanoparticles at different concentrations—
0.1 wt%, 0.3 wt%, 0.5 wt%, 0.7 wt%, and 1.0 wt%—were used as additives to castor, jatropha,
and palm kernel oils to formulate nano lubricants and tested alternately on a ball-on-aluminum
(SAE 332) and low-carbon steel Disc Tribometer. All the vegetable-based oil nano lubricants
showed a significant decrease in the coefficient of friction (CoF) and wear rate with Ball-on-
(aluminum SAE 332) disc tribometer up to 0.5wt% of the nanoparticle: the best performances
(ecor=92.29; eyr = 79.53) came from Al,Os-castor oil nano lubricant and Al,Os-palm kernel
oil; afterwards, they started to increase. However, the performance indices displayed irregular
behaviour for both COF and Wear Rate (WR) when tested on a ball-on-low-carbon steel Disc
Tribometer.

Keywords: nanoparticles; green synthesized; wear; coefficient of friction; lubricants

1. Introduction

In recent times, vegetable oils have been identified as a favorite substitute for
mineral oils as base oils in lubricant formulations. This is because vegetable oils
possess high biodegradability and lubricity and, hence, can return to nature upon
consumption after their useful lives. This property of vegetable oils makes them
environmentally friendly alternatives to mineral oil-based lubricants. Researchers
have carried out studies using vegetable oils as the base oil for lubricants while using
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various nanoparticle additives to improve its tribological performance [1-3].
Vegetable oils comprise the chemical composition of molecules of triacylglycerol
made up of esters derived from glycerol and long chains of polar fatty acids [4]. Other
vegetable oils are also composed of esters of glycerin and long-chain fatty acids
(triglycerides), which have molecular structure with three long-chain fatty acids
attached at the hydroxyl groups via ester linkages [5]. The chemical structure of a
typical vegetable oil is shown in Figure 1.

o

|
CH,—O0—C—R,

CH,—O—C—R;

Figure 1. Chemical structure of triglyceride of a typical vegetable oil [5].

Other parameters that are determined through the process of formulating the oil-
based lubricants are the acid value, saponification, and free fatty acid of the oil [6,7].
Nanoparticles ranging between 1 nm and 100 nm have all three external dimensions
in the nanoscale, and their longest and shortest axes do not have a significant
difference, typically being a factor of at least 3. Some examples are nonporous Pd NPs
(OD), graphene nanosheets (2D), Ag nanorods (1D), polyethylene oxide nanofibers
(1D), urchin-like ZnO nanowires (3D), and WO3 nanowire network (3D) [8].
Nanoparticles demonstrate desirable physical and optical characteristics such as shape
and size, which makes them suitable to confine their electrons and produce quantum
effects. These properties help in a complete description of its behavioural and
operational functionalities, which deal with the size, shape, surface properties,
crystallinity, and dispersion state [9]. The use of nanomaterials as additives to oil-base
lubricants to produce nano lubricants with improved tribological properties has been
gaining research attention in the industry in recent times [10]. This is essentially a
result of their anti-wear, extreme pressure, and friction-modifying properties.
Although there are different types of nanomaterials used in the formulation of nano
lubricants, about 72% of nano lubricants are formulated using metal-containing
nanomaterials as lubricant additives [11]. Among the various metallic nanoparticles
that could be used as additives to lubricants, the Cu nanoparticles have received wide
research attention for their superior performance in comparison with other metallic
nanoparticles [12].

Metal nanoparticles are produced by the addition of reducing agents, while metal
oxide nanoparticles are manufactured by the addition of oxidizing/precipitating agents
during their synthesis [13]. Generally, when compared with metal-containing
nanoparticles, the metal oxide nanoparticles are larger in size. Metal oxide
nanoparticles have been shown to improve the viscosity of lubricants at low
temperatures and the rolling effect of the lubricant at high temperatures, with

25



Characterization and Application of Nanomaterials 2024, 7(1), 4671.

deposition of the metal oxide nanoparticles on the interacting surfaces leading to
improved anti-wear performance [11]. Utilizing metal oxide nanoparticles will
improve the nano lubricant properties. These properties include the nanoparticle size,
morphology/shape, surface functionalization, and nanoparticle concentration. In
synthesizing the nanoparticles, the green synthesis method was used for this work.
This is a bottom-up approach of the two methods of synthesizing. The other method,
the top-down approach, emphasizes the preparation of nanoparticles from the process
of breaking down complex metal ions through physical, chemical, or thermal methods
[14], which is more costly to undertake.

Several nanoparticles have been used as additives to vegetable oils to investigate
their effect on the tribological properties of lubricating oils. The major parameters
varied are the size, shape, and concentration of the nanoparticles. Among other
nanoparticles investigated, Al,O3 nanoparticles, a metal oxide nanoparticle, have the
potency of improving the tribological performance of base oils. Also, most
nanoparticles investigated are chemically synthesized, and this becomes a subject of
interest and consideration when considering potential impacts on the environment on
a large scale. Therefore, the investigation of the tribological performance of green
synthesized Al,Os nanoparticles as additives to vegetable oils for the development of
nano lubricants as alternatives to mineral oil-based lubricants holds considerable
potential in eco-friendly lubrication.

2. Materials and methods

The materials used in the study are vegetable oils, aluminum oxide (Al,O3)
nanoparticles, aluminum nitrate (Al(NO3)3) salt, beach morning glory (stem) (lpomoea
pes-caprae), aluminum SAE 332 disc, low carbon steel disc, and distilled water. The
vegetable oils are palm kernel oil (PKO), jatropha oil, and castor oil, and they were all
locally sourced off the shelf. The aluminum oxide nanoparticles were synthesized
based on the green synthesis method, as summarized in Figure Al. The Aqueous
Leave Extract (ALE) was produced based on the hot extraction method as presented
in Figure 2. This involves mixing a milled leaf in distilled water at a ratio 1 g to 20
mL in a beaker and heating the mixture to a temperature range of 60-80 °C for 1 h.
The mixture is allowed to cool to room temperature and afterwards filtered using a
Whatman-grade 540 filter paper. The ALE was further used in the synthesis of Al,O3
nanoparticles using a 0.1 M AI(NOs); solution as a precursor. The extracts were used
to synthesize Al,O3 nanoparticles within 5 min of extraction. In synthesising the A1,O3
nanoparticles, an aqueous solution of 0.1 M AI(NOs); was prepared by dissolving
4.8286 g of the salt into 200 mL of distilled water. The mixture was stirred for 5 min
at room temperature using the magnetic stirrer at a stirring speed of 300-320 rpm to
ensure proper dissolution of all salt particles in the mixture. Using a ratio of 1:4 for
the aqueous solution and plant extract, respectively, the plant extract was poured into
the beaker with the stirring bar and placed on the magnetic stirrer. The temperature of
the stirrer was set at 60 °C, and the speed was set at 320 rpm. UV-Visible adsorption
spectra analysis was conducted to determine the wavelength and absorption of the
synthesized mixture using the UV-Vis spectrophotometer. The result of the analysis
gave the size distribution of the Al,O3 nanoparticles. Synthesized Al,Os nanoparticles
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were further subjected to drying and calcination in order to obtain dried and powdered
nanoparticles. The synthesized mixture was centrifuged at a rotational speed of 8000
rpm to remove excess moisture content and impurities that may be less dense
compared to the precipitate using a high-speed refrigerated centrifuge. The resulting
mixture was further subjected to freeze drying using a freeze dryer. The freeze dryer
removed moisture content and produced the powdered Al,O; nanoparticles.
Furthermore, in order to get rid of residual moisture content and impurities, the dried
nanoparticles were calcined at a temperature of 700 °C for 1 h using an electric oven.

Sieving Boiling Mortal grinding

Figure 2. Plant extraction process.

The characterization of the Al,Os nanoparticles was done based on transmission
electron microscopy (TEM) to determine the particle size distribution and morphology
of the synthesized Al:O; nanoparticles and X-ray diffraction analysis (XRD) to
determine the structure of the synthesized Al,Os nanoparticles. Vegetable oils
comprising of palm kernel oil, jatropha oil, and castor oils at 0 wt% concentration of
nanoparticles were characterised to serve as control experiments of the vegetable oils
before addition of the nanoparticles. The properties examined are dynamic viscosity
@24 °C (mPa/s), dynamic viscosity @40 °C, dynamic viscosity @100 °C, kinematic
viscosity @40 °C (m?s), kinematic viscosity @100 °C, density (g/cm?), specific
gravity, flash point (°C), fire point (°C), pour point (°C), cloud point, smoke point, acid
value (KOH/g), saponification (KOH/g), and free fatty acids (FFA). The oils were
tested using a rotor labeled “3” at a rotational speed of 60 rpm. To determine the smoke
point, flash point, and fire point, a volume of the oil sample was poured into a 5 mL
crucible, placed on a heating element, and temperatures were taken at smoke, flash,
and fire conditions. Furthermore, cloud and pour points were determined using a
freezer with temperatures taken at cloud and pour conditions. The acid value,
saponification, and free fatty acid of the oils were determined by the use of 25 mol of
methanol that was prepared, and n-hexane was added in a ratio of 1:1.

The study adopted the two-step method in the preparation of the lubricants. The
nanoparticles synthesized and characterized were dispersed into the base oil. The base
vegetable oils used are palm kernel oil (PKO), jatropha oil (JO), and castor oil (CO).
50 g of nano lubricants were prepared by dispersing dry powder nanoparticles of size
44.73 nm at concentrations of 0.1 wt%, 0.3 wt%, 0.5 wt%, 0.7 wt%, and 1.0 wt% into
the vegetable oils as shown in Table 1. The mixture was stirred for 10 min at a speed
of 300-320 rpm and a stirring temperature of 60—80 °C using a magnetic stirrer. The
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nanoparticles were weighed using a chemical weighing balance. A total of 18 samples
were prepared, including control samples.

Table 1. Mixture ratio for preparation of nano lubricants.

Nanoparticle concentration (g) PKO (g) JO (g) CO (g)
0 50 50 50
0.05 49.95 49.95 49.95
0.15 49.85 49.85 49.85
0.25 49.75 49.75 49.75
0.35 49.65 49.65 49.65
0.5 49.5 495 49.5

The concentration was computed using the Equation (1).
Mass of solute (NPs)

" 00 = X 1009
ass (wt%) Mass of solution (Oil + NPs) ’ W

The tribological test for the formulated nano lubricants was done using a ball-on-

disc tribometer to determine the coefficient of friction (COF) and wear rate of the nano
lubricants formulated. The parameters for the tribological tests used are shown in
Table 2. A total of 38 metal disc samples of 30 mm diameter each were prepared from
aluminum (SAE 332) and low-carbon steel. The samples were cast from the waste
piston and engine block. They were further machined into discs of 30 mm diameter,
polished, and etched to improve the surface finishing. The chemical composition of
aluminum SAE 332 and low-carbon steel discs is presented in Tables 3 and 4,

respectively.

Table 2. Parameters for the tribological tests.
S/N Parameter Value
1 Track radius 5 mm
2 Linear speed 10 cm/s
3 Normal load 8N
4 Run time 1500 s
5 Linear distance 150 m
6 Acquisition rate 10 Hz
7 Dimension of ball 6 mm
8 Disc diameter 30 mm
9 Temperature 29 °C
10 Humidity 55%
11 Stop condition 4775 laps

Table 3. Chemical compositions of aluminum SAE 332 disc.

Element Si Cu Mg Al

% Composition 9.5 3.0 1.0 86.5

28



Characterization and Application of Nanomaterials 2024, 7(1), 4671.

Table 4. Chemical compositions of low carbon steel disc.

Element C Si Mn P S Cr Mo Ni Cu Co Fe

% Composition 0.105 0.034 1.450 <0.005 <0.127 0.082 0.005 0.208 0.336 0.023 97.757

To identify the phase of the Al,O3 nanoparticle samples, the result of the XRD
analysis was compared with the positions and intensities of the already known
crystallographic structure of the same material.

In the process of characterization of the vegetable oils, the total quantity of NaOH
added to the solution to turn it purple-like was observed as recorded as the titer value.
The titer value was substituted into Equation (2) to determine the acid value. Half the
acid value is the FFA, as shown in Equation (3). The reverse order of this process is
used to determine the saponification value. The value of the density was obtained
using a specific gravity bottle. The mass and volume of the oil were obtained, and the
density was obtained using Equation (4). In the determination of the coefficient of
friction (COF), the value of the COF was computed by the InstrumX software based
on the principle of Equation (5). This value was recorded for each test carried out. The
scar made on the aluminum SAE 332 and low-carbon steel discs represented the wear
track for the determination of the wear rate. The diameter of the outer and inner wear
tracks is measured. The difference gives the wear volume, which is used to compute
the specific wear rate using Equation (6). The size of the diameter is indicative of the
lubricant’s ability to resist wear. The efficiencies of the nano lubricants were
determined by comparing performance and results obtained for the coefficient of
friction and the wear rate with the results obtained for the control samples (i.e.,
samples of vegetable oils at 0% nanoparticle concentration). Equations (7) and (8)
were used to ascertain the efficiency of the prepared and tested nano lubricants for the

coefficient of friction and wear rate, respectively.
Titer value X Concentration of NaOH X Molar mass of NaOH

i = 2
Acid value Mass of oil ()
Acid value
FFA = — (3)
Mass
Density = 4
ensity Volume @
TV6
COF = —— Q)
2Wr

Wear volume

S .f. t e 6
pecific wear rate Load X Sliding distance N
COFcg — COFyy,
_ x 1009
€COF COFCS % (7)
WRcs — WRyL
= 1000
EWR WRCS % (8)

where: 7= Frictional torque (kg/mm); W = Applied load (kg), » = Distance from centre
of contact surface on the lower ball to the rotation axis (mm), &.,r = Efficiency of
lubricant for coefficient of friction, eyg = Efficiency of lubricant for wear rate, COFy,
= Coefficient of friction of nano lubricant, COF g = Coefficient of friction of control
sample, WRy, = Wear rate of nano lubricant, WR g = Wear rate of control sample.
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Particle Size (nm]

One Factor

3. Results and discussion

The results of the phytochemical screening of plant extract for green synthesis
revealed a high presence of tannins, saponins, flavonoids, glycosides, and alkaloids.
This is presented in Table 5. (++ imply high presence of phytochemicals in the plant
extract.) Figure 3 shows the one-factor graphs, whose plots indicate the effect of each
parameter varied on the size of the synthesized Al,O3; nanoparticles. The parameters
are volume of plant extract (4), volume of aqueous solution (B), temperature (C),
speed (D), and time (E). The graphs show that only volume of the extract and volume
of the solution have significant impact on the particle size.

Table 5. Phytochemical screening of Ipomoea pes-caprae.

Particle Size (nmj)

Plant metabolite Extract content
Tannins ++
Flavonoids ++
Saponins ++
Glycosides ++
Alkaloids ++
One Factor One Factor

g g

8 &

& 3

e En

A Vol of extract {m

One Factor

[x Speed (rpm)

alj

8 Vol af aq_soln (mi)

One Factor

Particle S {nm)

E Tima (min)

Figure 3. One-factor graphs (A—E).

The result of the UV-Vis analysis is shown in Figure 4. A strong and conspicuous
absorption peak is observed at 283.00 nm. This confirms the formation of Al,O;
nanoparticles in agreement with Selma et al. [15] The result of the nanosizing shows
peaks at 9.142 nm, 44.73 nm, and 1210.00 nm corresponding to 10.9% vol, 88.9% vol,
and 0.2% vol, respectively, of the synthesized nanoparticles, as shown in Figure 5.
The result of the nanosizing indicates a close correlation with the predictions from the
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DoE using Design Expert software, with the various DoE responses as shown in Table
6, which compares the results of the predicted and the actual results of the experiment.
The result shows the predicted mean from the DoE to be 44.78 nm, while the
experimented mean is 44.73 nm from the nanosizing analysis. A percentage difference
of 0.12% was recorded.
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Figure 4. UV-Vis analysis of synthesized Al,O3 nanoparticles.
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Figure 5. (a) Al,O3; nanoparticles size distribution (nanosizing); (b) Al,O3
nanoparticles size distribution by intensity.

Table 6. Comparison of Predicted and Experimented responses.

Predicted mean

44,784 nm

Response % Difference

0.12

Difference

0.054

Experimental mean

44.73 nm

Particle size

The characterization of Al,Os nanoparticles through the transmission electron
microscopy (TEM) micrographs shows spherically shaped nanoparticles with size
distributions of 2 nm as shown in Figure 6a, 20 nm in Figure 6b, and 50 nm as shown
in Figure 6¢c. Furthermore, Figure 6d presents the selected area electron diffraction
(SEAD), which shows bright continuous diffraction rings, indicating the formation of
amorphous Al,O3; nanoparticles.
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(d)
Figure 6. TEM micrographs at (a) 2 nm; (b) 20 nm; and (¢) 50 nm; and (d) SAED.

Figure 7 shows the X-ray diffraction (XRD) analysis, with observed peaks
recorded over a wide range of Bragg angle 26 (20° < 26 < 80°). This confirmed the
formation of Al,O3; nanoparticles by the transformation of Al to Al,Os using AI(NOs)3
salt as precursor and /pomoea pes-caprae plant extract as reducing agent. The results
of the tribological test for COF of the nano lubricants on low-carbon steel and
aluminum SAE 332 discs are presented in Figures 8—10. All nano lubricants of castor
oil, jatropha oil and PKO have significantly lower COF on aluminum SAE 332 discs
compared to PKO without Al:O; nanoparticles. Figure 8 (L) shows that nano
lubricants with 0.5 wt% and 1.0 wt% have significantly lower COF on aluminum SAE
332 discs compared to castor oil without Al,O3 nanoparticles.
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Figure 7. XRD Pattern of Al,Os NPs using Ipomoea pes-caprae extract.
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Figure 8. COF of castor oil (L) and jatropha oil (R) on aluminum SAE 332 discs.
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Figure 9. COF of Palm kernel oil on aluminum SAE 332 discs (L) and COF of
castor oil on Low carbon steel disc (R).
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Figure 10. COF of jatropha oil on low carbon steel disc (L) and COF of PKO on low
carbon steel disc (R).

Figure 8 (R) shows that nano lubricant with 0.3 wt% Al:O; nanoparticles
concentration gave the most desirable result with COF of 0.030 against a COF of 0.090
at 0 wt% concentration.

Figure 9 (L) shows that nano lubricant with 0.5 wt% Al:O3; nanoparticles
concentration gave the most desirable result with COF of 0.066 against a COF of 0.098
at 0 wt% concentration and Figure 8 (R) shows a significantly lower COF was
observed at 0.5 wt% AlLOs; nanoparticles, beyond which the nano Iubricant
demonstrated higher COF compared to castor oil at 0 wt% Al>O3 nanoparticles.

Figure 10 (L) shows that the nano lubricants demonstrated significantly higher
COF compared to jatropha oil without Al,O; nanoparticles, making jatropha oil
demonstrate better performance in inhibiting friction on low-carbon steel discs
compared to samples with Al,O3; nanoparticle additives. Figure 9 (R) shows nano
lubricant with 0.3 wt% demonstrated significantly lower COF on low-carbon steel
discs compared to castor oil without Al,O; nanoparticles. The results of the
tribological test for wear rate of the nano lubricants on low-carbon steel and aluminum
SAE 332 discs are presented in Figures 11-13.
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Figure 11. Wear rate of castor oil (L) and jatropha oil (R) on aluminium SAE 332
discs.
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Figure 12. Wear rate of palm kernel oil on aluminium SAE 332 discs (L) and wear
rate of castor oil on low carbon disc (R).
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Figure 13. Wear rate of jatropha oil (L) and palm kernel oil (R) on low carbon steel
disc.

Figure 11 (L) shows that the nano lubricant with 0.5 wt% demonstrated a slightly
lower wear rate on aluminum SAE 332 discs compared to castor oil without Al,Os
nanoparticles. Figure 11 (R) shows that the addition of Al,O3 nanoparticles at 0.1 wt%
and 0.5 wt% concentrations significantly increased the wear rate, and the nano
lubricant with 1.0 wt% Al,O3; nanoparticle concentration demonstrated a wear rate of
0.004727 mm*N'm™!, compared to the wear rate of 0.005064 mm*N"'m™" at 0 wt%
concentration.

Figure 12 (L) shows that nano lubricant with a 0.5 wt% Al,O; nanoparticle
concentration gave the most desirable result with a wear rate of 0.003915 mm*N 'm™,
compared to a wear rate of 0.006037 mm*N 'm ! at a 0 wt% concentration. Figure 12
(R) shows that all nano lubricant formulated demonstrated a higher wear rate
compared to castor oil without AlOs nanoparticles, with a wear rate of 0.002627
mm*N 'm™,

Figure 13 (L) shows a steady reduction in wear rate upon addition of Al,Os
nanoparticles to jatropha oil was observed from 0.1 wt% to 0.5 wt%, demonstrating
the lowest wear rate. Figure 13 (R) shows that all nano lubricant formulated
demonstrated a higher wear rate compared to castor oil without Al,O3 nanoparticles
with a wear rate of 0.004191 mm*N'm™'. On the efficiency of the base oils and nano
lubricants, the efficiency of castor oil, jatropha oil, and PKO with nano lubricants on
COF on aluminum SAE 332 discs has the nano lubricant with 0.5 wt% AlO;
nanoparticles had the highest efficiency with 92.29%, 0.3 wt% Al,O3 nanoparticles
recorded the highest efficiency of 92.54% and 0.5 wt% Al,Os nanoparticles recorded
the highest efficiency of 83.58%, respectively. The computation of the efficiency of
oils and the nano lubricants with castor oil, jatropha oil, and PKO as base oils on COF
using a low-carbon steel disc has the nano lubricant with 0.5 wt% Al,Os nanoparticles
recording the highest efficiency of 87.80%, while jatropha oil without ALOs3
nanoparticle additives recorded the highest efficiency of §9.43%, with the closest nano
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4. Conclusion

Al,Os-castor oil nano lubricant significantly reduced COF on aluminum SAE 332
and low-carbon steel from 0.084 without Al,Os nanoparticles to 0.031 and from 0.084
to 0.060 at 0.5 wt%, respectively. Al,Os—jatropha nano lubricant reduced COF on
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Al,O3 nanoparticles to 0.003915 at 0.5 wt% of AlOs nanoparticles. On low-carbon
steel, however, the wear rates increased across all concentrations.
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Abstract: Paraffin wax is the most common phase change material (PCM) that has been
broadly studied, leading to a reliable optimal for thermal energy storage in solar energy
applications. The main advantages of paraffin are its high latent heat of fusion and low melting
point that appropriate solar thermal energy application. In addition to its accessibility, ease of
use, and ability to be stored at room temperature for extended periods of time, Nevertheless,
improving its low thermal conductivity is still a big, noticeable challenge in recently published
work. In this work, the effect of adding nano-Cu,O, nano-Al;O3 and hybrid nano-Cu,O-Al>03
(1:1) at different mass concentrations (1, 3, and 5 wt%) on the thermal characteristics of
paraffin wax is investigated. The measured results showed that the peak values of thermal
conductivity and diffusivity are achieved at a wight concentration of 3% when nano-Cu,O and
nano-Al,O3 are added to paraffin wax with significant superiority for nano-Cu,O. While both
of those thermal properties are negatively affected by increasing the concentration beyond this
value. The results also showed the excellence of the proposed hybrid nanoparticles compared
to nano-Cu,0 and nano-Al>Os3 as they achieve the highest values of thermal conductivity and
diffusivity at a weight concentration of 5.0 wt%.

Keywords: thermal characteristics; phase change materials; paraffin wax; hybrid
nanocomposites

1. Introduction

Paraffin wax (PW) is one of the most important materials used as phase change
materials (PCMs) in the thermal energy storage system [1]. A lower thermal
conductivity is considered the main disadvantage of PCMs, which causes a lower heat
transfer rate during the charging and discharging processes. Many studies have been
conducted to overcome this property, such as adding metallic or nonmetallic
nanoparticles with high thermal conductivity [2], inserting fins [3], fibrous materials
[4], macro-micro and nano-encapsulations [5,6], metal foams [7], carbon nanotubes
[8].

The above-mentioned techniques used to improve the thermal conductivity of the
PW include the addition of high-conductive nanomaterials, which is the simplest and
most practicable technique. The influence of adding nano-graphite (NG) on the PW
thermal conductivity was experimentally studied by Li [9]. The results showed that
the thermal conductivity of the composite PCMs with 1% and 10% NG is 2.89 times
and 7.41 times that of pure paraffin. Nano-Silicon nitride (Si3zN4) at different mass
fractions (1, 2, 3, 4, 5, 10 wt%) was studied by Yang et al. [10] to enhance the thermal
properties of PW. They observed an improvement of 35% in thermal conductivity and
also found an improvement in thermal diffusivity, reaching 47% at 10 wt% SizN4
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additional fraction. Wang et al. [11] experimentally studied the effect of dispersing
copper oxide (CuO) as a nanomaterial at different mass fractions of 0.3, 0.6, 0.9, and
1.2% into the PW. They concluded that the thermal conductivity of nanocomposite
PCMs with a weight fraction of 1.2% had improved by 24.4%. Pise et al. [12]
experimentally evaluated the improvement of thermal performance of PW integrated
with nano-alumina (Al,Os) particles at various mass concentrations of nanoparticles
of 1, 3, and 5%. They reported that the thermal performance of paraffin wax is
enhanced up to 14% compared to pure paraffin. Another experimental study
concerning the thermophysical properties of Al,O; nanoparticles/paraffin emulsions
with two mass fractions of 5 wt% and 10 wt% [13]. The measured results showed that
the increase in thermal conductivity is nonlinear with the increase in nanoparticle mass
fraction. Yanqi et al. [14] examined how interfacial thermal resistance and particle
size affected the thermal conductivity of paraffin/expanded graphite (EG) composites.
They found that the increase in thermal conductivity is directly correlated with larger
particle sizes. The small EG particles have less of an enhancement in thermal
conductivity because interfacial thermal resistance predominates in their impact on the
composite thermal conductivity. Sari et al. [15] also examined the paraffin/EG
composite material and revealed that the thermal conductivity of the composite
increased to 0.82 W/mK at 10 wt% EG. Huang et al. [16] investigated the enhancement
of thermal conductivity of paraffin composites using non-equilibrium molecular
dynamics simulation. The simulation results indicated that the thermal conductivity of
PW is significantly enhanced by adding graphene oxide, which is more efficient than
graphene. Maher et al. [17] investigated the effect of the addition of nanosilicon
carbide (SiC) and nanosilver (Ag)-based paraffin composites on the thermal
characteristics of PCM. The results revealed that the thermal conductivity of the
paraffin/SiC composite improved by 58.2%, which is much higher than the thermal
conductivity of the paraffin/Ag composite, which improved by 31.2% at the same
mass fraction of 15 wt%. Qusay et al. [18] found that the thermal conductivity of the
PW is improved by 18.2% when adding 3 wt% of nano-SiC into the PW. The impact
of silver nanoparticles on the thermal conductivity of the PW was experimentally
studied by Pradeep et al. [19]. Their results showed that thermal conductivity increases
with the increase of the mass concentration of Ag nanoparticles. Sahan et al. [20]
concluded experimental research evaluating the effect of adding nanomagnetite
(Fes04) on the thermal properties of PW. They found that the thermal conductivity
increased by 48% and 67% when adding 10 wt% and 20 wt% nano magnetite,
respectively.

According to several studies, PCM could benefit from the addition of two or more
hybrid nanoparticles [21-23]. When hybrid nanoparticles are used instead of single
nanoparticles, the researchers conclude that the thermal conductivity increases at the
same additional mass fraction compared to individual nanoparticles. From this point
forward, several practical, numerical, and experimental investigations focus on the use
of hybrid nanoparticles. Kumar et al. [24] studied the influence of hybrid nanoparticles
containing SiO, and CeO, nanoparticles on the thermo-physical characteristics of the
PW as PCM with various mass fractions (0.5, 1.0, and 2.0 wt%). They observed that
the highest paraffin’s thermal conductivity (0.298 W/m K) is achieved at 2.0 wt%.
Kalbande et al. [25] carried out the addition of CuO and multi-walled carbon
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nanotubes (MWCNT) hybrid nanoparticles into the PW for thermal energy storage
applications. They found that the thermal conductivity of nano-enhanced paraffin wax
(PCM) was 6.125% higher than that of pure paraffin wax. Harikrishnan et al. [26]
investigated the effect of dispersed hybrid nanoparticles CuO-TiO; into PW, which
includes several mass concentrations of 0.25%, 0.5%, 0.75%, and 1 wt% to improve
its thermal performance. They reported that the optimum studied concentration of
hybrid nano-phase change material (HnPCM) is 1.0 wt%, and the improvement of
thermal conductivity reaches 46.81% compared to pure paraffin. Ibrahim et al. [27]
added nano-TiO,, nano-MgQO, and a 50% mixture of the two kinds into PW at different
mass fractions of 0.25%, 0.5%, 0.75%, and 1 wt% to find the maximum thermal
storage characteristics of PCM. They observed that the highest enhancement is
achieved when adding 1% of the nanoparticles, and the thermal conductivity at this
fraction is 4.6%, 3.9%, and 4.6% for nano-TiO», nano-MgQO, and hybrid nanoparticles,
respectively.

In this work, the experimental investigations were conducted thoroughly to
analyze the variation of thermo-physical properties of paraffin wax based as PCM
under the influence of various weight concentrations (1%, 3%, 5%) of the
nanoparticles, namely: Cu,O and AlOs. It is very important to mention here that Cu,O
nanoparticles are used for the first time, as authors know, to improve the thermal
properties of paraffin wax. A thorough investigation into the impact of additional
hybrid nanoparticles on the thermo-physical properties of paraffin is also rare in the
literature. Therefore, the hybrid nanoparticles were also prepared by mixing equal
masses of Cu,0 and Al,Os to study their effect on the thermo-physical characteristics
of the PCM. It was found that the hybrid nanoparticles at a mass fraction of 5.0 wt%
presented significant potential for enhancing the thermal storage properties of the
paraffin wax.

2. Experimental work

In this study, the effect of adding Cu,O, Al,O3; nanoparticles, and hybrid Cu,O-
Al,O3 nanoparticles into PW under different mass fraction concentrations (1%, 3%,
5%) on its thermal characteristics has been studied. To determine the accurate weights
of pure PW, Cu,0, Al,O3, and hybrids of the two nanoparticles, a digital balance with
an accuracy of 0.0001 g was employed. Using a water path, 100 g of pure PW was
melted at a melting point of 56 °C in order to prepare a specific PW/nanocomposite to
obtain paraffin/nano-Cu,O (NPCM-1), paraffin/nano-Al,O; (NPCM-2) and
paraffin/hybrid nano-Cu,0O-AlLOs (1:1) (NPCM-3) as shown in Table 1. After the
completely melted PW, nano-Cu,O, nano-Al,O3; and hybrid nanoparticles were added
to the PW individually under continuous stirring for around 15 min to reduce the
precipitation of the droplet’s nano-additives into the PW and make the mixture
homogenous. These steps were repeated at each of the nano-additives with various
mass concentrations (1%, 3%, 5%). All samples are allowed to cool at room
temperature and then shaped into a disc shape in the press designed for this process,
where all prepared samples of PW, NPCM-1, NPCM-2, and NPCM-3 were impressed
at 15 mm diameter and 3 mm thickness, as shown in Figure 1. The thermal properties
of PW before and after adding the nano-additive materials were measured using the
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Hot Disc Transient (Hot Disc TPS 500 S). Repeating the test twice produces more
accurate, very flexible, fast, non-destructive, and reliable thermal properties of PW
before and after adding the nano-additive materials, including thermal conductivity,
thermal diffusivity, and specific heat. The size of the samples must be determined
when a suitable disc radius for a particular material has been chosen and the best test
times for the disc and material combination are known. Taking into consideration that
the nickel spiral sensor 7577 has a has a radius of 2.1 mm with Kapton insulation
sandwiched between two sample portions to ensure tight contact with the sensor to
minimize the amount of air gap. More details about Al,O3 nanoparticle preparation
and characterization can be found elsewhere [28]. While Cu,O nanoparticles are
purchased from Qualikems Fine Chem Pvt. Ltd., Vadodara, Gujarat, India.

Table 1. Sample labelling and compositions.

S. No. Sample label Composition (wt%)

1 Pure paraffin 100 PW

2 1% NPCM-1 99 PW + 1.0 Nano-Cu20

3 3% NPCM-1 97 PW + 3.0 Nano-Cu20

4 5% NPCM-1 95 PW + 5.0 Nano-Cu20

5 1% NPCM-2 99 PW + 1.0 Nano-ALOs

6 3% NPCM-2 97 PW + 3.0 Nano-ALOs

7 5% NPCM-2 95 paraftint+ 5.0 Nano-ALO3

8 1% NPCM-3 99 PW +0.5 Nano-Cuz20 + 5.0 Nano-ALO3
9 3% NPCM-3 97 PW + 1.5 Nano-Cu20 + 1.5 Nano-AlL2O3
10 5% NPCM-3 95 PW + 2.5 Nano-Cu20 + 2.5 Nano-AL2O3
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Figure 1. Photograph of the prepared paraffin nanocomposites.

3. Results and discussions

In this section, the measured values of different thermal properties of the prepared
samples of pure paraffin and nanocomposites are presented, discussed, and evaluated.
The compromise between adding individual or hybrid nanoparticles into the PW is
also of great interest in this section.

Figure 2 shows the variation of the thermal conductivity of NPCM-1, NPCM-2,
and NPCM-3 with the concentrations. For samples NPCM-1 and NPCM-2, it was
observed that the thermal conductivity of samples NPCM-1 and NPCM-2 reaches its
peak value of 0.2760 W/m K and 0.2708 W/m K at 3.0% mass fraction of nano-Cu,O
and nano-Al,QOs, respectively, with an improvement of 10.98% and 9.27% compared
to the measured value for pure PW (0.2457 W/mK). But such a tendency is declined
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at 5.0 wt% for both samples. The improvement of thermal conductivity is calculated
as:
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Figure 2. The thermal conductivity of the NEPCMs at different concentrations of

1.0, 3.0 and 5.0 wt%.

The improvement of thermal conductivity of the PW is primarily because these
additive nanomaterials have higher thermal conductivity and the combination
performance of the nano-additives into the paraffin wax to enable the use of phase-
change heat at higher temperatures to enhance the released rate of heat in paraffin. The
results of Figure 2 also show that the thermal conductivity of PW/nano-Cu,O is higher
than that of PW/nano-Al,Os at all studied mass concentrations. While it is higher than
those values measured for PW/hybrid nanoparticles except at a mass fraction of 5.0%.
This situation of decline happens at higher concentrations (>3%) in NPCM-1 and
NPCM-2 samples due to the poor combination between the nano-additives and
paraffin, which causes an interfacial thick layer [29], hence augmenting the interface
thermal resistance between the paraffin and nano-additives. This layer is unable to
contribute to the phase change temperature as phase change does not take place in the
interface layer, so it decreases the thermal storage unit volume. Furthermore, the
thicker thermal storage layer also diminishes the heat conduction performance of the
NEPCMs. The same non-linear trend of thermal conductivity of nano Cu—paraffin
composites has been reported by Lin and Al-Kayiem [30]. The results reveal that the
increased mass percentage of nanoparticles in the base material may form their
repressible agglomeration due to the prevailing cohesive forces, which would account
for the diminished slope in the magnitude of thermal conductivity at the upper mass
fractions. The phenomenon of an increase and sudden decrease in thermal conductivity
of nano-Al,O; was also reported by Arshad et al. [31] due to randomly molecule
motion within the disordered microstructure of paraffin in the liquid phase.

The hybrid nano-Cu,O and nano-Al,Os show different effects as shown in Figure
2, where the thermal conductivity increases with incrusting the mass fraction (under
the studied values) to reach 0.2780 W/m K at a mass concentration of 5.0% compared
t0 0.2441 W/mK and 0.2133 W/mK for nano-Cu,O and nano-Al,Os, respectively. This
improvement achieved by adding hybrid nanomaterials is considered the best among
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the studied cases, reaching 11.62% compared to pure paraffin. Keep in mind that this
improvement was achieved at a higher concentration (5.0%). The results of Figure 2
also show that the improvement percentages of the thermal conductivity of
paraffin/nano-Cu;O, paraffin/nano-Al,O; and paraffin/hybrid nanoparticles at 1.0
wt% are 7.28%, 1.56%, and 1.17%, respectively, compared to pure paraffin. While
these improvements reached 10.98%, 9.27%, and 7.87%, respectively, at a mass
concentration of 3.0% compared to pure paraffin. The results also showed a drop of
0.65% and 13.19% in the thermal conductivity of PW/nano-Cu,O and PW/nano-Al,Os3
at 5.0 wt%, respectively. Figure 2 also shows that the thermal conductivity
improvement for PW/nano-Cu,O is higher by about 5.8% and 1.88% than for
PW/nano-Al,O; and PW/hybrid nanoparticles, respectively, at mass fraction 1%,
while these percentages increase to 6.19% and 3.37%, respectively, when mass
fraction 3.0 wt% is used. On the other hand, the thermal conductivity of PW/hybrid
nanoparticles at 5 wt% is higher than the corresponding measured values of PW/nano-
Cu,0 and PW/nano-Al,Os, which are 12.19% and 23.27%, respectively.

Among the physical properties, thermal diffusivity is considered one of the most
important properties because it measures the facility of a material to conduct thermal
energy, corresponding to its ability to store thermal energy. Considering the fact that
thermal diffusivity has a great significance in thermal management, this property was
investigated in the current study, as shown by the results presented in Figure 3. This
figure shows that the thermal diffusivity of samples NPCM-1 and NPCM-2 reach their
maximum values of 0.1595 m%/s and 0.1252 m?/s at 3.0% mass fraction of nano-Cu,O
and nano-AlLO;, respectively, compared to 0.1130 m?/s for pure paraffin. So the
maximum improvements achieved by adding nano-Cu,O and nano-Al,Os are 29.15%
and 9.74%, respectively, compared to pure paraffin. Accordingly, the thermal
conductivity is directly proportional to the thermal diffusivity, so the behavior
observed in thermal diffusivity is the same in thermal conductivity. Increasing the
mass fraction of nano additives causes an increase in the thermal diffusivity except at
concentrations of 5.0 wt% for each of the nano-Cu;O and nano-Al,Os; where the
decline occurs, decreasing to 0.1006 and 0.0692 m?'s, respectively, in comparison to
pure paraffin.

0.30

—e— Cu,0
0254 o Ao,
—— Hybrid of Cu,o and Al,0, #

Thermal diffusivity (m¥s)

0.05

Concentrations of additive nanomaterials (g)
Figure 3. The thermal diffusivity of the NEPCM:s at different concentrations of 1.0,
3.0 and 5.0 wt%.
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From the results of Figure 3, the thermal diffusivity enhanced to 0.1245 m?%/s,
0.1493 m?%s and 0.2440 m?/s at 1.0, 3.0, and 5.0 wt%, respectively. In comparison to
nano-Al,O; and hybrid nano, the paraffin wax/nano-Cu,O composite exhibits a
percentage improvement of 19.21% and 16.39% at a weight concentration of 1% and
21.50% and 6.39% at a weight concentration of 3%, respectively, as shown in Figure
3. However, the hybrid nano has a percentage rise of 58.77% and 71.64% greater than
nano-Cu,O and nano-Al,Os at a weight concentration of 5.0%, respectively. This
means that the higher the dispersion of suspended nanoparticles, the higher the thermal
diffusivity, which accelerated heat transmission from the top to the bottom of the
nanocomposite. The limited dispersion of suspended nanoparticles will affect the
value of thermal diffusivity, which will create a reduced heat transfer rate even though
the ratio of added nanoparticles is higher. The comparison between the thermophysical
properties of all established samples is summarized in Table 2.

Table 2. Enhanced thermal properties of the pure paraffin wax.

Samples Thermal conductivity Percentage of Thermal Percentage of
(W/mk) enhancement (%) diffusivity(m?/s) enhancement (%)

Pure paraffin  0.2457 - 0.1130 -

1% NPCM-1  0.2650 7.28 0.1489 24.11

3% NPCM-1  0.2760 10.98 0.1595 29.15

5% NPCM-1 0.2441 - 0.1006 -

1% NPCM-2 0.2496 1.56 0.1203 6.07

3% NPCM-2  0.2708 9.27 0.1252 9.74

5% NPCM-2 0.2133 - 0.0692 -

1% NPCM-3  0.2486 1.17 0.1245 9.24

3% NPCM-3  0.2667 7.87 0.1493 2431

5% NPCM-3 0.2780 11.62 0.2440 53.69

The specific heat is the only measured property that decreased with the nano-
Cu20, nano-Al,0O3 and hybrid additions into PW as it is inversely proportional to the
thermal conductivity and diffusivity as shown in the following equation:

__km?
«=m

where @ and k are thermal diffusivity (m%s), and thermal conductivity (W/m k),
respectively, p is the density (Kg/m®) and c,, is specific heat I/m3k).

The reduction rates as shown in Figure 4 were 15.52%, 20.88%, 2.31%, and
2.80% for the addition of nano-Cu,O and nano-Al,Oj3 at concentrations of 1.0 and 3.0
wt%, respectively, in comparison to pure paraffin. According to the decrease in
thermal conductivity and also thermal diffusivity for nano-Cu,O and nano-Al,O; at
5.0 wt%, the specific heat increased to 2.427 J/m3k, 3.081 J/m3k, respectively, which
equals 2.1739 J/m3k for pure paraffin. As shown in Figure 4 the peak reduction
percentage is 48.43%, compared to pure paraffin in the case of hybrid nanoparticles at
5.0 wt%. Since the specific heat capacity of nano-Cu,O is lower than that of nano-
ALO; by about 13.52%, 18.60%, and 21.23% at 1.0, 3.0, and 5.0 wt%, respectively.
The same conclusion is revealed by Kok [32]. The author integrated paraftin wax as
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PCM with alumina (Al,Os) and copper oxide (CuO). His results showed that copper
oxide has a lower specific heat capacity than alumina. Also, the influence of the
occupied volume variation of nanoparticles immersed into the paraffin was studied by
Sushobhan and Kar [33]. Their results agree with the present work since the specific
heat of the composites decreased by increasing the volume fraction of nanomaterials
through the composite.

35

—e— Cu,0
O Al0;

30 _y—  Hybrid of Cu,0 and Al,0,

Specific heat (J/m® k)

Concentrations of additive nanomaterials (g)

Figure 4. The specific heat of the NEPCMs at different concentrations of 1.0, 3.0
and 5.0 wt%.

From the above results, the hybrid nano-Cu,O-ALOs paraffin wax composite at
a concentration of 5 wt% is the best among the studied NEPCMs in this work for
thermal energy storage systems because it has the highest thermal conductivity and
diffusivity. It also has the lowest specific heat, which is considered a good feature in
this case as it quickly reaches the melting point.

4. Conclusions

In this study, high-thermal-conductive nano-additives materials were used to
prepare NEPCMs by adding different concentrations of Cu,0O, Al,Os, and a mixture of
the two oxides in a ratio of 1:1 into the paraffin wax. In general, adding high thermally
conductive nano-additives increases the thermal conductivity and thermal diffusivity
of the paraffin nano-oxide composites while decreasing the specific heat in
comparison to pure paraffin. The peak values of thermal conductivity and diffusivity
are achieved at a weight concentration of 3.0% when nano-Cu,O and nano-Al,O; are
added to paraffin wax with significant superiority for nano-Cu,O. While both of those
thermal properties are negatively affected by increasing the concentration beyond this
value. The results also showed the excellence of the proposed hybrid nanoparticles
compared to nano-Cu,O and nano-Al,Os, as they achieved the highest values of
thermal conductivity and diffusivity at a weight concentration of 5.0 wt%. It also has
the lowest specific heat among the studied samples at a weight concentration of 5.0%.
Increasing the weight concentration in the case of hybrid nanoparticles may lead to
more improvement in the thermal properties. So, it is strongly recommended for future
work to study the proposed hybrid nanoparticles of paraffin wax at higher weight
concentrations.
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Abstract: Our environment has been significantly impacted by man-made pollutants, primarily
due to industries making substantial use of synthetic chemicals, resulting in significant
environmental consequences. In this research investigation, the co-precipitation approach was
employed for the synthesis of cellulose-based ferric oxide (Fe,Os/cellulose) and copper oxide
nanoparticles (CuO4-NPs). Scanning electron microscopy (SEM) analyses were conducted to
determine the properties of the newly synthesised nanoparticles. Furthermore, the synthesized
nanoparticles were employed for eliminating chromium from aqueous media under various
conditions, including temperature, contact time, adsorbent concentration, adsorbate
concentration, and pH. Additionally, the synthesised materials were used to recover Cr(VI)
ions from real samples, including tap water, seawater, and industrial water, and the adsorptive
capacity of both materials was evaluated under optimal conditions. The synthesis of
Fe,Os/cellulose and CuOx-NPs proved to be effective, as indicated by the outcomes of the study.
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1. Introduction

Heavy metal ions, which are transported into aquatic environments via industrial
effluents, affect aquatic life. They are harmful because of their hazardous bio-
accumulative nature. One of the most hazardous heavy metal contaminants is
chromium Cr(VI), which has been utilized extensively and on a massive scale in a
number of sectors, including metal cleaning, dyes, leather, textiles, and plating. Cr(VI)
is a transition metal, steel-gray, lustrous, stiff, and having a brittle appearance [1-4].
Cr(VI) has a high degree of oxidation resistance even at high temperatures. Cr(VI) is
exceedingly poisonous and carcinogenic; therefore, its excess presence in food, water,
or the environment may seriously harm the biota. For this reason, several
environmental protection agencies have established a chromium limit that is
acceptable as long as no acute or long-term effects on human health have been
documented. According to the World Health Organization (WHO 1958), 0.05 mg/L
of chromium is the maximum level that should be present in water. The Maximum
Contaminant Limit (MCL) and Maximum Contaminant Limit Goal (MCLG) for
chromium in water were both set at 0.1 parts per million (ppm) by the United States
Environmental and Protection Agency (US EPA) in 2012 (100 ppb). The Maximum
Contaminant Limit (MCL) for chromium in drinking water is 0.05 mg/L, according to
a 2013 report from the California Department of Public Health. The public health
objective for Cr(VI) is 0.02 ppb; however, the maximum contamination level is
established at 10 ppb [4,5]. The quick removal of Cr(VI) ions from contaminated water
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has been focused on for the last few decades, and numerous techniques have been
utilized, such as electrochemical deposition, ion exchange, adsorption, biological
methods, and membrane separation. Adsorption separation is the fastest, most
practical, and least expensive method for the quick removal of harmful pollutants. The
adsorptive removal of Cr(VI) ions from wastewater has occasionally been
accomplished using a variety of adsorbents, including zeolite, activated carbon, metal
oxides, waste industrial material, and nano-composites, etc. For the quick removal of
heavy Cr(VI) ions, a variety of metal oxide nanostructures have been employed,
including cellulose-based iron oxide nanoparticle composites, titanium oxides,
aluminum oxides, and copper oxides [6,7].

In the present research investigations, synthesised Fe,Os/Cellulose nano-
composites and CuO,-NPs are being characterised and used for the direct removal of
Cr(V]) ions from an aqueous environment. Additionally, the adsorption properties of
these adsorbents are being compared. The results obtained suggest that the synthesised
Fe,Os/cellulose and CuO«-NPs are useful for adsorption and can potentially be used
multiple times without losing their effectiveness.

2. Materials and methods

2.1. Materials

The used papers served as a source of cellulose and were purchased from the local
market. All of the reagents utilised in the experiment were of analytical grade. Iron(III)
oxide, sodium hydroxide, copper chloride, copper nitrates, and urea were acquired
from the commercial supplier Sigma-Aldrich.

2.2. Synthesis of Fe20s3/cellulose nanocomposite

Synthesis of Fe,Os/cellulose using the precipitation method involves a two-stage
process. During the initial phase, previously utilised copy paper was fragmented into
smaller segments, subjected to three rounds of washing with distilled water, and
afterwards immersed in a solution containing 40% H>SOs. The mixture was subjected
to filtration and afterwards washed four times with distilled water. Following this, the
mixture was dried in an oven maintained at a temperature of 50 °C. In addition, a
quantity of 3.3 g of dried material was introduced into a solution containing NaOH,
thiourea, and urea at a temperature of 261.15 Kelvin. The solution was then stirred for
a duration of 25 min in an environment saturated with nitrogen [8]. During the second
stage of the experiment, a solution containing 15 mL of Fe,Cl;.6H,O (weighing 13.51
g) and FeCl,.4H,O (weighing 4.97 g) was prepared. This solution was then added drop
by drop to the cellulose solution and vigorously stirred for a duration of 180 min at
room temperature. The composite material that was synthesised underwent a filtration
process, followed by rinsing with distilled water, ethanol, and acetone. The
synthesised substances were further dried in an oven at a temperature of 323.15 K and
thereafter stored.
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2.3. Synthesis of CuOx-NPs

Copper oxide nanoparticles (CuOx-NPs) were synthesised utilising the
precipitation method, employing copper chloride (CuCly) and copper nitrate
(Cu(NO3)2.3H,0) as precursor materials. To initiate the experiment, every precursor
was initially dissolved in 100 millilitres of distilled water to achieve a concentration
of 0.1 M. Subsequently, a 0.1 M NaOH solution was gradually introduced into the
mixture under constant stirring until the pH level reached 14, resulting in the formation
of black precipitates indicative of the presence of N, gas. The black precipitate was
collected and later subjected to washing procedures until the pH was adjusted to 7.0.
Distilled water was used initially, followed by a wash with 100% ethanol. The yields
were thereafter subjected to a drying process at a temperature of 80 °C for a duration
of 16 h, as indicated in references [9,10]. Subsequently, the synthesised materials
passed through a calcination process at a temperature of 500 °C for a duration of 4 h.

2.4. Characterization and batch adsorption study

The synthesised materials, which are Fe,Os/Cellulose and CuOx-NPs, were
subjected to comprehensive characterization using essential analytical techniques. In
order to determine the characteristics of the freshly synthesised nanoparticles, the
morphological and elemental analyses were investigated through the JSM-IT800
Schottky Field Emission Scanning Electron Microscope, JEOL Ltd. Investigation
involved the utilisation of synthesised materials for the purpose of conducting an
adsorption study. To establish the standard stock solution of chromium (VI) ions with
a concentration of 500 parts per million (ppm), a mass of 0.5 g of chromium was
solubilized in 1000 mL of distilled water. The initial concentrated solution was
subjected to additional dilution in order to attain the desired concentrations, employing
the dilution formula denoted as C;V; = C;V.. A solution was prepared and
supplemented with 0.1 g of copper oxide nanoparticles (CuO-NPs) and iron (III) oxide
(Fe203) composite. The specimen underwent agitation for approximately 30 minutes
within a water bath shaker. Subsequently, the sample was subjected to filtration in
order to isolate any remaining Cr(VI) species. The quantification of Cr(VI) was
accomplished using Atomic Absorption Spectroscopy (AAS) through the application

of Equation (1).
a(%) = o texy ()

Initial and equilibrium concentrations of chromium (VI) metal, denoted as C, and
Ce (mg.L™") respectively, are of interest in this context. Additionally, the quantity of
chromium (VI) adsorbed at equilibrium, represented as ge (mg/g), and the volume of
the solution, denoted as V (mL), are also relevant parameters. The influence of
different parameters on the adsorption process was investigated, encompassing
temperature, initial concentration, contact time, ionic strength, and pH. The identical
methodology was also employed to explore the efficacious elimination of hexavalent
chromium (Cr(VI)) from a true sample.
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3. Results and discussion

3.1. Characterization

The synthesis of Fe,Os/Cellulose and CuO-NPs was achieved using the co-
precipitation method, and the SEM analysis conclusively validates the successful
synthesis of these nanomaterials, as shown in Figure 1. SEM analysis reveals a
densely packed surface with Cr(VI) ions attached to the adsorbent materials. This
observation corresponds to favorable electrostatic interactions and efficient metal
adsorption in the acidic environment due to the presence of elevated hydronium ions
(H+). Conversely, under extremely acidic conditions, SEM images show a weakened
and less stable adsorbent surface due to surface oxidation processes. This phenomenon
aligns with the decrease in metal adsorption observed in these conditions. This shift
adversely affects the attachment of chromium oxyanions to the adsorbent surface. The
SEM analysis also suggests that at higher pH levels, the presence of an increased
concentration of hydroxyl groups (OH-) in the solution leads to repulsion between
chromium oxyanions and OH— ions, reducing the availability of adsorption sites and
competition for these sites.
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Figure 1. SEM analyses of CuOx nanoparticles (I-IIT) and FeOy nanoparticles (IV-VII).

3.2. Effect of pH adsorption and contact time

The adsorption behavior of Cr(VI) ions onto the surfaces of Fe>Os/cellulose and
CuOx nanoparticles (NPs) was investigated across a pH range spanning from 2.0 to
10.0, utilizing a fixed concentration of 300 mg/L. The experimental outcomes are
presented graphically in Figure 2a. The adsorption of Cr(VI) ions on Fe,Os/cellulose
and CuOy-NPs displays a significant dependency on pH. Maximum adsorption of
Cr(VI) ions was observed at pH values of 2.0 and 4.0. This phenomenon can be
attributed to the elevated concentrations of hydronium ions (H+) present on the
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adsorbent surface within an acidic environment, thereby intensifying the electrostatic
interactions between the negatively charged chromium ions and the protonated sorbent.

This enhanced interaction enhances the efficiency of metal adsorption. However,
it should be noted that the adsorbent surface experiences a weakening and loss of
stability under extremely acidic conditions, primarily due to surface oxidation
processes, which in turn diminishes the capacity for metal adsorption. These
observations are consistent with the fact that CuOx nanoparticles possess a nearly
neutral point of zero charge, around 6.9. Consequently, as the pH level rises from its
optimal value (pH 3.5) towards the alkaline range, the degree of protonation of the
CuOx nanoparticles surface gradually decreases. Beyond this point, the surface
acquires a net negative charge, rendering it less favorable for the attachment of
chromium oxyanions. Moreover, at higher pH levels, the concentration of hydroxyl
groups (OH-) in the solution increases, leading to repulsion between chromium
oxyanions and OH— ions, resulting in competition for the limited available adsorption
sites. This competition reduces the removal efficiency of Cr(VI) ions from the solution
[11,12].

To establish the optimal experimental conditions for the adsorption of Cr(VI)
ions onto CuOx nanoparticles (CuOx-NPs) and Fe;Os/cellulose composites, we
conducted contact time experiments. The findings demonstrated that equilibrium for
Cr(V]) ion adsorption on CuOx-NPs was attained after 120 min, while equilibrium for
adsorption on Fe,;Os/cellulose was reached within 60 min, as illustrated in Figure 2b.
Initially, the rapid adsorption of Cr(VI) ions was facilitated by the abundance of
unoccupied binding sites on the surfaces of CuOx-NPs and Fe>Os/cellulose composites,
coupled with a substantial concentration gradient between the adsorbate and the solid
phase of the synthesized materials. However, with prolonged contact time, the number
of available active sites for adsorption diminished, and there was an increase in
repulsive forces between the ions that had already adsorbed onto the adsorbent surface
and those still in the solution. Consequently, the adsorption of Cr(VI) ions proceeded
more slowly as the system approached equilibrium due to ion competition for the
limited accessible binding sites [13,14].
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Figure 2. (a) Influence of pH on Cr adsorption; and (b) Impact of Contact Time on Cr adsorption using

Fe,0s/cellulose and CuO-NPs.
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3.3. Effect of adsorbent dosage and adsorbate concentration
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Figure 3. (a) Influence of adsorbent on Cr adsorption; and (b) effect of adsorbate concentration on Cr adsorption; (¢)
dose dependent adsorbent removal efficiency, using Fe,Os/cellulose and CuOx-NPs.

Table 1. Various adsorbent utilized for Cr(VI) adsorption.

S. No Adsorbent type Qmax (mg/g) Percent, % Reference
1 N77 cation exchange resins 35.38 mg/g 95 [15]
2 SKNT1 cation exchange resins 46.34 mg/g 95 [15]
3 carbon aerogel electrodes - 94.69 [16]
4 C1 activated carbon - 98.86 [17]
5 C2 activated carbon - 98.6 [17]
6 C3 activated carbon - 93 [17]
7 Al electrodes - 97.76 [18]
8 Chemical Precipitation Method - 99.74 [18]
9 Eucalyptus bark (EB) - 99 [19]
10 Cation exchange resins 1200H 84.04 mg/g - [20]
11 Cation exchange resins 1500H 188.67 mg/g - [20]
12 Cation exchange resins IRN97H 58.14 mg/g - [20]
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Table 1. (Continued).

S. No Adsorbent type Qmax (mg/g) Percent, % Reference
13 Dried green alga U. Lactuca 8.91 mg/g 52.54 [21]
14 Activated carbon 93.92 mg/g 99.52 [21]
15 Activated carbon 28.019 mg/g - [22]
16 Electrochemical method - 86.45 [23]
17 Amidoxime adsorb 31.68 mg/g - [24]

We conducted an investigation into the effect of adsorbent dosage, with the
results presented in Figures 3a and 3c. Upon increasing the adsorbent dose, the
removal of Cr(VI) ions exhibited a sharp rise, increasing from 50% to 74.08% for
Fe;Os/cellulose and from 41% to 78% for CuOx-NPs when initial Cr(VI) ion
concentrations were in the range of 1.25 mg/L. Further increases in adsorbent dose led
to a gradual enhancement in removal efficiency, reaching 86.97% and 87.44% for
Fe,Os/cellulose and CuO«-NPs, respectively (Figure 3c). Conversely, when
examining the adsorption capacity of Fe>Os/cellulose and CuOx-NPs for an initial
Cr(VI) ion concentration of 24 mg/L, it was observed that the adsorption capacity
gradually decreased from 80 mg/g to 78 mg/g as the adsorbent dose increased. This
phenomenon can be explained by the fact that the ratio of available binding sites to the
amount of metal ions in the system affects the adsorbent's capacity for adsorption. At
higher doses of Cr(VI) ions, the saturation of binding sites on the surface of CuOx-NPs
and Fe,Os/cellulose composites was not achieved, resulting in a reduced adsorption
capacity per unit mass of CuOy nanoparticles. Furthermore, the increased availability
of surface area and open adsorption sites with higher adsorbent dosages contributed to
the elevated removal of Cr(VI) ions. However, it should be noted that as equilibrium
was approached, additional increases in adsorbent dosage resulted in only marginal
improvements in Cr(VI) ion removal. Consequently, a dose of 1.25 g/LL was selected
for subsequent studies, as it balanced the desirable values of high removal efficiency
and adsorption capacity per unit mass of Fe>Os/cellulose and CuOx-NPs adsorbent
[25,26]. In comparison Table 1, various adsorbents utilized for Cr(VI) adsorption, we
examined the impact of varying Cr(VI) ion concentrations on the adsorption behavior
of Fe;Os/cellulose and CuOx nanoparticles (CuOx-NPs), with the results shown in
Figure 3b. It was observed that the highest removal efficiencies, reaching 90.04% and
94.08%, were achieved at a relatively low initial metal ion concentration of 5 mg/L.
As the initial concentration of Cr(VI) ions was progressively increased from 5 to 50
mg/L, the removal efficiency exhibited a consistent decline, dropping to 69.16% and
62.5%. This phenomenon can be attributed to the availability of a greater number of
active surface areas and binding sites on Fe;Os/Cellulose and CuOx-NPs when
exposed to lower Cr(VI) ion concentrations, resulting in optimal adsorption
performance. Conversely, at higher initial concentrations of Cr(VI) ions, fewer sites
were available for the acceptance of Cr(VI) ions on the synthesized materials, thereby
leading to a decrease in the adsorption efficiency [27].

3.4. Influence of temperature on adsorption

A comprehensive investigation into the influence of temperature, spanning from
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15 °C to 45 °C, on the adsorption behavior of Cr(VI) onto the surfaces of
Fe,Os/cellulose and CuOx nanoparticles (CuOx-NPs), and the resultant data are
visually shown in Figure 4. The findings unveiled a distinct temperature-dependent
impact on the adsorption process. Specifically, an elevation in temperature within this
specified range elicited divergent responses: a notable augmentation in the adsorption
of Cr(VI) ions onto CuO«-NPs, in stark contrast to a conspicuous reduction in
adsorption observed for Fe,Os/cellulose composites. This intriguing phenomenon can
be ascribed to the noteworthy reduction in solution viscosity with increasing
temperature, a well-recognized phenomenon in the realm of chemical kinetics.
Elevated temperatures serve as a catalyst, enhancing the diffusion rate of adsorbate
molecules. This accelerated diffusion occurs both within the exterior boundary layer
and, crucially, within the intricate network of pores intrinsic to the adsorbent particles.
Consequently, the heightened thermal energy facilitates more efficient interaction
between the Cr(VI) ions and the CuOx-NPs, leading to an augmented adsorption
capacity. In stark contrast, the adsorption performance of Cr(VI) onto Fe,Os/cellulose
composites exhibits a counterintuitive decline with rising temperature. This
paradoxical behavior can be attributed to complex interplays between temperature-
induced changes in the physicochemical properties of the adsorbent and the nature of
adsorbate interactions. These interactions influence the availability of active
adsorption sites and, consequently, the overall adsorption efficiency [28,29].
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Figure 4. Effect of Temperature on Chromium adsorption utilizing Fe,Os/cellulose
and CuO-NPs.

3.5. Kinetic study

Theoretical studies were conducted to study the nature of adsorption and establish
potential adsorption mechanisms. To achieve this, well-known adsorption equations
and models were utilized to analyze the acquired data. In the kinetic studies, common
kinetic models/equations were applied to analyze the adsorption kinetics of the newly
developed adsorbent.

55



Characterization and Application of Nanomaterials 2024, 7(1), 5300.

3.5.1. Pseudo second order kinetic model

The model/equation is expressed as:

dq
— = K3(qe — q1)?

dt
The linear form of this model/equation is given as:
t _ t 1
9 qe K2q8

where ¢. is the amount of sample adsorbed (mg/g) at equilibrium, qt is the amount of
sample adsorbed (mg/g) at any given time (¢) (min), and K> is the pseudo-second-order
reaction rate constant for adsorption (g/mg.min). The constant K, = to calculate the
initial adsorption rate (/) (mg/g.min), at t — 0 as follows;
h = K,q;

where K5 is the pseudo-second-order reaction rate constant for adsorption (g/mg.min)
and g¢. is the amount of sample adsorbed (mg/g) at equilibrium. From the equilibrium
time adsorption data, the time (#) (min) plotted with #/q¢ (Figures Sa and Sb) with
correlation co-efficient (R?) of 0.9958 (slope = 1/qe 0.05418, CuOx), plus R* = 0.9958
(1/g. = 0.05762, for Fe,Os/cellulose) and the pseudo-second-order-kinetic
equation/model were constructed.
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Figure 5. Pseudo second order kinetic model of (a) CuOy; and (b) Fe,Os/cellulose.

3.5.2. Langmuir adsorption isotherm model

It is important to establish the most appropriate correlation for the equilibrium
curves. An adsorption isotherm/model describes the relationship between the amount
of adsorbate that is adsorbed on the adsorbent and the concentration of dissolved
adsorbate in the liquid at equilibrium. Isotherm models such as those have been used
to describe the equilibrium nature of adsorption; the Langmuir adsorption
isotherm/model is the most frequently used model for the adsorption of an adsorbate
from a liquid solution onto the adsorbent. This model is obtained under the ideal
assumption of an adsorption surface. It is assumed that adsorbate occupied a site, and
no further adsorption occurred. A saturated value is reached, and no further adsorption
can take place. The Langmuir adsorption isotherm/model is used and is expressed by

the following equation:
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_ BQCE
Qe =7114a,c,
In a linear form of this equation is given as;
Co_ 1, ub
g K K

where C, is the equilibrium concentration of sample (BPB) in the solution (mg/L), g.
is the amount of sample adsorbed (mg/g), K; and a; are the Langmuir adsorption
isotherm/model constants and are related to the maximum adsorption capacity (L/g)
and bonding strength (L/mg), respectively. The theoretical monolayer adsorption
capacity (Q,, mg/g) is numerically equal to K;/a;.

K
Qo:_£

a
The C. (mg/L) was then plotted with C./g. (Figures 6a and 6b) with correlation
co-efficient (R?) of 0.9907 and the Langmuir adsorption isotherm/model was
constructed. In the present study, it is highlighted that the adsorbent is favorable for
the adsorption onto the newly developed adsorbent under the studied conditions.
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Figure 6. Langmuir adsorption isotherm/model of (a) CuOy and (b) Fe.Os/cellulose.

3.6. Effectiveness of samples

In the pursuit of evaluating the effectiveness of removing Cr(VI) from authentic
and synthetic wastewater samples, we employed Fe;Os/cellulose and CuOy
nanoparticles (CuOx-NPs) under carefully optimized adsorption parameters, as
illustrated in Figure 7. This comprehensive assessment encompassed the utilization
of three distinct true water samples (comprising tap water, well water, and river water),
an industrial effluent sample, and a synthetic wastewater sample. To commence the
evaluation process, each of these samples underwent individual spiking with a Cr(VI)
concentration of 25 mg/L. Following the completion of the adsorption procedure, we
meticulously quantified the amount of adsorbed Cr. The results unveiled a noteworthy
accomplishment in the removal of Cr(VI) ions, with removal percentages ranging from
53.52% to 70.97% for authentic water samples and 49.78% to 68.93% for wastewater
samples, all facilitated by the utilization of the synthesized composites. These
outcomes affirm the practical applicability of the synthesized materials in the
purification of authentic water samples, wastewater, and industrial effluents.
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Remarkably, it is worth noting that Fe;Os/cellulose outperformed CuOx-NPs
significantly in these diverse applications, underscoring its superior performance
[29,30].
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Figure 7. Adsorption of Cr (VI) ion using Fe;Os/cellulose and CuO- NPs in true
samples.

4. Conclusions

In this study, cellulose-based ferric oxide (Fe.Os/cellulose) and copper oxide
nanoparticles (CuOx-NPs) were successfully synthesized using the co-precipitation
approach. These newly synthesized nanoparticles were extensively characterized. The
synthesized materials demonstrated promise for the removal of hazardous hexavalent
chromium (Cr(VI)) ions from aqueous solutions. The investigation into the effect of
pH on Cr(VI) adsorption revealed that the optimal pH for maximum adsorption was
2.0 and 4.0. The impact of adsorbent dosage indicated that an increase in dosage led
to enhanced Cr(VI) ion removal, with saturation observed at higher doses.
Furthermore, the influence of adsorbate concentration on adsorption performance
demonstrated that lower initial Cr(VI) ion concentrations resulted in higher removal
efficiencies. Thermal influence on adsorption was investigated, with CuOx-NPs
exhibiting increased adsorption at higher temperatures, attributed to enhanced
diffusion rates. Conversely, Fe2Os/cellulose composites showed decreased adsorption
at elevated temperatures, likely due to altered surface properties. The practical
applicability of Fe;Os/cellulose and CuOx-NPs was confirmed through successful
Cr(VI) ion removal from real water samples, including tap water, well water, river
water, and industrial effluent. These findings highlight the potential of these
nanomaterials for efficient and sustainable heavy metal ion removal from aqueous
environments, addressing environmental contamination concerns.
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authors have read and agreed to the published version of the manuscript.
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Abstract: ZnO nanostructures were obtained by electrodeposition on Ni foam, where graphene
was previously grown by chemical vapor deposition (CVD). The resulting heterostructures
were characterized by X-ray diffraction and SEM microscopy, and their potential application
as a catalyst for the photodegradation of methylene blue (MB) was evaluated. The
incorporation of graphene to the Ni substrate increases the amount of deposited ZnO at low
potentials in comparison to bare Ni. SEM images show homogeneous growth of ZnO on Ni/G
but not on bare Ni foam. A percent removal of almost 60% of MB was achieved by the
Ni/G/ZnO sample, which represents a double quantity than the other catalysts proved in this
work. The synergistic effects of ZnO-graphene heterojunctions play a key role in achieving
better adsorption and photocatalytic performance. The results demonstrate the ease of
depositing ZnO on seedless graphene by electrodeposition. The use of the film as a
photocatalyst delivers interesting and competitive removal percentages for a potentially
scalable degradation process enhanced by a non-toxic compound such as graphene.

Keywords: Ni foam; electrodeposition; zinc oxide; photocatalysis; graphene; methylene blue
degradation

1. Introduction

It is known that water pollution is an environmental problem that worsens year
after year. Human activities, such as industry and agricultural production, affect bodies
of water and, consequently, human health [1]. It is believed that of all wastewaters
generated by human activities, 80% are discharged without prior treatment. Poor-
quality drinking water is a problem that is associated with 80% of childhood illnesses
and 50% of child deaths worldwide [2]. Among water contaminants, organic dyes play
a leading role: around 100,000 different types of dyes are produced annually, totaling
more than 700,000 tons, with approximately 100 tons being dumped [3,4]. In addition
to many of them being carcinogenic and dangerous for humans [5,6], they have good
stability in environmental conditions [7] and cause, among other drawbacks, loss of
transparency, reduction in the penetration of sunlight, retard biological activity of
plants and animals, increase chemical oxygen demand (COD) and biochemical oxygen
demand (BOD), etc. [8,9]. In this context, organic dyes contribute significantly to this
environmental problem since they are one of the main sources of contamination of
surface and groundwater [10]. One of the most commonly used dyes is methylene blue
(MB). MB, from the thiazine class, is a heterocyclic aromatic compound; see Figure
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1 [11]. This cationic dye is commonly used in the textile industry to dye wool, cotton,
etc., where 15% is transferred to wastewater during this process as an industrial
pollutant [12—14]. These dyes have also long been used in medicine and scientific
purposes, such as in microscopy or as redox indicators [15]. Although this dye can be
used as a drug against some diseases, such as malaria, it is also toxic to human health
and the environment and can cause vomiting, nausea, irritation, and tachycardia,
among other diseases, in humans. This pollutant can inhibit plant growth and reduce
the pigment and protein content of algae [16—18]. For these reasons, the elimination
of these pollutants from water is now one of the main areas of study [3].

CH, CH,

l |
N S N
o He” ~ \CH,

-
N

Figure 1. Schematic representation of methylene blue (MB) dye.

The removal mechanisms of MB and other contaminants from wastewater are
frequently studied [ 19-21]. Photodegradation via photocatalysis using semiconductors
is a preferred way to eliminate contaminants in various sources of water [22,23]. One
of the main advantages of photocatalysis relies on the generation of non-harmful
products, such as CO,, H,O, and inorganic salts, after activating the process with light
[24,25]. Although there are various kinds of semiconductors that adapt well to these
systems, including Fe,Os, CdS, and ZnS [3], TiO; and ZnO are the most used in
photocatalysis applications [10]. Most likely due to their low toxicity, outstanding
thermal and chemical stability, and relatively low cost [26]. In particular, ZnO presents
higher percentages of contaminants degradation in water than TiO, [27], which could
be due to the higher exciton binding energy and the higher electrical conductivity of
ZnO compared to TiO,, in addition to the ZnO band potentials (of valence and
conduction) being lower than TiO, ones. This combination of properties allows an
increase in the effectiveness of the degradation reactions [28,29]. In this context, the
use of thinly supported ZnO films is most desired since it allows a very simple
separation process, which consists of removing the catalyst from the solution and also
facilitating the recycling of the catalyst. On the other hand, the use of ZnO powder
involves separation by some subsequent process. In addition to this, it is known that
the photodegradation efficiency increases as the specific surface increases [30]. This
is why the use of porous supports, such as nickel foams, can obtain very high
performance, comparable to powders.

ZnO thin films can be obtained through various methods, such as metal-organic
chemical vapor deposition (CVD) [31,32], magnetron sputtering [33,34], molecular-
beam epitaxy [35,36], sol-gel [37], spray pyrolysis [38,39] and electrodeposition [40—
42]. What is interesting about the latter is the simple scalability, film control, and the
possibility of depositing structures in many different shapes and sizes without using
high temperatures or expensive equipment. Growth can be carried out through various
solutions that use Zn?' salts with different anions, whether chlorides, nitrates, or
sulfates, as precursors [43—48]. By varying the type, concentration, or pH of these
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solutions, as well as the applied potential, the deposition time, or the current
circulating in the cell, various types of ZnO films and morphologies can be obtained
[49-54]. However, it is desirable to use low currents or voltages, low-concentrated
salts with non-toxic precursors, and low times so that the process is profitable and
casily scalable.

One of the ways to improve the properties of ZnO is to form heterostructures with
graphene. CVD graphene presents outstanding properties such as transparency,
flexibility, high carrier mobility, and mechanical stability [55-57]. When graphene is
grown in 3D structures, the carbon atoms are exposed on the surface, resulting in a
large surface area and a large number of active sites [58]. The three-dimensional ZnO-
Graphene heterojunction provides synergetic properties and improves charge
separation by ZnO followed by charge transport offered by highly conductive
graphene, which dramatically reduces the probability of electron-hole recombination
[59,60]. This happens because the work function of graphene (—4.5 e¢V) is lower than
the conduction band of the semiconductor oxide (4.1 eV), so the excited electrons in
ZnO are transported toward graphene, which has a high carrier mobility, thus
inhibiting recombination in ZnO and consequently increasing the photocatalysis
degradation efficiency of MB [61]. Researchers have shown that the photocatalytic
activity of ZnO improves whenever graphene is used as a co-catalyst [62]. In addition,
graphene could extend the absorption range of ZnO to longer wavelengths further from
the ultraviolet region [59]. These exceptional properties offered by the ZnO-Graphene
heterojunction have been applied in various fields, including photocatalysis,
photodetection, solar cells, etc.

In this work we propose the electrodeposition of ZnO on graphene already grown
on a Ni foam by CVD to be used in photodegradation applications. This heterojunction
is interesting both as an adsorbent material and for photocatalysis due to the high
specific surface area provided by using Ni foam as a substrate, added to the
improvement in conductivity and the decrease in electron/hole recombination
provided by graphene.

2. Materials and methods

We proposed to grow ZnO nanostructures by electrodeposition on Ni foam, a
low-cost and simple technique that had proved to be successful in obtaining ZnO films
on different flat substrates like ITO and FTO [40—43].

2.1. Graphene growth in nickel foam

Nickel foam with 1.6 mm thickness and porosity of 87% was purchased from
MTI Corp (Richmond, CA, USA). Graphene was grown on Ni foam by CVD method
on Ni foam following the protocol described by Messina et al. [63]. Briefly, the bare
Ni foam was sonicated in acetone for 20 min and placed in a quartz tube under a
vacuum pressure of 8 x 107> torr. During the synthesis, a constant flow of H, was
maintained at a rate of 75 mL min™!. At 950 °C a flow of CH, was introduced at a rate
of 35 mL min! for 5 min leading to the growth of graphene on the entire surface of
Ni. Finally, the furnace was cooled down at a rate of 16 °C per minute until reaching
room temperature.
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2.2. Electrodeposited ZnO films

A thin layer of ZnO was grown on Ni with and without graphene by the
electrodeposition technique using a Teq4 potentiostat from NanoTeq, Argentina. The
aqueous solution was 0.01 mol/L Zn(NOs), (Sigma Aldrich, 98%) in 0.1 mol/L KCI
(Anedra, 99.6%) and 0.1 mol/L KNOs (Anedra, 99.8%).

The electrolytic cell is a three-electrode setup where Ni foam, Pt wire, and
Ag/AgCl electrodes immersed in 3.0 M KCl acted as working, counter, and reference
clectrodes, respectively. Figure 2 shows a scheme of the cell. Before
electrodeposition, the working electrode was washed with soapy water, sonicated in
distilled water for 10 min, and then sonicated in isopropyl alcohol for 10 min.
Electrodeposition was performed at constant temperature (70 °C) and stirring (200
rpm) to ensure homogenous distribution. The applied voltage was —800 mV (chosen
after performing cyclic Voltammetry on the studied system) for 60 min. The initial pH
of the solution is 5.3. The samples obtained were called Ni/G (Ni foam + graphene),
Ni/ZnO (ZnO on Ni foam), and Ni/G/ZnO (ZnO on Ni foam with graphene).

Ni foam Ag/AgCL3M

Pt wire

0.01 mol/L
Zn(NO,), + 0.1
mol/LKCL +0.1

mol/LKNO, \ 5
800 m! a5

200 |~ 200 r.p.m

Figure 2. Scheme represents the three-clectrode set-up under the parameters used in
this work.

2.3. Sample characterization

Cyclic voltammetry and subsequent amperometry were performed using a Teq4
potentiostat from NanoTeq Co., Argentina. X-Ray Diffraction (XRD) patterns were
acquired using a Philips PW 1710, Panalytical X’Pert PRO diffractometer at 45 kV and
45 mA with monochromatized CuK, radiation in the range of 20° <26 < 40° with a
step of 0.02 °/s and a grazing angle of 3°. Optical images were obtained through a
Leica DM IL LED optical microscope. SEM images were obtained from an FEI
Quanta 250 environmental scanning microscope (ESEM) at an operating voltage of
20 kV. The equipment has an X-ray detector, EDAX, through which the chemical
composition was studied qualitatively using energy dispersive spectroscopy (EDS).

2.4. MB degradation

The photodegradation of MB was evaluated by immersing Ni, Ni/G, Ni/ZnO, and
Ni/G/ZnO in 1.3 ppm methylene blue (MB) solution. The solution was kept in the dark
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for 15 min to reach adsorption equilibrium. Then, it was irradiated with an 8 W
fluorescent lamp (BTE Lighting, Argentina) with a wavelength ranging from 250 to
600 nm. The UV lamp was kept on for 165 min and the experiment was carried out at
room temperature. Figure 3 shows the experimental set-up. At the indicated times, the
sample was removed from the solution, and the absorbance of the remaining solution
was measured using a Shimadzu UV-2600 spectrometer.
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Figure 3. Scheme of the experimental set-up used to measure MB adsorption and
degradation.

3. Results

In this section details of the electrodeposition method are presented along with
the structural and morphological characterization of the obtained heterostructures.
Also, the use of these samples on the MB removal is analyzed.

3.1. Cyclic voltammetry (CV) and amperometry

CVs were run from negative from 0 to —1.1 V and back to 0 V at 100 mV/s scan
rate. Figure 4 shows only the cathodic sweep that is of interest for the ZnO deposition.
The CV reveals significant differences based on the electrode substrate. Our group
successfully electrodeposited ZnO on different substrates, including ITO and FTO, by
applying potentials between —700 mV and —1000 mV. We identified —800 mV as the
optimal potential. Therefore, we applied —800 mV which resulted in a noticeable
increase in the steep curve for Ni/G as compared to the naked Ni electrode shown in
Figure 4. Due to the increase in slope observed in both cases, this potential was chosen
and applied for 1 h. After amperometry, the Ni/G sample exhibited a white deposit to
the naked eye, while no apparent change in color was observed for Ni foam.

Ni substrate

Ni/G substrate

Current (mA)

IApplied voltage
T 1 T T T
-1000 -800 -600 -400 -200 0
Voltage (mV)

Figure 4. Cyclic Voltagrams corresponding to Ni (black) and Ni/G (red) electrodes.
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3.2. X-Ray diffraction (XRD)

Figure 5 shows the diffractograms for Ni/ZnO and Ni/G/ZnO samples measured
at angles between 20° and 40°, a region where the characteristic diffraction peaks of
ZnO become more evident after smoothing the original signal using the Savitzky-
Golay method. Amperometry was performed for 1 h on both samples. As it can be
seen, no characteristic peak for ZnO was detected within the Ni/ZnO sample. This
does not necessarily rule out the deposition of ZnO since there may be a low amount
of mass that is below the limit of detection. On the other hand, for Ni/G/ZnO samples,
three peaks clearly evolved, corresponding to (100), (002), and (101) crystallographic
orientations that matched the peaks for ICSD no. 01-080-0074. This clearly confirms
the successful deposition of the ZnO semiconductor onto the Ni/G sample.
Furthermore, there is no evidence of preferential growth in the (002), as the intensity
of this peak (at 34.335°) is not dominant. This is consistent with the literature, which
has also shown predominant (101) peaks using electrodeposition and other techniques
[30,64—66]. These results suggest that the as-deposited ZnO film does not display a
nanocolumnar morphology [67]. Additionally, no other diffraction peaks are detected,
as Ni exhibits diffraction peaks for 20 > 40° [68]. The technique also allows us to
confirm that no other crystalline material was deposited in large quantities, since the
diffractograms do not present other peaks, nor amorphous ones, since no bands were
observed at low angles.

(101) Zno

(100) Zno

(002) ZnO

Ni/G/ZnO

Intensity (a.u.)

Ni/ZnO

20 (Degree)
Figure 5. XRD Diffractogram comparing Ni/ZnO and Ni/G/ZnO samples. Blue lines
that correspond to card no. 01-080-0074 are used as a comparison.

3.3. Optical microscopy

Figure 6A exhibits multiple pores within the naked Ni foam structure. No
apparent changes were detected for graphene grown on Ni foam (not shown), most
likely due to the poor resolution of the optical microscope. Figures 6B and 6C clearly
exhibits the as-deposited ZnO; however, the amount of deposit seems not to be
uniform along the entire Ni/G/ZnO sample.

66



Characterization and Application of Nanomaterials 2024, 7(1), 5756.

Figure 6. Optical images. (A) Ni foam; (B) Ni/G/ZnO sample; (C) Ni/G/ZnO
sample.

3.4. SEM-EDS

Figure 7 shows SEM images for Ni (A), Ni/G (B), Ni/ZnO (C), and Ni/G/ZnO
(D). Notable differences in the surfaces are observed between the electrodeposition of
ZnO on bare Ni and on Ni/G using the same deposition parameters. Figure 7B clearly
shows the growth of graphene on the surface of bare Ni. It can be seen there is a large
amount of graphene in the center of the foam and that, close to the edge of the pores,
that decreases. To confirm that it was a different material, it was analyzed with
backscattered electrons, since in this type of image the contrast is based on the atomic
number.

Graphene

Figure 7. SEM images. (A) Ni; (B) Ni/G; (C) Ni/ZnO; (D) Ni/G/ZnO.

Figure 8 shows a SEM image of the Ni/G sample obtained by backscattered
electrons. In these images the contrast is achieved with the difference in atomic
number, which allows us to confirm that they are two different materials since the Ni
substrate appears bright while the graphene deposit appears dark. This confirms that
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the CVD deposit was successful.

On the other hand, the Ni/ZnO sample does not present changes with respect to
the Ni sample, except for the appearance of localized structures that are observed as
white dots in Figure 7C. The amount of Zn provided by EDS in this sample is very
low (about 3.5% by weight), consistent with a very low amount of ZnO deposited. As
for other elements, the percentage by weight of O, K, N, and Cl revealed 40%, 25%,
13%, and 5% by weight, respectively. The presence of various elements, besides Zn,
suggests the potential formation of KNOs and KCI crystals that arose during the
drying-off process after electrodeposition.

Figure 7D shows the homogeneous growth of ZnO on the Ni/G substrate. EDS
measured at various points in the sample indicated 27% and 31% by weight of Zn and
O, respectively. In addition, a similar amount of C (31% by weight) was detected,
consistent with the growth of graphene. This confirms the successful deposition of
ZnO and indicates that graphene remains even after the voltage application in the
synthesis. Figure 9 shows the Ni/G/ZnO sample with a higher magnification, where
an increase in the exposed surface can be seen due to the irregularity of the deposit.
This type of morphology is comparable to those reported in the literature, despite using
a different ZnO deposition technique [64,65]. Finally, Figure 10 shows a color map
obtained by EDS, which shows the location of the evaluated elements. It is confirmed
that ZnO is deposited throughout the foam, unlike graphene, which is mostly located
in the center of it.

Figure 9. SEM image of the Ni/G/ZnO sample at higher magnification, showing the
uniformity of the deposit.
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3 P

Figure 10. EDS color map showing the location of Ni, C, Zn, and O elements within
the Ni/G/ZnO sample.

3.5. Removal of MB from a solution

An absorption spectrum was initially obtained after immersing the samples in 1.3
ppm MB solution for 15 min under dark conditions. In this way, the percentage of MB
adsorption in the first min of the experiment was obtained. Then, the lamp was turned
on and absorbance measured at 45 and 165 min. To calculate the percentage removal
of MB in the solution, we choose to measure the area under the curve for the absorption
band located at 662 nm. Finally, Equation (1) was applied to obtain the MB removal
percentages:

MB Removal [%] = (1 — 4/40) 100 (1)
where 4, is the absorption measured at a certain time t and A4y is the initial absorbance.
Figure 11 shows the absorbance spectra for each sample measured at the indicated

times.
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Figure 11. Absorbance spectra of the samples measured at different times: under
dark (black curve), after 15 min exposure to light (red curve), after 45 min (blue
curve) and 165 min (green curve). (A) Ni; (B) NVG; (C) Ni/ZnO; (D) Ni/G/ZnO.

Table 1 shows the MB removal percentages for each sample for two different
periods of time: while the light was off, that is, the black and red curves indicated in
Figure 11, and then once the light was turned on, that is, between the red and green
curves of the same figure. It is clear that the Ni/G/ZnO sample exhibits a higher
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removal percentage than the other samples (almost double) in both time periods, thus
improving both adsorption and degradation of the contaminant. The Ni foam and Ni/G
foam are characterized by their abundance of microscopic-sized pores, which provide
a large surface area leading to high contaminants adsorption capacity. The significant
enhancement in adsorption observed in the samples with G/ZnO can be attributed to
two concurrent factors. Firstly, the morphology of the deposited ZnO increases the
contact surface, thereby facilitating increased adsorption. This fact is corroborated by
SEM images (Figures 7 and 9), where the nanostructured feature of ZnO is clearly
appreciated. Secondly, the pH of the MB solution is 6, which results in the formation
of Zn(OH)" on the ZnO surface. In contrast, the functional groups of MB carry a
negative charge (—SO3"). This allows the formation of an ionic bond that increases the
adsorption capacity [69].

Figure 12 shows percentages of MB removal from the solution achieved for each
sample after irradiation with UV light, represented by the black and green curves in
Figure 11. Numerous studies [18,70,71] have corroborated that ZnO serves as a
photocatalyst in this reaction. It is particularly noteworthy that the sample composed
of Ni/G/ZnO exhibits the greatest efficiency, achieving about 60% removal of MB
from the solution.

Table 1. MB removal percentages from the solution for each sample before and after
light irradiation.

Sample MB removal without light [%] MB removal with light [%]
Ni 24 10
Ni/G 20 14
Ni/ZnO 20 14
Ni/G/ZnO 41 28
70
60 57%
501
©
3 40
£ 31% 30% 30%
2 30 | 5 T u
o T T
=
20
10
0
Ni NilG Ni’ZnO Ni/G/ZnO

Figure 12. Percent removal of MB achieved by the different samples.

4. Discussion

This work reports on the growth of ZnO on Ni and Ni/G foams by
electrodeposition and its possible application in the removal of dyes in water bodies.
In the case of bare Ni foam, ZnO deposition is evidenced by the presence of Zn in
EDS analysis, although ZnO growth could not be observed by XRD. On the other hand,
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when the Ni/G foam is used as a substrate, a large amount of ZnO deposition is
observed by both techniques used. Unlike the work of Fei et al. [30], here, the growth
of ZnO was achieved in a single step, without the need of adding seeds and performing
heat treatments. This behavior could be due to the presence of defects and wrinkles in
the graphene, which act as nucleation sites for ZnO. Then growth occurs in all
directions.

It is worth highlighting that our starting solution has a low concentration of
precursors compared to the growth solution used by Lv et al. [64]. The salt that
contains the Zn?*, Zn(NOs),, has a concentration 20 times lower, while the supporting
electrolyte KCI has a concentration 48 times lower. This makes our process more
affordable and accessible. Furthermore, the application of a potential difference of
—800 mV in our synthesis results in a more efficient and less demanding method in
terms of equipment compared to the use of —10 V in the aforementioned study.

Regarding the incorporation of graphene, two benefits were found: in addition to
allowing nucleation at lower applied voltages, it increases the percentage of MB
removal from the solution (57%). In this context, it is interesting to note that graphene
is an organic, non-toxic, and inexpensive material. The results obtained in this work
are close to those obtained by various authors who grow ZnO on different substrates
[3,72]. Fei et al. [30] do photocatalysis and photoelectrocatalysis using the Ni/ZnO
and Ni/ZnO/MoS; heterojunction. The results obtained with both techniques with the
Ni/ZnO electrode are less efficient than our findings doing photocatalysis with the
Ni/G/ZnO heterostructure. However, Fei and co-workers achieved higher removal
when using the Ni/ZnO/MoS, heterostructure, although it should be noted that
graphene is a less toxic and cheaper compound.

On the other hand, Kulis-Kapuscinska et al. [10] have studied the
photodegradation of MB by growing ZnO films by sputtering on Si(100) with a
subsequent thermal treatment and have managed to remove 64% of MB from the
solution in 540 min. That is, with a more complicated growth method they have
achieved a result similar to that obtained in this work with a substantial difference in
time: their experiment lasts 9 h while ours lasts 3 h, reducing the cost involved in
maintaining the light on. This result is very important from the point of view that the
degradation rate is usually a limiting factor for the selection of the photocatalyst. This
could be due, in addition to the graphene, to the chosen substrate, since the Ni foam,
being so porous, has a large active surface.

The improvements occur mainly due to the use of a nickel foam that increases
the active surface compared to other flat substrates [30], added to the incorporation of
graphene, which inhibits the recombination of electrons and holes according to the
mechanism that can be seen in Figure 13. The conduction band of ZnO (—4.05 eV vs.
vacuum) is aligned with the graphene in such a way that the electron excited in the
semiconductor can be transferred to the graphene (also taking advantage of the high
electron mobility), separating the charges and reducing, thus way, recombination.
Then, the electron and the hole interact with the water in the solution: the molecular
oxygen is reduced, generating the superoxide anion O, and the water is oxidized to
obtain hydroxyl radicals (OH*), which finally degrade the MB, and CO, and H>O are
obtained as products of this [59,62,73].
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Figure 13. Scheme of the process with the ZnO and graphene bands.

5. Conclusion

In this study, ZnO was successfully electrodeposited on Ni/G foam substrates to
obtain new materials with high specific surface area. Large amounts of ZnO were
observed on Ni/G due to the presence of graphene, whose defects acted as nucleation
sites. SEM images confirmed a homogeneous distribution of ZnO nanorods along the
substrate. Instead, scarce deposition was observed for the bare Ni foam. The combined
presence of ZnO and graphene increased the MB removal capacity, giving around 60%
higher than what is achieved with the other heterostructures. The percentage
improvement in terms of adsorption is due to the ionic bond that occurs between the
ZnO surface and the negatively charged functional groups of the MB, while in
photocatalysis it is probably due to a decrease in electron/hole recombination that
leads to better charge separation.

Furthermore, the electrodeposition technique is a highly scalable method, so the
synergistic effects of G/ZnO heterojunctions on a porous substrate become an
interesting alternative for outperforming in areas of water cleaning and environmental
remediation.

This study highlights the importance of the efficient synthesis of ZnO on Ni/G
substrates via electrodeposition, not only for its applications in environmental
remediation but also for its contribution to the development of sustainable practices
within the framework of green chemistry.
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Abstract: Photocatalysis, an innovative technology, holds promise for addressing industrial
pollution issues across aqueous solutions, surfaces, and gaseous effluents. The efficiency of
photodegradation is notably influenced by light intensity and duration, underscoring the
importance of optimizing these parameters. Furthermore, temperature and pH have a
significant impact on pollutant speciation, surface chemistry, and reaction kinetics; therefore,
process optimization must consider these factors. Photocatalytic degradation is an effective
method for treating water in environmental remediation, providing a flexible and eco-friendly
way to eliminate organic contaminants from wastewater. Selectivity in photocatalytic
degradation is achieved by a multidisciplinary approach that includes reaction optimization,
catalyst design, and profound awareness of chemical processes. To create efficient and
environmentally responsible methods for pollution removal and environmental remediation,
researchers are working to improve these components.

Keywords: catalyst dosage; pollutant degradation; environmental remediation; catalytic
activity; reaction kinetics; water treatment; catalyst optimization; sustainable chemistry;
environmental impact assessment

Introduction

Photocatalytic degradation refers to a process in which a substance is broken
down into smaller, less harmful compounds under the influence of light and a
photocatalyst. This phenomenon is often employed in environmental and industrial
applications for the removal or transformation of pollutants, contaminants, or other
undesirable substances. Here are some key aspects of photocatalytic degradation
properties:

1. Photocatalyst

The photocatalyst is a material that facilitates the degradation process when
exposed to light. The novel oxidation process known as photocatalysis works by using
sunlight to cause electron-hole pairs to form on a photocatalyst’s surface. An
enhancement in this field is represented by composite photocatalysts, which improve
doping, coupling, and sensitization of individual photocatalysts like ZnO, AgO,, and
TiO,. These developments could lead to more innovative uses of environmental
therapy [1]. Titanium dioxide (TiO;) and zinc oxide (ZnO) are commonly used
photocatalysts due to their stability, efficiency, and non-toxic nature. They are suitable
for photocatalytic applications due to their broad bandgap, especially when subjected
to ultraviolet (UV) light [2].

2. Light source

Typically, photocatalytic reactions require ultraviolet light to activate the catalyst.
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However, advancements in photocatalytic materials and technologies have expanded
the range of light sources to include visible light, making the process more practical
and applicable in various settings. Photocatalysts produce electron-hole pairs when
exposed to UV light, which excites electrons from the valence band to the conduction
band. The breakdown of organic contaminants or the creation of beneficial compounds
can result from these charge carriers engaging in redox reactions with adsorbed species
on the oxide’s surface [3]. Electrons in the valence band may be induced to move to
the conduction band, forming a hole in the valence band, when a material absorbs
photons with energy equal to or greater than the bandgap energy. The generation of
superoxide radicals (O2¢—) is triggered by interactions between electrons in the
conduction band and oxygen molecules on the crystal surface [4]. Concurrently, water
molecules on the crystal surface may interact with positively charged holes in the
valence band, resulting in oxidation processes that generate hydroxyl radicals (-OH)
[5]. Figure 1 shows the process of photocatalytic water splitting [6]. These reactive
oxygen species (ROS), which break down dye molecules and other organic pollutants,
are essential to the photooxidation process. Some instances of ROS include superoxide
and hydroxyl radicals [7].

W
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Figure 2. Process of Photocatalytic water splitting.

H,

3. Substrate

The substance targeted for degradation is referred to as the substrate.
Photocatalytic degradation is effective for various pollutants, including organic
compounds, dyes, pesticides, and even some inorganic contaminants. TiO; [8], Ag,
and ZnO [9] nanoparticles are the most commonly used substrates in the photocatalytic
degradation of dyes in water and are effective due to their antimicrobial properties,
UV radiation blocking capabilities, and photocatalytic characteristics [9]. These
nanoparticles are commonly employed in the textile industry for various purposes such
as self-cleaning, UV protection, and antibacterial properties. By harnessing their
photocatalytic abilities, these nanoparticles facilitate the degradation of dyes present
in water, thus aiding in water purification processes [1,2]. This multifunctional
approach not only removes dyes but also provides additional benefits such as
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microbial control and UV protection, making it a versatile solution for water treatment
and environmental remediation [10]. Heterogeneous photocatalysis has undergone a
significant change in the last ten years, especially in the application of titania in its
anatase form [1,2]. The majority of the applications for this photocatalyst were
moderate oxidation processes in gaseous or liquid organic phases. But in more recent
times, there has been a shift towards using it for the complete oxidation and breakdown
of different organic chemicals and contaminants, especially in situations with humid
air or water [1,2,11].

Reaction Mechanism: The photocatalytic degradation process involves the
generation of ROS on the surface of the photocatalyst when exposed to light. These
ROS, such as hydroxyl radicals (*OH), superoxide radicals (O 7), and others, then
react with the substrate molecules, leading to their degradation into simpler and less
harmful byproducts. The production of OH® radicals resulting from the presence of
water has been ascribed to this alteration in photocatalytic behavior. This process’s
mechanism is based on the interaction of titania with water, which produces OHe
radicals. These radicals are essential for promoting the complete oxidation and
destruction of organic molecules and environmental contaminants. For instance, water
molecules react with e™-hole pairs on the TiO; surface and generate radicals. These
highly reactive species are the cause of photocatalytic degradation of organic
molecules [12] through Equations (1)—(4):

TiO, + hv - TiO,(e™ + h™) (Electron-Hole pair generation) (1)
TiO,(e™) + 0, — 05 (Superoxide radical Anion) )
TiO,(h*) + H,0 - OH (Hydroxyl radical) 3)
TiO,(e~ + h*) + Organic pollutant — Degraded product @))

4. Factors influencing efficiency

4.1. Catalyst surface area

A larger surface area provides more active sites for the photocatalytic reaction.
Surface area can be increased by different strategies like coating, treating plasma,
heating or cooling, and changing the shapes (thin films, cylindrical, etc.). Using ionic
liquids for surface modification offers dual advantages as both a supply and an agent
for enhancing the photocatalytic properties of materials. Through the introduction of
external elements or functional groups onto the surface of photocatalysts, such as
nitrogen or sulfur in bismuth oxyhalides, additional active sites can be created,
impacting the material’s electrical properties positively.

When a semiconductor material is illuminated, positive charges (h") are produced
that combine with OH-anions to produce hydroxyl radicals. When water and oxygen
are available, these radicals are crucial for the oxidation of organic materials [13].
Therefore, increasing the coating surface area helps to increase the photocatalytic
activity of the coating. The increased specific surface area boosts the film’s hydroxyl
group concentration. When a semiconductor is exposed to light in the context of
heterogeneous photocatalysis, electron-hole pairs (e and h*) are produced. Hydroxyl
radicals are produced when the negatively charged OH ions and positively charged
holes (h") interact. The hydroxyl radicals generated at the photocatalyst's surface
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function as oxidizing agents, which ultimately increase the efficiency of the
photocatalytic activity [14]. Additionally, the incorporation of organic groups
facilitates improved charge carrier separation and enhanced adsorption of
contaminants, thereby increasing surface area and photocatalytic efficiency. This
surface modification process aims to capture photogenerated electrons, thus inhibiting
the recombination of electron-hole pairs generated during photoinduction. Ultimately,
the utilization of ionic liquids as a means of surface modification presents a versatile
approach to optimize photocatalytic performance, leveraging their unique properties
to enhance material functionality and effectiveness in environmental remediation and
other applications [15].

4.2. Light intensity and duration

The duration and intensity of light are important factors in photodegradation,
especially in photocatalysis, where light is utilized to start chemical reactions. Higher
light intensity and longer exposure times generally enhance the degradation process.
Through photocatalysis, a substance is activated by light, speeding up chemical
reactions without permanently altering the catalyst’s chemical composition. In
contrast, conventional thermal catalysts require heat to activate them. The activation
mode is the primary difference: photosensitive catalysts are activated by light, whereas
thermal catalysts are activated by heat [16]. The rate of photodegradation is directly
impacted by the light source intensity. Since more photons are available to activate the
photocatalyst and produce reactive species, higher light intensities usually lead to
faster degradation rates. Beyond a certain optimal intensity, nevertheless, additional
increases might not appreciably speed up the rate of degradation. The optimal intensity
varies based on the target pollutant and the particular photocatalyst. Another important
consideration is the period spent in the light. Extended exposure periods typically
result in higher deterioration rates because the photocatalyst absorbs more photons
over time, producing a greater number of reactive species. Like light intensity, there
might be an ideal time frame, though, after which the rate of degradation plateaus or
increases just slightly.

Reaction kinetics principles lead to the link between light intensity, duration, and
photodegradation rate. First-order kinetics, which states that the rate of reaction is
proportional to the concentration of the pollutant and the concentration of the active
species produced by the photocatalyst, is typically followed by the photodegradation
process. The concentration of these active species is influenced by both the length and
intensity of the light, which affects the overall response rate. Although
photodegradation rates can be increased by longer exposure times and stronger light,
there are realistic concerns about cost and energy efficiency. In large-scale
applications, it might not be practical or cost-effective to use extremely high-intensity
light sources or extended exposure times. To attain the intended degradation rate while
consuming the least amount of energy, light intensity and duration must be optimized.

4.3. pH and temperature

The pH of the solution and the temperature can affect the rate of photocatalytic
degradation. Advanced oxidation processes, or AOPs, are finding a broader
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application in environmental applications such as wastewater cleaning. These
reactions are based on oxidation by reactive species and are usually catalyzed by
photocatalysts like ZnO, TiO,, CdS, Co030s4, or WOs. These semiconductor
photocatalysts undergo photoexcitation when they come into contact with an intense
light source and an oxidizing agent such as air or oxygen, which produces reactive
species [17]. The organic contaminants in the wastewater are then efficiently oxidized
by these reactive species, leading to their elimination. The semiconductor used, the pH
of the solution, and the light source intensity are some of the variables that affect the
process efficiency [18]. The adsorption and interaction between the target pollutants
and the photocatalyst are influenced by pH, which also changes their surface charges.
The ideal pH range for many photocatalytic processes is one in which the photocatalyst
surface charge and chemical makeup are most advantageous to the degradation
process. Reduced efficiency may result from pH deviation because of variations in
surface charge, surface chemistry, or pollutant speciation. The stability and solubility
of the photocatalyst, which in turn impacts its duration and efficacy in the degradation
process, can also be influenced by pH.

Temperature modifies the reaction kinetics, which affects how quickly
photodegradation processes occur. Since more energy is available to activate surface
reactions at higher temperatures, reactions often proceed more quickly. Nevertheless,
overly high temperatures may cause the photocatalyst and the intended pollutants to
thermally degrade, which would reduce the process’ overall effectiveness. The ideal
temperature range is frequently found through experimentation and can change based
on the particular photocatalyst and contaminants present. Reaction kinetics may also
be affected by temperature changes in the physical characteristics of the reaction
environment, such as the viscosity and diffusion rates of reactants and products.

4.4. Catalyst dosage and Pollutant degradation

Catalyst dosage plays a crucial role in pollutant degradation efficiency. Ongoing
research and literature reviews indicate that an appropriate catalyst dosage can
significantly enhance degradation rates, leading to more effective pollutant removal.
the need to strike a balance between increased catalyst dosage and economic
feasibility. Excessive dosages may not proportionally improve degradation rates and
can lead to diminishing returns in terms of cost-effectiveness. Photocatalysis using
nanoparticles (NPs) is a promising method for dye removal from water due to their
exceptional and highly tunable surface properties compared to bulk materials. NPs
offer a wider scope in catalytic processes thanks to their unique surface characteristics,
and they have higher diffusion rates coupled with lower reinforcing capabilities, all of
which collectively enhance their catalytic performance [8,9,19,20]. Like the potential
of rGO-250 as a robust photocatalyst for dye degradation, highlighting its adaptability
and efficiency in well-defined circumstances that require pH, dye concentration,
catalyst dosage, and recyclability into consideration. These results facilitate the
creation of effective and long-lasting methods for environmental remediation that
make use of cutting-edge substances like catalysts based on graphene [21].
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5. Challenges

5.1. Selectivity

Ensuring that the photocatalytic process selectively targets the desired pollutants
without causing unintended side reactions. The method of utilizing photocatalysts and
light energy to decompose organic pollutants in wastewater or other environmental
contaminants is known as photocatalytic degradation. Selectivity, or the
photocatalyst’s capacity to preferentially target and break down particular
contaminants while mostly unaffected by other chemicals, is a crucial component of
this process. Because it maximizes the effectiveness of pollution removal while
minimizing the formation of hazardous byproducts, seclective photocatalytic
degradation is desired. Selectivity is attained via several factors: catalyst choice,
reaction conditions, targeted modification, light source, and controlled reaction
pathways.

Different photocatalysts exhibit varying affinities for different types of
pollutants. By selecting a suitable photocatalyst based on the nature of the
contaminants, researchers can enhance selectivity. Parameters such as pH,
temperature, and the presence of co-catalysts or electron donors can influence the
selectivity of the photocatalytic process. Optimizing these conditions can help tailor
the degradation process toward specific pollutants. Surface modification of
photocatalysts with specific functional groups or nanoparticles can enhance their
affinity towards certain pollutants, thus improving selectivity. The wavelength and
intensity of the light source used for photoexcitation can also influence selectivity.
Tuning the light source to match the absorption spectrum of the target pollutant or
photocatalyst can enhance the efficiency of degradation. Understanding the reaction
pathways involved in photocatalytic degradation allows researchers to design
strategies that promote the selective degradation of target pollutants while minimizing
the formation of unwanted byproducts.

5.2. Catalyst recyclability

Strategies for reusing and recycling the photocatalyst to improve the economic
and environmental sustainability of the process. The potential of catalyst recyclability
is one of the major benefits of photocatalytic degradation. When subjected to light and
an oxidizing agent, photocatalytic degradation is the process of breaking down organic
contaminants in wastewater using catalysts, usually semiconductors such as TiO; [22],
ZnO [23], CdS, Co304, or WOs. By absorbing photons, these catalysts create electron-
hole pairs, which when combined with oxygen and water, produce extremely reactive
species like hydroxyl radicals. These free radicals can oxidize and break down organic
contaminants into innocuous byproducts like water and CO,. The catalyst may
frequently be recovered and utilized again after the degrading process, which lowers
operating costs and minimizes waste. To extract the catalyst from the wastewater that
has been treated, a variety of techniques, including centrifugation and filtration, can
be used. Furthermore, methods such as catalyst immobilization onto support materials
can improve recyclability by limiting catalyst loss in the process. Overall, the
combination of photocatalytic degradation and catalyst recyclability offers a
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promising approach for efficient and sustainable wastewater treatment, contributing to
environmental protection and resource conservation.

5.3. Scale-up

Transitioning from laboratory-scale experiments to large-scale applications poses
challenges in maintaining efficiency and cost-effectiveness. Many semiconductor
materials have been investigated for photocatalytic water splitting since 1972. Their
limited ability to absorb visible light has presented a significant obstacle, impeding
their practicality for widespread use [24]. Significant progress has been achieved in
the last few years in the identification and synthesis of semiconductor materials
specifically designed for solar water splitting, especially in the visible light spectrum
[25]. Scale-up in photocatalytic degradation involves transitioning laboratory-scale
processes to larger industrial or municipal scales. This scaling-up process requires
careful consideration of various factors to ensure efficient and effective operation:

Reactor Design: Designing reactors suitable for larger volumes while
maintaining optimal contact between the photocatalyst and wastewater is crucial.
Different reactor configurations, such as slurry reactors, fixed-bed reactors, or
immobilized photocatalyst reactors, may be employed depending on the specific
requirements.

Light Source: Ensuring adequate and uniform illumination across the entire
reactor volume is essential. This may involve using powerful and efficient light
sources, such as UV lamps or natural sunlight, along with appropriate light distribution
mechanisms.

Catalyst Preparation: Developing scalable methods for preparing and
immobilizing photocatalysts onto suitable supports or substrates is necessary. These
methods should ensure consistent catalyst properties and performance at larger scales.

Mass Transfer: Optimizing the mass transfer of pollutants to the catalyst surface
and products away from it is critical for efficient degradation. This may involve
adjusting flow rates, agitation methods, or reactor geometries to minimize mass
transfer limitations.

Operational Parameters: Identifying and optimizing operational parameters such
as pH, temperature, catalyst loading, and residence time for larger-scale systems is
essential to maximize degradation efficiency while minimizing operational costs.

Safety and Environmental Considerations: Ensuring safety protocols are in place
for handling potentially hazardous materials and byproducts and assessing any
potential environmental impacts of the scaled-up process.

Overall, successful scale-up of photocatalytic degradation processes requires
interdisciplinary collaboration between scientists, engineers, and stakeholders to
address technical, economic, and regulatory challenges while realizing the full
potential of this environmentally friendly wastewater treatment technology.
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Abbreviations
TiO2 Titanium dioxide
ZnO Zinc oxide
Uv Ultraviolet
02~ Superoxide radicals
-OH Hydroxyl radicals
ROS Reactive oxygen species
CO2 Carbon dioxide
et Electron
h* Hole
Ag Silver
AOPs Advanced oxidation processes
CdS Cadmium sulfide
WOs3 Tungsten oxide
Co304 Cobalt oxide
H20 Water
rGO Graphene oxide
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Abstract: The potential of nanotechnology to improve human health, optimize natural
resource utilization, and reduce environmental pollution is remarkable. With the ever-growing
advancement in dentistry, one of the breakthroughs is using nanotechnology. Nanotechnology
in periodontics has touched every aspect of treatment modality, from non-surgical therapy to
implant procedures, including regenerative procedures. Understanding their mechanism plays
a pivotal role in more efficient usage of nanotechnology, better treatment procedures, and
eventually better outcomes. In this paper, we review the application of nanotechnology in
periodontal therapy. We performed the search for papers in Scopus using the key words and
phrases as follows: ‘“nanodentistry”; “dentistry and nanotechnology”; “dentistry and
nanoparticles”; “dentistry and nanomedicine”; “dentistry and nanorobots”. There were found
530 papers in total. Some papers belonged to two and more categories. It is revealed that the
number of papers versus year does not follow any specific pattern, but the cumulative amount
of papers versus year is fitted with the exponential regression. There were also selected papers
using certain inclusion/exclusion criteria. Only the selected papers were analyzed.
Nanomedicine is subjected to intensive studies nowadays. There are some promising results
that will likely be implemented into praxis soon in the fields of medical diagnostics and clinical
therapeutics. The appearance of nanotechnology can have a considerable impact on the
treatment of periodontal diseases.

Keywords: nano dentistry; nanoparticle; nanotechnology; periodontal tissue; periodontal
disease; treatment options

1. Introduction

Modern materials science is developing at a very fast pace. This development is
felt in almost all areas of science and technology. New materials for sensors [1,2] and
medical applications [3,4] evolve. Novel materials create excellent opportunities for
researchers and engineers to solve long lasting problems. On the other hand, the
conservative fields suffer from stagnation for many decades because the existing
materials are prone to degradation [5], while new materials have not achieved the
required level of performance yet. So to solve the problem of materials, a quite
complex design of sensors and measurement systems is required [6,7]. Another topical
direction of studies is the internet of things [8,9], which also has medical applications
[9]. In this paper, we focus our attention only on nanomaterials for dentistry.

The field of dentistry is closely connected to materials and often requires the
development of new therapeutic materials, along with the necessary equipment,
instruments, and treatment techniques. Developing new materials and technologies
can solve issues in traditional dental care [10]. Conventional dental treatment can often
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be uncomfortable, painful, and anxiety-inducing for patients due to invasive
procedures such as carious cavity preparation, filling, and tooth extraction. Nano
dentistry presents a promising alternative to these procedures by utilizing nanosized
materials, tissue engineering, and dental nanorobots to diagnose, treat, and prevent
oral and dental diseases. Patients may experience discomfort and hypersensitivity to
dentine during recovery from procedures like root scaling, planning, and curettage of
periodontal pockets. However, nanorobotics aims to overcome the drawbacks of
conventional medical techniques. For instance, inserting medicaments into periodontal
pockets and then protecting them with periodontal dressing may cause discomfort for
a patient during eating or communicating, and it can also disrupt the mouth’s esthetic
appearance. Additionally, medicaments may seep out of the pocket. To combat these
issues, nanoparticles can be carriers for targeted drug delivery.

Nanotechnology is the field of science and technology that involves manipulating
materials at the scale of nanometers. The term ‘nano’ comes from the Greek ‘Nanos,’
which means ‘dwarf’. Nobel Prize-winning physicist Richard Feynman introduced the
concept of nanotechnology in a 1959 lecture titled “There is a Plenty of Room at the
Bottom.” He ended the lecture by concluding, “This is a development which I think
cannot be avoided” [11-13]. In 1974, Norio Taniguchi coined the term
‘nanotechnology’ to refer to the ability to precisely engineer materials with the
dimension of nanometers. Dogra et al. [14] and Hamissi et al. [ 15] first introduced the
field of «nanomedicine». At the molecular level, nanostructures and nanodevices are
used to observe, control, and treat biological systems within the human body [16,17].
It improved materials’ mechanical and physical properties and introduced new
diagnostic modalities and nanodelivery systems, revolutionizing the medical and
dental fields [18]. The increasing interest in using nanotechnology in dentistry has led
to the emergence of a new field called ‘nano dentistry’ [19,20]. Nano dentistry can be
approached from two different perspectives. One is called the “Bottom-up approach,”
where atomic elements are combined to build particles. The other approach is the
“Top-Down approach,” which involves using equipment to create a mechanical
nanoscale [21-23]. Nanotechnology has a wide range of applications for preventing,
diagnosing, and treating oral diseases.

Periodontitis and gingivitis are prevalent periodontal diseases affecting millions
of people worldwide [24]. Conventional treatment methods for these diseases involve
mechanical debridement, antimicrobial agents, and surgery. However, the emergence
of nanotechnology has opened up new possibilities in treating periodontal diseases.
Periodontics has been used to develop novel drug delivery systems, such as nanofibers
and nanoparticles, which can penetrate deep into the periodontal tissues and release
drugs over an extended period. Moreover, nanotechnology has also been utilized to
develop antimicrobial agents, which can effectively eliminate periodontal pathogens
while minimizing toxicity and side effects. For example, silver nanoparticles have
shown promising results in inhibiting the growth of periodontal pathogens, such as
Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans. In addition,
nanotechnology has been applied in developing tissue engineering and regenerative
medicine techniques, which aim to restore damaged or lost periodontal tissues.
Nanofibrous scaffolds and nanoparticles have been used to promote cell adhesion,
proliferation, and differentiation, forming new periodontal tissues. Integrating
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nanotechnology in the treatment modalities for periodontal diseases represents a
significant advancement of periodontics and has a wide range of use (Figure 1). It
offers new avenues for managing and preventing periodontal diseases, improving oral
health outcomes that improve patients’ quality of life.

Figure 1. Areas of applications of nanotechnology in periodontics.

This review article aims to provide recent updates on nanotechnology-based
approaches for periodontal disease therapy. Additionally, the present review will help
the reader understand nanoscience and its benefits and limitations by addressing its
ethical, social, and health implications.

2. The technique of data preparation

For this paper, we chose the form of narrative review [25]. For this narrative
review, the search was performed within the Scopus database to identify the number
of papers found for the keywords and phrases such as “nanodentistry”; “dentistry and
nanotechnology”; “dentistry and nanoparticles”; “dentistry and nanomedicine”;
“dentistry and nanorobots”. The search considered works published in Scopus till 5Sth
of November 2023 (included). Only relevant literature in English from the electronic
search was selected for the present review. The nanoparticles had to be used in
periodontics.

The found papers were subjected to the inclusion and exclusion criteria. The
inclusion criteria are as follows: 1) use of nanoparticles in periodontics; ii) full text
journal articles written in English; iii) books and book chapters written in English; iv)
scientific works published in 2013 and later (older works are mentioned only in the
Introduction chapter).

The exclusion criteria are as follows: i) case reports (clinical trials); ii) conference
papers; iii) materials published earlier than 2013; iv) randomized controlled studies;
v) editorials; vi) errata. The search was carried out in Scopus, using the keywords and
phrases ‘“nanodentistry”, “dentistry and nanotechnology”, “dentistry and
nanoparticles”, “dentistry and nanomedicine”, “dentistry and nanorobots”.

In total, 530 records were found.

1)  We excluded the types of papers that fit the exclusion criteria.

2) The first and second co-authors analyzed the remaining records for compliance
with the inclusion and exclusion criteria. Some points were clarified with
additional hand searching, in particular the peculiarities of the use of triclosan,
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bone grafting, and data about periodontal disease. There were 27 additional
records identified from the hand search.

3)  Allselected records were distributed among all authors for reading of the full text

articles and preparation of the manuscript. The procedure is generalized in Figure

2 in the PRISMA flowchart.
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Figure 2. PRISMA (Preferred reporting items for systematic reviews and meta-

analyses) flow diagram of inclusion/exclusion criteria.

3. Results

The results of the search are summarized in Table 1 and explained in details
below this table.

Table 1. Results of the search.

Nano-dentistry

Dentistry and

Dentistry and Dentistry and

Dentistry and Total (along

nanotechnology nanoparticles nanomedicine nanorobots row)
Nanodentistry 53 18 8 18 2 99
Dentistry and nanotechnology 18 148 19 15 0 200
Dentistry and nanoparticles 8 19 169 4 0 200
Dentistry and nanomedicine 18 15 4 75 0 112
Dentistry and nanorobots 2 0 0 0 1 3

The first column contains key words as well as the first row. The numbers on

intersections of rows and columns indicate the number of papers belonging to both
key words. The intersection of the key word along the row and column indicates the

number of papers that belong exclusively to this particular key word. The table is

symmetric, i.e., the number of papers on the intersection of a certain row and a certain

column is the same as the number of papers on the intersection of a certain column
and row with the same key words. The column entitled “Total (along row)” indicates

the amount of papers that belong solely to a certain key word and in combination with
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other key words. Since the table is symmetric, the total amount of papers in each
column equals to that of each row. The last row, “Total papers” indicates the total
amount of papers.

Numerical analysis of publication in a certain field can be interesting and useful.
It can reveal some patterns of development, ties to other fields, and trends of
development [19,26].

The total list of unique papers contains 530 ones. This number can also be found
when we add the numbers on intersections of a row and a column with the same key
word, i.e., along the diagonal. These include 6 editorials, 7 conference papers, 103
book chapters, 222 journal articles, 187 reviews, and 5 other articles (errata, notes,
etc.).

The distribution of papers by year and cumulative amount of papers by year are
given in Table 2.

Table 2. The amount of paper year by year and cumulative amount of papers by

year.
Year Papers by year Cumulative number of papers
2000 2 2
2006 1 3
2007 1 4
2009 2 6
2010 3 9
2011 14 23
2012 9 32
2013 8 40
2014 9 49
2015 14 63
2016 10 73
2017 9 82
2018 16 98
2019 17 115
2020 56 171
2021 76 247
2022 117 364
2023 166 530

The cumulative amount of papers by year can be expressed with the formula [27].
(xisx)
where N (X < x) is the cumulative amount of papers for a certain year x; n(x;) is the
amount of papers for i-th year.

These data are also given in Figure 3. The left-hand side Y-axis is for the blue
curve, which shows the amount of papers each year. The right-hand side Y-axis is for
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the orange curve, which shows the cumulative distribution of papers, i.e., the sum of
papers for this particular year and all years prior to this one.
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Figure 3. The amount of paper versus year (left hand side axis Y) and cumulative
amount of papers (right hand side axis Y).

As can be seen from Figure 2, the number of papers published within 2020-2023
has sharply increased. This rise agrees with the prediction made in the study by
Kochan [19]. However, it seems to us as a new trend, so it is impossible to fit any
curve to describe the data and make any prediction for the field’s future development.

We try to fit the curve to data. There are several tools, such as regression analysis
[28] and neural networks [29,30] to solve such a task. However, according to
Spiegelhalter [31], it is preferable to use regressions in relatively simple tasks like this.
We applied this approach in the study by Kochan [19], and we will follow it in this
paper too.

We failed to fit the curve to the amount of paper versus year because there is no
such a typical equation [28] to fit the amount of papers by year.

However, we can fit the cumulative amount of papers. To do it, we need to
preprocess the data. First of all, we eliminate the data prior to 2006 to avoid gaps in
the independent variable (year). Then, to simplify the coefficients, we subtract 2000
from each year (i.e., we use only two last digits to denote a year), and plug is in
Equation (2). From Figure 3, we assume the data can be fitted with the model as
follows:

Cumulative Amount of Papers = ay - ai’ear 2)

To estimate the unknown coefficients ay and a; we log both sides, so the linear
model is as follows:

Log(Cumulative Amount of Papers) = log(a,) + year - log(a,) 3)

Equation (3) is the simple linear regression [27,28]. Having applied the
conventional procedure of the least squares we got coefficients of Equation (3). The
distribution of residuals is given in Figure 4.

91



Characterization and Application of Nanomaterials 2024, 7(1), 4306.

0.2
0.15
0.1
0.05 L]
. 0 .
-0.05
-0.1
-0.15
-0.2

-0.25

Figure 4. The distribution of residuals for linearized Equation (3).

We use the coefficients of the linearized model to compute the coefficients of
Equation (2) according to the procedure described in the study by Mendenhall et al.
[28]. We plug numerical values of coefficients in Equation (2) to get the formula that
can be used for calculating the cumulative amount of papers:

Cumulative Amount of Papers = 0,649 - 1,3347¢4" 4)

The coefficient of determination is 0.97, which means the model explains the
variation of 97% of the data. According to DeCoursey [27] and Mendenhall et al. [28],
in a fully valid linear model, residuals have to be distributed randomly. This was the
case in the study by Kochan et al. [19]. However, Figure 4 shows some pattern in
distribution, so the model can be used with some care; that is why we do not use it for
forecasting, unlike Kochan et al. [19], despite a very high value of the coefficient of
determination. However, the forecast can be made according to the technique given in
the study by Hu et al. [9].

4. Discussion

4.1. Properties of nanomaterials

Nanotechnology refers to the science and art of engineering materials on a scale
of less than 100 nanometers [29-31]. The term “nanotechnology” was initially coined
by Norio Taniguchi, a professor at Tokyo Science University, in 1974. According to
scientific research, nanotechnology involves processing materials by manipulating
them at the level of individual atoms or molecules [32]. Materials with components
measuring less than 100 nanometers in at least one dimension are called nanomaterials.
This includes synthetic or natural materials such as clusters of atoms, grains less than
100 nanometers in size, fibers with a diameter of less than 100 nanometers, films less
than 100 nanometers in thickness, nanoholes, and composites that are a combination
of these [33,34].

Unique physical and chemical properties are possessed by materials on the
nanoscale, commonly referred to as nanomaterials. Nanostructures, another name for
nanomaterials, can be classified based on their dimension. Zero-dimensional
nanostructures are known as nanoparticles, while nanowires and nanorods are
considered one-dimensional nanostructures. Two-dimensional nanostructures are
referred to as thin films. All of these structures meet the definition of a nanomaterial
or nanostructure, being smaller than 100 nm in at least one dimension (Figure 5) [35].
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The characteristics of the material have been enhanced, resulting in improved
toughness, stiffness, and transparency, as well as increased resistance to scratches,
abrasions, solvents, and heat. Furthermore, nanoparticles possess distinctive attributes
that distinguish them from other particles, such as varied chemical, optical, magnetic,
and electro-optical properties, which are not found in bulk species or individual
molecules [35].
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Figure 5. Representation of the structure of nanomaterials that are highly beneficial
for medical purposes.

Reprinted from Bonilla-Represa et al. [35], 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/).

The shape of nanoparticles and their size distribution vary depending on the
method of synthesis used. Both top-down and bottom-up approaches can be utilized
in the creation of nanoparticles. The synthesis methods for nanoparticles depend on
the material classification of the particle, such as metal, ceramic, or polymer.

Silver nanoparticles are commonly used in dental materials because of their
ability to destroy microbes. Metal complexes are typically reduced in dilute solutions
under carefully controlled reduction reaction conditions to create metal colloidal
dispersions containing metallic nanoparticles [36]. Drug delivery often employs
polymer nanoparticles, such as nanospheres and nanocapsules, which often contain
active pharmaceutical ingredients within each particle or have macromolecular
substances adsorbed on their surface. Polymerization-based methods like emulsion
polymerization, dispersion polymerization, interfacial complexation, and polymer
participation methods such as single/double emulsion, solvent displacement, or salting
out can be used to prepare polymer nanoparticles. Drugs can be incorporated either
during nanoparticle preparation or after [37]. Typical polymers for polymer
nanoparticles include chitosan, polyacrylamide, polyacrylate, and polyesters.
Biodegradable polymer nanoparticles are often employed to release drugs from
nanoparticles into the human body. Polymer nanoparticles can be used as a drug
delivery mechanism, which offers many benefits over traditional drug applications.
These benefits include the ability to target specific tissues and cells through ligand
specificity, efficient absorption of polymer nanoparticles into cells, lower doses of
drugs required for treatment, reduced toxic effects, sustained release of drugs at the
target site, and improved therapeutic potential [38]. The fusion of nanotechnology in
the treatment modalities for periodontal diseases can be considered one of the
breakthroughs in periodontics.
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4.2. Periodontal diseases

Periodontal disease, which is a major dental illness, affects millions of people
across the globe. The disease is one of the significant public health problems in many
countries [39,40], as it possesses the criteria such as being widespread and having
severe consequences on individuals, communities, and health services in terms of
social, psychological, and economic aspects [41,42].

Inflammation and damage to the supportive tissues surrounding the teeth,
including the periodontal ligament, alveolar bone, cementum, and gum, often occur
due to the invasion of anaerobic Gram-negative bacteria (Figure 6). This condition is
commonly known as periodontal disease [43]. The cause of periodontal disease is the
imbalance between the colonization of bacterial pathogens and the host’s immune
response toward infection [44,45].
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Figure 6. Schematic representation of healthy periodontal tissues and generalized
periodontitis.

Periodontal treatment aims to address infections and restore the function and
structure of periodontal tissues, including cementum, periodontal ligament (PDL)
fibres, and bone. However, it is still difficult to fully recover these three tissue types
and re-establish the strong attachment of PDL fibres to the new cementum and alveolar
bone [46,47].

Recent developments in nano-materials and nano-technology have created
promising possibilities for the efficient management of periodontitis. Various newer
techniques, such as the use of bio-adhesive polymers to achieve extended drug release,
enhancing intrapocket drug penetration, improving mechanical features through
chemical cross-linkers, and the potential of loading multiple drugs in a single delivery
system, offer several significant advantages. These benefits pave the way for further
research opportunities in advancing dental therapeutics through the development of
drug delivery systems [48—51].

4.3. Applications of nanotechnology in periodontics

Antiseptic treatment of periodontal diseases involves using disinfectants, which
can contain irritating compounds and cannot be applied to soft tissues like mucosa. An
exciting alternative to these strong disinfectants is the development of Ozone water.
Unlike other disinfectants, Ozone water does not damage skin cells, and repeated use
does not result in skin roughness or oral mucosa irritation. After use, ozone
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decomposes to oxygen and leaves no harmful residues. Additionally, ozone nano-
bubble water, which has been stable for over six months in storage in an electrolyte
solution, has been created [52].

Nanotechnology in periodontics has touched every aspect of treatment modality,
from non-surgical therapy to implant procedures, including regenerative procedures
(Table 3).

Table 3. Overview of advancements in nanomaterial, and nanotechnology in periodontics.

Active ingredient/brand name

Properties and advantages Reference/year

Ozone water

Antimicrobial and antibiofilm
activity of curcumin-silver
nanoparticles

Triclosan

Tetracycline microspheres

Minocycline Microspheres,
Arestin®

Harungana madagascariensis
(Hypericaceae)

Tricalcium phosphate scaffolds
for bone regeneration/Vitosso
(Orthovita, Inc., USA)
HA-+tricalcium phosphate

Nano-Hydroxyapatite for Bone
Tissue Engineering, Nano
crystalline particles of HA
Ostims commercially available
in a syringe as a ready-to-use
paste (Heraeus Kutzer, Hanau,
Germany)

Chitosan Nanohydrogel as a
Bone Regenerative Material

Chitosan hydrogels for drug
delivery

Micro-nanorobots

Ozone water is an exciting alternative to strong disinfectants (i.e. Alcohol, povidone [52]/2017 year
iodine) used in antiseptic treatment of periodontal diseases. It can be used on soft
tissues like mucosa and does not contain irritating compounds.

Curcumin-silver exhibited excellent antibacterial activity against both Gram-positive ~ [53]/2018 year
and Gram-negative bacteria and were less toxic to human keratinocytes. Cur-AgNPs

were effective in inhibiting biofilm formation and exhibited anti-inflammatory effects

on human macrophages.

It is a noncationic antimicrobial agent that has been proven efficacious against several  [54]/2020 year
plaque forming bacteria. [55]/2021 year

Tetracycline Microspheres(TM) were more effective in treating chronic periodontitis ~ [56]/2017 year
through clinical parameters and microbiological analysis. Additionally, TM had a
superior method of local drug in terms of usage and application.

The microspheres are combined with the person’s saliva as they are dispensed. This [571/2023 year
mixture transforms into a semi-solid gel that fills the small crevices of the gum pocket

and tooth. The microsphere gel compound can move around the mouth after

inoculation, better coating the infected area. The microspheres slowly dissolve over

three weeks to a month, releasing minocycline. This allows the drug to target the

biofilms around the area and directly attack these species.

H. madagascariensis, a plant found in tropical Africa and Madagascar, has medicinal [58]/2023 year
properties that have been traditionally used to cure diseases. It has antibacterial

potential against both sensitive and MDR bacteria. Its anthranoids constituents show

promise in developing herbal medicine and pharmaceuticals to combat bacterial drug

resistance.

Biomaterials made of ceramics, such as CaP, are excellent choices for restoring lost [59]/2017 year
function and hard-tissue engineering. The minerals in them are comparable to those

found in bones, and they have the ability to induce the growth and specialization of

cells.Additionally, their relatively low degradation rate can facilitate prolonged guided

tissue remodeling and structural support.

HAp can promote new bone ingrowth through osteoconduction mechanism without [60]/2019 year
causing any local or systemic toxicity, inflammation or foreign body response.

Nanocrystaline hydroxyapatite (nHA) is a drug delivery carrier that can be used instead

of HA ceramics. The reason for this is that it has a reactive surface area that is quite

high, nanoscale porosity, and it is capable of in vivo degradability

It has the potential to act as a scaffold material that can enhance the differentiation of ~ [61]/2021 year
osteoprogenitor cells, chitosan hydrogel in combination with a bone graft showed

superior bone regenerative potential and could prove to be an excellent candidate for

bone regeneration.

The study tested a prototype toothpaste containing CaClz/chitosan microspheres for [62]/2018 year
remineralization of human tooth enamels. The toothpaste was found to be effective in

increasing calcium contents and Ca/P weight ratios in treated enamels, resulting in

larger remineralization bands compared to the negative control group.

Dental nanorobots can quickly relieve dentine hypersensitivity by closing specific [63]/2023 year
dentinal tubes. Dentifrobots can prevent cavities by targeting harmful bacteria and [64]/2018 year
allowing good bacteria to thrive.

Utilizing micro/nanorobots, stem cells have been transported to a damaged area for the

purpose of restoring tissue. These uses exemplify that micro/nanorobots could act as

foundations for cell-based therapy and regenerative medicine. This has the potential to

be particularly advantageous during the later phases of life, as organs and systems may

begin to deteriorate.
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Understanding their mechanism plays a pivotal role in more efficient usage of
nanotechnology, better treatment procedures, and eventually better outcomes.
Effectively treating periodontal disease involves utilizing NPs that can eradicate
pathogenic bacteria, as bacterial colonization is among the initial stages that cause this
condition. According to available reports, combining azithromycin and clarithromycin
with silver nanoparticles (AgNPs) has been found to have a synergistic antimicrobial
effect against microorganisms that cause periodontal disease [53, 65]. In another study,
produced glutathione-capped bimetallic NPs with great antibacterial potential against
the anaerobic oral pathogen Porphyromonas gingivalis was suggested [53]. Curcumin-
silver nanoparticles (Cur-AgNPs) exhibited excellent antibacterial activity against
both Gram-positive and Gram-negative bacteria and were less toxic to human
keratinocytes [66]. Moreover, Cur-AgNPs exhibited anti-inflammatory effects on
human macrophages by reducing the secretion of pro-inflammatory cytokines 1L-6
and TNF-o compared to chemically synthesized AgNPs. Implants can be coated with
titanium oxide nanotubes and infused with silver nanoparticles to help prevent
infections and prolong the lifespan of the implants [67].

4.4. Dentinal hypersensitivity

Dentin hypersensitivity is an area where dental nanorobots may find their use.
Dentin hypersensitivity is a condition that occurs when changes in pressure are
transmitted through the surface of the tooth, affecting the pulp [68].

The density of dentinal tubules on hypersensitive teeth is eight times higher than
on non-sensitive teeth. Additionally, the diameter of these tubules is twice as large. It
is possible to use dental nanorobots to occlude these tubules within a few minutes.
This procedure offers patients a fast and permanent solution to their hypersensitivity
[69]. The dentinal tubules are reached by tiny nanorobots that move towards the pulp
while being directed by chemical gradients and temperature changes, all controlled by
a nanocomputer. These nanorobots can get the pulp within 100 s, providing quick
relief from sensitivity [63,70].

4.5. Drug delivery

In periodontal treatments, local drug delivery is necessary for reliable outcomes.
Drug delivery systems based on ftriclosan-incorporated nanoparticles have been
developed. Triclosan-loaded nanoparticles have been produced by emulsification-
diffusion to obtain a novel delivery system for the treatment of periodontal disease. In
this research article [54], the authors investigated the properties of triclosan (TCS), a
hydrophobic antibacterial agent with broad-spectrum activity. To improve its
antimicrobial and bacteriostatic effects, a novel amphiphilic copolymer containing
tertiary amine groups, called monomethyl ether poly (ethylene glycol)-b-poly {a-[4-
(diethylamino)methyl-1,2,3-triazol]-caprolactone-co-caprolactone} (mPEG-PDCL),
was synthesized and designed. This copolymer was used to create micelles that served
as carriers for TCS. Micelles released the cargo faster in acidic environments and
demonstrated excellent antimicrobial ability against S. aureus and E. coli. Significant
regeneration of the lost bone was revealed for the nanogels-treated group as per
another study [55] based on morphometric findings. The developed nano-gel system,
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loaded with antimicrobial TCS and anti-inflammatory FLB (flurbiprofen-loaded nano-
gels), showed a superior healing effect in treating periodontitis based on the overall
results.

The use of microspheres containing tetracycline is presently being evaluated for
treating periodontal pockets. Based on the study by Kumar et al. [56], it was concluded
with the help of clinical parameters and microbiological analysis that Tetracycline
Microspheres (TM) were more efficient than commercially available Tetracycline
Fibers (TF) (Periodontal Plus AB) in the treatment of chronic periodontitis. Also, TM
had a better mode of local drug delivery in comparison to TF for both dentists and
patients in terms of usage and application.

Arestin is a famous brand of antibiotic minocycline that is claimed to aid in
regaining at least 1 mm of gingival reattachment height. This treatment does not
require bandages or stitches and is bio-adhesive and bioresorbable, which means that
it will not leak or fall out and does not need to be removed by the dentist or hygienist
in a follow-up visit. When combined with deep cleaning, using Arestin to treat
periodontal disease can help keep gum pockets below the threshold for surgical
intervention. Moreover, the application of Arestin is comfortable and does not require
anaesthesia. Clinical trials have demonstrated that a single dose of microspheres
introduced into an infected gum pocket can be released for over three weeks, compared
to minocycline oral capsules, commonly prescribed for 15 days [57]. Arestin® doses,
which contain minocycline hydrochloride impregnated within a polymer, are delivered
in 1 mg increments into the gum pocket, allowing the minocycline to be released
slowly over three weeks to a month.

Although several chemical agents are available commercially, the search for
alternatives persists, and traditional medicinal plants are considered a viable option,
as they contain natural phytochemicals that could serve as substitutes.

An African plant called Harungana madagascariensis (Hypericaceae) possesses
antimicrobial properties and contains various antimicrobial components. The leaves
were subjected to successive Soxhlet solvent extractions to prepare an ethyl acetate
extract, which was then tested against several oral pathogens. The extract killed all
oral bacteria tested, including Actinomyces, Fusobacterium, Lactobacillus, Prevotella,
Propionibacterium, and Streptococcus species. However, the activity of poly(d,l-
lactide-co-glycolide) nanoparticles containing the extract was enhanced. The authors
suggested that the polymer’s bioadhesive properties might have led to the extract being
in contact with the bacteria for prolonged periods [58].

4.6. Bone regeneration

Bone loss is a significant hallmark of periodontitis. Losing bone support causes
tooth movement and dislocation, ultimately resulting in tooth loss [71]. Biologic or
synthetic biomaterial intended for human implantation to restore bone health, preserve
bone structure, or fill bone loss is considered a bone substitute [72]. Bone grafts can
be conveniently divided into four groups:

e  The patient himself (autogenous grafts)—“gold standard” for bone replacement

[73];
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e  Different donors from the same species (allogeneic grafts), including freeze-dried
bone allografts and demineralized freeze-dried bone allografts [74];

e  Donors from different species (xenogeneic grafts), for example, Bio-Oss [75];

e  Synthetically created materials (alloplastics), for example, tricalcium phosphates
[59], a calcium-layered polymer of polymethyl methacrylate and hydroxyethyl
methacrylate [76], bioactive glass [77], and hydroxyapatite (HA) [78].
Hydroxyapatite (HAp) is the primary mineral constituent of vertebrate bones and

teeth. Hydroxyapatite (HAp) powder has been used for biomedical applications such

as bone implant substitutes, scaffolds for complex tissue engineering, or superficial
coating of implants due to a great chemical similarity with biologically calcified
tissues. Synthetic HAp has been of interest for decades due to its excellent
biocompatibility, affinity to biopolymers, and high osteogenic potential. It has been
well documented that HAp can promote new bone in growth through osteoconduction
without causing local or systemic toxicity, inflammation, or a foreign body response

[79]. Among the various HAp structures, nanosized HAp, also known as HAp

nanoparticles, with appropriate stoichiometry, morphology, and purity, have

stimulated great interest in basic scientific research and various biomedical
applications.

Nanosized HAp, which has a grain size less than 100 nm in at least one direction,
has high surface activity and an ultrafine structure, similar to the mineral found in hard
tissues. In recent years, bioceramics and biocomposites based on nanosized HAp have
been the most promising materials for a variety of biomedical applications.
Nanocrystaline hydroxyapatite (nHA) is a drug delivery carrier that can be used
instead of HA ceramics. The reason for this is that it has a reactive surface area that is
quite high, nanoscale porosity, and it is capable of in vivo degradability. Numerous
techniques have been created for linking nHA with a broad range of antibiotics,
especially tetracyclines, gentamicin, and vancomycin. The effectiveness of the
delivery mechanism relies on the interplay of antibiotics with the surface of nHA, the
scaffold’s porosity, the capacity of antibiotic loading on the nHA nanoparticles, and
the gradual release of antibiotics in the defect [60]. Apart from its therapeutic activity,
nHA also acts as a bioactive matrix for newly formed bone, which may be improved
with metal (Zn*" and Sr?*) and carbonate substitution (CO3%") in the apatite structure.
Methods for the preparation of HAp nanoparticles are given in Figure 7 [80].

‘ Methods for the preparation of HAp nanoparticles ’

y X a

Wet methods: .
* Chemical High Temp.
e Ttation Processes
Dry methods: - pHre;lp; is « Combustion
+ Solid state yarowys * Pyrolysis
method methiod method

* Mechano-
chemical
method

7 Emnkson . + Combination
* Sono-chemical
method prccrdures
@ V2 U 9 _
Figure 7. Methods for the preparation of HAp nanoparticles.

98

* Sol gel method
* Hydrothermal
method

* Synthesis from
biogenic
sources




Characterization and Application of Nanomaterials 2024, 7(1), 4306.

Various techniques have been developed to enhance the osteogenesis process,
including bone grafts [81], scaffolds [82], stem cells [83], and growth factors [84]. All
of these techniques have significant clinical drawbacks. Autologous grafts are limited
in availability, growth factors are often unstable, and biomaterials have a high failure
rate. Consequently, there is a great need for treatments that are highly effective and
efficient in order to pave the way for periodontal tissue renewal. Designing scaffolds
that imitate the intricate shape and organization of periodontal tissues is a significant
challenge in regenerative periodontology.

Ceramics and polymers are the most commonly used materials for restoring and
replacing lost oral tissues in periodontal regeneration. Ceramic biomaterials, such as
calcium phosphate (CaP), calcium sulfate (CS), and bioactive glass (BG), are highly
suitable for the construction of complex tissues. They can effectively restore lost
function due to their similar composition to bone minerals, ability to stimulate cell
proliferation and differentiation, and relatively low degradation rate. The latter is
particularly beneficial for promoting long-term guided tissue remodelling and
structural support. Nevertheless, these materials’ brittleness and low ductility should
be considered. Polymers, such as polylactic acid (PLA), polyglycolic acid (PGA), the
copolymer poly (lactic-co-glycolic acid), and PCL, are highly adjustable and can be
mass-produced [59].

Although many options are available, achieving complete regeneration is still
challenging. Therefore, there is a focus on utilizing natural materials to overcome the
limitations of synthetic ones. Chitosan is a naturally occurring biopolymer that is
abundant [85]. It has the potential to act as a scaffold material that can enhance the
differentiation of osteoprogenitor cells, which in turn promotes bone regeneration [86].
The study’s outcome showed that chitosan significantly improved clinical and
radiological parameters [61]. When bone grafts were mixed with chitosan gel and used
to treat defects, it substantially reduced probing depth, improved clinical attachment
loss, and achieved significant defect resolution at six months [87].

4.7. Prevention

Delivery of nanorobotic dentifrice is possible through toothpaste or mouthwash,
allowing it to patrol all surfaces above and below the gum line. It can metabolize
trapped organic matter into harmless, odorless vapors while performing continuous
calculus debridement [88].

Mouthwash or toothpaste can release tiny robots called dentifrice nanorobots (or
dentifrobots) onto the surfaces of teeth. These robots, which can be as small as 1-10
microns, move quickly (at a rate of 1-10 microns/second) and can clean up organic
residues on both the supragingival and subgingival surfaces of teeth. By doing so, they
can continuously prevent the buildup of calculus. Dentifrobots are designed to be safe
for humans; they are deactivated when swallowed. Additionally, if they are correctly
configured, dentifrobots can detect and eliminate harmful bacteria that may be present
in dental plaque [64].

In scientific research [62], we tested a prototype toothpaste containing
CaCly/chitosan microspheres for remineralization of human tooth enamels. The
toothpaste was found to be effective in increasing calcium contents and Ca/P weight
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ratios in treated enamels, resulting in larger remineralization bands compared to the
negative control group.

Antimicrobial peptides can be immobilized on the surface of medical devices and
instruments to provide them with antimicrobial properties [89].

4.8. Challenges faced by nano dentistry

The healthcare industry is set to undergo a significant transformation through the
utilization of nanotechnology, which provides new possibilities for disease diagnosis
and prevention, drug delivery, and gene therapy. Despite the groundbreaking methods
and equipment introduced by nanotechnology in the dental field, certain apprehensions
must be addressed (Table 4). These include cost-effective mass production of
nanorobots, ethical dilemmas and human safety, biocompatibility issues, and the
necessity for precision positioning and technical expertise in nanotechnology [90-94].

Table 4. Problems and challenges of nanotechnology.

Area Problems and challenges

Feasibility of mass production technique
) ) Assembly lines for mass production
Engineering
Precise monitoring and control of production processes
Metrological service of measuring instruments
Development of biofriendly nanomaterial
Biological Development of safe materials for human beings
Biocompatibility the human body
Ethics
Public opinion and acceptance
Social Regulation and human safety

Affordability
Accessibility

5. Conclusion

The field of nanotechnology is relatively new and holds immense potential for
advancements. There are numerous paths for its development and progress. It is a
rapidly growing area with the potential to produce advanced clinical tools and devices
for oral healthcare.

The future of periodontics looks incomplete without incorporating
nanotechnology in routine periodontal therapy, be it surgical or non-surgical; however,
it will take extensive research to develop nanoscale biomaterials, which can be safely
instilled in the human body. Nanotechnology promises to play an essential role in
minimizing patient discomfort and, at the same time, maximizing the effects of a
particular periodontal therapy.

Numerous nanomedicine approaches are being pursued today, and their
successful development will likely occur very soon. These approaches are already
close enough to the realization that their subsequent incorporation into valuable
medical diagnostics or clinical therapeutics is almost inevitable. The fusion of
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nanotechnology in the treatment modalities for periodontal diseases is one of the
breakthroughs in periodontics.
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Abstract: Recently, carbon nanocomposites have garnered a lot of curiosity because of their
distinctive characteristics and extensive variety of possible possibilities. Among all of these
applications, the development of sensors with electrochemical properties based on carbon
nanocomposites for use in biomedicine has shown as an area with potential. These sensors are
suitable for an assortment of biomedical applications, such as prescribing medications, disease
diagnostics, and biomarker detection. They have many benefits, including outstanding
sensitivity, selectivity, and low limitations on detection. This comprehensive review aims to
provide an in-depth analysis of the recent advancements in carbon nanocomposites-based
electrochemical sensors for biomedical applications. The different types of carbon
nanomaterials used in sensor fabrication, their synthesis methods, and the functionalization
techniques employed to enhance their sensing properties have been discussed. Furthermore,
we enumerate the numerous biological and biomedical uses of electrochemical sensors based
on carbon nanocomposites, among them their employment in illness diagnosis, physiological
parameter monitoring, and biomolecule detection. The challenges and prospects of these
sensors in biomedical applications are also discussed. Overall, this review highlights the
tremendous potential of carbon nanomaterial-based electrochemical sensors in revolutionizing
biomedical research and clinical diagnostics.

Keywords: carbon nanocomposites; sensitivity; selectivity; low detection limits; detecting
biomolecules; monitoring physiological parameters; diagnosing diseases; electrochemical
sensors

1. Introduction

Because electrochemical sensors can identify and measure the different
biochemicals present in human fluid, they are essential in biomedical applications. It
provides excellent sensitivity and selectivity for identifying target analytes and can
quickly and precisely identify certain compounds or biomarkers in complex biological
samples. Because of this, electrochemical sensors’ sensitivity and selectivity make
them useful instruments for monitoring and diagnosing diseases early on [1-5]. As
known, the electrochemical sensors provide rapid analysis, delivering real-time results
within minutes or seconds, which is essential in critical medical situations for timely
diagnosis and treatment decisions [6—8]. Thus, it eliminates the step of sending
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samples to a clinical laboratory and deletes the late medical interventions. In addition,
electrochemical sensors are often cost-effective compared to traditional laboratory-
based analytical techniques, making them accessible in resource-limited settings
[9,10].

Multiplexed analysis can be made possible by designing the electrochemical
sensors to detect numerous analytes at once. This is another potential feature. This
function is very helpful for biomarker profiling, as the combination of several
biomarkers can yield more thorough diagnostic data [11,12]. In terms of long-term
monitoring, the electrochemical sensors can be integrated into implantable or wearable
devices for long-term monitoring of physiological parameters or drug delivery. This
allows continuous monitoring of patient health and therapeutic efficacy over extended
periods, providing valuable insights for personalized medicine and treatment
optimization [13,14]. Thus, electrochemical sensors have diverse applications in
biomedicine, including disease diagnosis, drug discovery, monitoring of therapeutic
interventions, environmental monitoring, and biosecurity. Their versatility allows
them to be adapted for various biomedical needs.

In short, electrochemical sensors offer high sensitivity, selectivity, rapid analysis,
and versatility, making them indispensable tools in biomedical applications. They have
the potential to revolutionize medical diagnostics, patient monitoring, and
personalized medicine by providing accurate, real-time, and cost-effective solutions.

2. Instrumentation of electrochemical sensors

Electrochemical sensors are widely used for detecting and quantifying various
analytes in fields such as environmental monitoring, healthcare, and industrial
processes. The instrumentation of electrochemical sensors typically involves several
key components and techniques. The basic setup of an electrochemical sensor consists
of an electrochemical cell. This cell typically includes an electrode system, which
consists of a working electrode, a reference electrode, and a counter electrode. The
analyte of interest interacts with the working electrode surface, leading to an
electrochemical reaction. To control and measure the electrical potential or current
during electrochemical measurements, a potentiostat or galvanostat is used. These
instruments provide a stable potential or current to the working electrode and maintain
it at the desired value throughout the experiment. Potentiostats are commonly used for
most electrochemical measurements. The reference electrode is a stable electrode with
a known and constant potential. It provides a reference point for measuring the
potential at the working electrode. Common reference electrodes include silver/silver
chloride (Ag/AgCl) and saturated calomel electrode (SCE). The counter electrode
completes the electrical circuit in the electrochemical cell. It compensates for the
current flowing through the working electrode during the electrochemical reaction.
Common counter electrodes are made of materials such as platinum, graphite, or gold.
The electrochemical signal generated at the working electrode is typically small and
requires amplification and conditioning for accurate measurement. Signal amplifiers
and filters are used to enhance the signal-to-noise ratio and remove unwanted noise or
interference. A data acquisition system is used to collect and process the output from
the electrochemical sensor. It typically includes analog-to-digital converters (ADCs)
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to convert the analog electrochemical signal into a digital format, which can be further
processed and analyzed by a computer or microcontroller. Electrochemical sensors
often require calibration to establish a relationship between the measured signal and
the analyte concentration. Calibration involves measuring the sensor response with
known concentrations of the analyte and creating a calibration curve. Standardization
ensures the accuracy and reliability of the sensor measurements by using certified
reference materials. In recent years, there has been a trend toward miniaturizing
electrochemical sensors and integrating them with portable or wearable devices. This
allows for on-site and real-time monitoring of analytes in various applications,
including point-of-care diagnostics and environmental sensing. In Figure 1, the
instrumentation of an electrochemical sensor is illustrated.

Antibody Nucleic acid Enzyme e-

Y 4 B | m
Q >PrN )\mg‘“ g

Electrical Amplifier signal processor
Signal Display Unit

Transducer

Figure 1. Instrumentation of electrochemical sensor.

3. Reagent and biomolecules for electrochemical sensing

Electrochemical sensors utilize specific reagents and biomolecules to facilitate
the detection and quantification of analytes. The choice of reagents and biomolecules
depends on the nature of the analyte and the sensing mechanism employed. Enzymes
are widely used in electrochemical sensors due to their high catalytic activity and
specificity. They can be immobilized on the electrode surface or incorporated into the
sensor matrix. Examples include glucose oxidase for glucose sensing, lactate oxidase
for lactate sensing, and cholinesterase for acetylcholine sensing [15—17]. Antibodies
or antibody fragments (e.g., monoclonal antibodies) are used in immunosensors for
the detection of specific antigens or biomarkers. The antibodies are immobilized on
the electrode surface or on nanoparticles that are subsequently captured by the
electrode. This allows for highly specific recognition and measurement of target
analytes [18,19]. Besides this, DNA or RNA probes are employed in nucleic acid
sensors for the detection of specific DNA sequences or RNA molecules. Probes can
be designed to hybridize with the target sequence, leading to changes in the
electrochemical signal. Various strategies, such as hybridization chain reaction (HCR)
or strand displacement amplification (SDA), can be used to enhance the sensitivity of
nucleic acid sensors [20,21]. Moreover, Redox mediators are small molecules that
facilitate the transfer of electrons between the electrode and the analyte, enhancing the
electrochemical signal. Examples include ferrocene derivatives, methylene blue, and
quinones. Redox mediators can be incorporated into the sensor system to mediate the
electrochemical reaction and amplify the signal [22,23]. Reducing or oxidizing agents
can be added to the sensor system to modulate the electrochemical reaction or enhance
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the signal. For example, in amperometric glucose sensors, a reducing agent (e.g.,
ascorbic acid) can be added to minimize interference from other electroactive species
[24,25]. In addition, electrochemical sensors often require buffer solutions to maintain
a stable pH and optimize the electrochemical reactions. Common buffer systems
include phosphate-buffered saline (PBS), Tris-HCI, or acetate buffers. The buffer
composition and pH are chosen based on the requirements of the specific
electrochemical reaction and the stability of the biomolecules involved [26,27].

4. Role of carbon nanomaterials in electrochemical sensor
development

The creation of electrochemical sensors greatly benefits from the use of carbon
nanomaterials. Its remarkable mechanical, chemical, and electrical characteristics
make it an excellent choice for applications involving electrochemical sensing. Due to
its huge reactive surface area and strong electrical conductivity, it can move electrons
efficiently and has increased sensitivity. The performance of conventional electrodes
can be enhanced by using carbon nanomaterials as modifiers or by directly integrating
them into the electrode structure [28,29]. Besides this, it can serve as excellent support
for electro-catalysts in electrochemical sensors. The high surface area and good
mechanical stability of carbon nanomaterials enhance the catalyst’s activity and
stability, leading to improved sensor performance [30,31]. In addition, carbon
nanomaterials can act as electrochemical sensing platforms themselves. Carbon
nanomaterials can be utilized to amplify the electrochemical signals generated during
electrochemical sensing processes. A schematic setup of an electrochemical sensor is
demonstrated in Figure 2.

Receptor
(Enzyme, carbon
nanotube, graphene...)

Aw M
|

Electrochemical signal

Analyte
(Hydrogen peroxide,
glucose, urea, ethanol...)

Figure 2. Schematic diagram of an electrochemical sensor.

Thus, this signal amplification approach improves the electrochemical sensor’s
sensitivity, enabling the detection of trace analytes [32,33]. On the other hand, the
carbon nanomaterials can be tailored to exhibit selective interactions with target
analytes, enabling the development of highly specific electrochemical sensors.
Functionalization of the carbon nanomaterial surface with specific receptors, such as
antibodies, enzymes, or molecular imprints, allows for the selective recognition and
detection of target molecules in complex samples [34,35]. Therefore, carbon
nanomaterials have revolutionized the field of electrochemical sensing by providing
enhanced sensitivity, excellent electrical conductivity, versatile functionalization,
stability, and integration capabilities. Ongoing research continues to explore new
synthesis and functionalization techniques, as well as innovative sensor designs, to
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further optimize the properties of carbon nanomaterials and expand their applications
in various fields, including environmental monitoring, healthcare diagnostics, and
food safety.

5. Types of carbon nanomaterials

There are several types of carbon nanomaterials, each with unique structures and
properties.

5.1. Carbon nanotubes (CNTSs)

Carbon nanotubes are cylindrical structures made of rolled-up graphene sheets.
They can be classified as single-walled (SWCNTs) or multi-walled (MWCNTs)
depending on the number of graphene layers. CNTs possess excellent mechanical
strength, high electrical conductivity, and large surface area. Various types of carbon
nanotubes are illustrated in Figure 3. They are widely used in various applications as
electronics, energy storage, and composite materials.

(a) (b) (c)

Figure 3. Structure. (a) single-walled carbon nanotube (SWCNT); (b) double-walled
carbon nanotube (DWCNT); (¢) multi-walled carbon nanotube (MWCNT).

Thus, carbon nanotubes can serve as excellent transducers in electrochemical
sensors due to their unique electrical properties. When CNTs are functionalized or
modified with specific biomolecules or receptors, they can selectively recognize and
bind to target analytes, such as disease-specific biomarkers or molecules indicative of
a particular disease [36-38]. Thus, the unique properties of carbon nanotubes,
including their high sensitivity, excellent electrical conductivity, electrochemical
activity, and compatibility with functionalization and integration, make them highly
valuable for electrochemical sensing applications. Ongoing research aims to further
optimize the properties of CNTs, explore new synthesis and functionalization
techniques, and develop innovative sensor designs for enhanced performance and
broader application domains.

5.2. Graphene

A further important aspect of the carbon nanomaterial family is graphene, which
is a substance made up of just a single layer of carbon atoms organized in a two-
dimensional in nature honeycomb lattice. The structure of graphene is shown in
Figure 4. It is a highly conductive, flexible, and incredibly thin material. Because of
its remarkable mechanical, electrical, and thermal features, ranging graphene receives
application throughout a variety of fields, including medicinal devices, electronics,
sensors, and energy storage. To achieve high selectivity and specificity towards the
target biomarker, graphene-based electrochemical sensors can be functionalized with
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particular receptors, such as antibodies, aptamers, or molecularly imprinted polymers.
Functionalization lowers false-positive or false-negative readings by enabling the
sensor to distinguish between the target biomarker and other interfering species
present in the sample. Graphene, like carbon nanotubes, can be used in sensor arrays
to allow for the simultaneous multiplexed detection of several biomarkers. An array
of graphene-based sensors can be functionalized with distinct receptors for various
biomarkers, enabling simultaneous analysis and thorough illness diagnosis [39-42].
The application of graphene in electrochemical sensing has shown great promise, and
ongoing research aims to further optimize its properties, explore new fabrication
techniques, and develop innovative sensor designs. Graphene-based electrochemical
sensors have the potential to revolutionize fields such as environmental monitoring,
healthcare diagnostics, food safety, and many other areas where sensitive and selective
detection of analytes is crucial.

OH (o) OH o

Graphene Graphene Oxide

Figure 4. Structure of graphene and graphene oxide.

5.3. Graphene oxide (GO)

Graphene oxide is derived from graphene by introducing oxygen-containing
functional groups. The structure of graphene oxide is shown in Figure 4. GO exhibits
good dispersibility in water and other solvents, making it easier to process and
functionalize. It is used in various fields, including sensors, membranes, drug delivery
systems, and composites [43,44]. Thus, the application of graphene oxide in
electrochemical sensors has shown great promise in various fields, including
environmental monitoring, healthcare diagnostics, and food safety. Ongoing research
is focused on further optimizing the properties of GO-based sensors [45,46] and
exploring new applications in areas such as energy storage, wearable devices, and
point-of-care diagnostics.

5.4. Carbon nanofibers (CNFs)

Carbon nanofibers are elongated structures composed of graphene sheets stacked
together in a fibrous form. The structure of carbon nanofiber is illustrated in Figure 5.
They can be produced through various methods, including chemical vapor deposition
and electrospinning. CNFs possess high mechanical strength, electrical conductivity,
and thermal stability. They find applications in composite materials, energy storage,
and sensors. Therefore, carbon nanofibers offer a range of advantages for
electrochemical sensing applications, including high surface area, excellent
conductivity, versatile functionalization, and compatibility with other materials
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[47,78]. Ongoing research aims to further optimize the properties of CNFs, explore
new synthesis techniques, and develop innovative sensor designs for various analytical
applications.
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Figure 5. Structure of carbon nanofiber.

5.5. Fullerenes

Fullerenes are closed-cage carbon molecules with a hollow spherical or
ellipsoidal structure. The most well-known fullerene is C60, also called
buckminsterfullerene or Buckyball. Fullerenes exhibit unique electronic and optical
properties and have applications in electronics, photovoltaics, and biomedical research.
Thus, fullerene, specifically C60 (buckminsterfullerene), has shown promising
potential for various electrochemical sensor applications. While fullerene-based
sensors are not as extensively studied as other carbon nanomaterials like graphene or
carbon nanotubes, they offer unique properties that make them attractive for certain
sensing applications. Here are some potential applications of C60 as an
electrochemical sensor [49—51]. While the use of C60 as an electrochemical sensor is
still an active area of research, its unique properties, including redox activity, electron
transfer kinetics, stability, and the ability to detect reactive species, make it an
intriguing material for certain sensing applications. Further research and development
are needed to explore and optimize the potential of C60-based electrochemical sensors
and to understand their performance characteristics in various sensing scenarios. The
larger C70 molecule, similar to C60, belongs to the fullerene family. It resembles the
ellipsoidal cage structure of a rugby ball. The structures of C70 and C60 fullerene are
shown in Figure 6b,c. A fullerene C70 cube is used for sensing volatile aromatic
solvent vapors [52,53].

Figure 6. Structure. (a) carbon nanohorn; (b) C70 fullerene; (¢) C60 fullerene.

5.6. Carbon dots

Carbon dots are small carbon nanoparticles with sizes typically less than 10
nanometers. They exhibit strong fluorescence properties and can be easily
functionalized. As illustrated in Figure 7, CDs are comprised of graphene quantum
dots, carbon quantum dots, carbon nanodots, and carbonized polymer dots. These dots
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are categorized based on the particular characteristics of their carbon core structure,
surface groups, and properties [54].

Carbon Dot

3
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<

&

Graphene quantum dot ~ Carbon quantumdot ~ Carbon nanodot ~ Carbonize polymer dot

Figure 7. Classification of carbon dots.

Carbon dots find applications in bioimaging, optoelectronics, and sensing.
Therefore, carbon dots as electrochemical sensors are an active area of research, with
ongoing efforts focused on optimizing their properties, exploring new synthesis
techniques, and developing innovative sensing strategies. The unique characteristics
of CDs, including their electrochemical activity, high surface area, sensitivity, and
versatility, make them attractive for a wide range of electrochemical sensing
applications [55-57].

5.7. Carbon nanohorns

Carbon nanohorns (CNHs) are unique carbon nanostructures that have gained
significant attention in various fields, including electrochemical sensor applications.
CNHs are three-dimensional, hollow, horn-shaped carbon nanoparticles with a high
surface area and unique electronic properties. The structure of carbon nanohorn is
shown in Figure 6a. These propertiecs make them promising candidates for sensor
development, particularly in electrochemical sensing [58,59]. Ongoing research and
development in this field aim to further optimize the performance of CNH-based
sensors and explore new applications in sensing and detection.

6. Carbon nanomaterial-based electrochemical sensors

Due to its special qualities, which include strong electrical conductivity, a huge
surface area, and exceptional chemical stability, carbon nanomaterials have
demonstrated significant potential in the field of electrochemical sensors, as was
previously mentioned. Their ability to efficiently transport electrons and offer a large
surface area for analyte adsorption makes them excellent choices for sensing
applications. A summary of the electrochemical sensors that have been developed
utilizing various carbon nanomaterials is presented in Table 1. Applications for carbon
nanomaterial-based electrochemical sensors are numerous and include food safety,
industrial process control, healthcare diagnostics, and environmental monitoring
[60,61]. Target analytes can be detected swiftly, cautiously, and exquisitely attributable
to the distinctive characteristics of carbon nanomaterials. The goal of ongoing research
is to further improve the performance of these sensors by the integration of cutting-
edge signal transduction techniques, the optimization of carbon nanomaterial
manufacturing, and the investigation of novel functionalization procedures.
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Table 1. Carbon nanomaterials based modified electrochemical sensors [62].

Modified electrode Drug Method Linear range Limit of detection
MWNT-COOH/GCE 6-mercaptopurine Amperometry - -
MWNT-COOH/GCE 6-mercaptopurine Amperometry 0.4-100 uM 0.2 uM
SWNT-DCP/GCE Epirubicin Linear sweep voltammetry 0.05-50 uM 0.02 uM
CNT-CTAB/GCE Daunorubicin Cyclic voltammetry 20-500 nM 10 nM
MWCNT/GCE Enrofloxacin Ciprofloxacin Linear sweep voltammetry 2.0-780.0 pM 0.5 uM
MWCNT/GCE Ciprofloxacin Linear sweep voltammetry 40-1000 pM 6.0 uM
MWCNT/GCE Gatifloxacin Differential pulse voltammetry 21.3-1700 uM 4.5 1M
Ag NPs/MWCNTs-COOH/GCE Adriamycin Differential pulse voltammetry 8.2—19 nM 1.7 nM
Cyclodextrin-Gr NS/GCE Doxorubicin Methotrexate  Differential pulse voltammetry 10 nM—0.2 uM 0.1 nM
MWCNTSs/CPE 6-Mercaptopurine Linear sweep voltammetry 0.5-900 uM 0.1 uM
O-MWNTs/GCE Methotrexate Differential pulse voltammetry 0.1-8.0 uM 0.015 uM
Q-MWNTs/GCE Methotrexate Amperometry 0.01-20 mg/L 0.2 uM/L
dsDNA-modified PPYMWCNTs/PGE ~ 6-Mercaptopurine Differential pulse voltammetry 0.2—-100 pM 0.08 pM
CQDs/GCE Etoposide Differential pulse voltammetry 0.02—-10.0 uM 0.005 uM
GQD/GCE Doxorubicin hydrochloride Differential pulse voltammetry 0.018-3.600 uyM  0.016 uM
GQD/GCE Doxorubicin hydrochloride Differential pulse voltammetry 0.018-3.60 uM 0.016 uM
MWCNT/GCE 6-Mercaptopurine Linear sweep voltammetry 0.5-3.0 uM 8.41 nM
MWCNT/Pt E Doxorubicin Cyclic voltammetry 0.2-4.0 uypM/mL  0.002 pM/mL
DNA/SWCNTs/PPy/PGE Ciprofloxacin Differential pulse voltammetry 0.008-30.0 pM 4 nM
CB/B-CD/SPE Flutamide Differential pulse voltammetry 0.05-158.3 uM 0.016 uyM
MWCNTs/GCE Dacarbazine Differential pulse voltammetry 0.4-2500 nM 0.12 nM
MWCNT-PUFIX/HF-PGE Capecitabine Erlotinib Differential pulse voltammetry 7.70-142.00 uM  0.11 pM
N-rGO-CS/Au Doxorubicin Differential pulse voltammetry 0.010-15 pM 10 nM
CNPs/N/GCE Azathioprine Cyclic voltammetry 0.2-50 uM 80 uM
NDG/CS/GCE Azathioprine Cyclic voltammetry 0.2-100 uM 65 uM

7. Working principles of electrochemical sensors

The cornerstone for the functioning of electrochemical sensors is the principle of
converting an electrical signal from a chemical signal, such as the presence or
concentration of an analyte. Usually, they are made up of an electrode/electrolyte
system that aids in the electrochemical reactions necessary for sensing. These
comprise the general working principles of electrochemical sensors; however, they
might differ based on the particular design and configuration as:

7.1. Potentiometric sensors

Potentiometric sensors measure the potential difference (voltage) between two or
more electrodes in an electrochemical cell. The potential difference is related to the
concentration of the analyte under investigation. These sensors typically employ ion-
selective electrodes (ISEs), such as pH electrodes or ion-specific electrodes, that
selectively respond to specific ions in the solution. The potential difference generated
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by the ISE is measured and correlated with the analyte concentration using a
calibration curve.

7.2. Amperometric sensors

Amperometric sensors detect the current generated by an electrochemical
reaction at an electrode surface. The current is proportional to the concentration of the
analyte. These sensors usually consist of a working electrode, a reference electrode,
and sometimes a counter electrode. The working electrode is typically modified with
a catalyst or specific molecules that facilitate the electrochemical reaction of the
analyte. When the analyte comes into contact with the working electrode, it undergoes
an oxidation or reduction reaction, resulting in the generation of a current that is
measured and correlated with the analyte concentration.

7.3. Voltammetric sensors

Voltammetric sensors involve the measurement of the current as a function of the
applied potential (voltage) at an electrode. These sensors utilize techniques such as
cyclic voltammetry, differential pulse voltammetry, or square wave voltammetry. The
potential is scanned over a specific range, and the resulting current response provides
information about the analyte concentration. Voltammetric sensors are commonly used
for the detection of redox-active species or for studying the electrochemical behavior
of analytes.

7.4. Impedimetric sensors

Impedimetric sensors track variations in the electrode-electrolyte interface’s
impedance, or frequency-dependent resistance, in response to analyte interaction.
Usually, these sensors use highly surface-aread electrodes or certain surface treatments
to increase sensitivity. The electrical characteristics of the electrode-electrolyte
interface, such as capacitance or charge transfer resistance, change in the presence of
the analyte and are measured in order to ascertain the analyte concentration.

8. Fabrication methods of electrochemical sensor

The fabrication of electrochemical sensors involves several key steps, including
the selection of materials, electrode preparation, immobilization of sensing elements,
and assembly of the sensor. Here is a general overview of the fabrication process:

8.1. Material selection

The first step is to select suitable materials for the sensor components. This
includes choosing appropriate electrode materials, such as metals (e.g., gold, platinum),
carbon-based materials (e.g., graphite, carbon nanotubes), or conductive polymers.
The selection depends on factors such as the target analyte, desired sensitivity, and
compatibility with the chosen fabrication techniques.

8.2. Electrode preparation

The electrodes can be prepared through various techniques, such as physical
deposition, screen printing, or lithography. For example, metal electrodes can be
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fabricated by depositing a thin layer of the metal onto a substrate using techniques like
sputtering or evaporation. Carbon-based electrodes can be prepared by screen printing
a carbon ink onto a substrate or by directly growing carbon nanomaterials on the
electrode surface.

8.3. Surface modification

Surface modification is often performed to enhance the sensitivity and selectivity
of the sensor. This can involve functionalizing the electrode surface with specific
molecules or nanoparticles. Functionalization can be achieved through self-assembled
monolayers (SAMs), electrodeposition, or chemical modification techniques. The
functionalized surface allows for the immobilization of sensing elements or
recognition elements that interact with the target analyte. The surface of nanotubes can
be functionalized in different ways as illustrated in Figure 8.

Acid cutting

Radical

Carbon nanotube

Halogenation

Figure 8. Surface functionalization of carbon nanotubes.

8.4. Immobilization of sensing elements

Sensing elements, such as enzymes, antibodies, or DNA probes, are immobilized
onto the electrode surface to enable the selective detection of the target analyte.
Immobilization techniques can include physical adsorption, covalent attachment, or
entrapment within a polymer matrix. The immobilization method should ensure the
stability and activity of the sensing element while allowing for efficient analyte
interaction.

8.5. Sensor assembly

Once the electrode and sensing elements are prepared, the sensor is assembled.
This typically involves placing the prepared electrode into a suitable housing or cell
that allows for the introduction of the analyte and the connection to measurement
equipment. The assembly can include additional components, such as reference
electrodes or counter electrodes, depending on the sensor design.
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8.6. Sensor characterization and testing

After fabrication, the sensor needs to be characterized and tested to evaluate its
performance. This includes calibrating the sensor response, determining the detection
limit, assessing the selectivity, and evaluating the stability and reproducibility of the
sensor. Various electrochemical techniques, such as cyclic voltammetry or
amperometry, are commonly used for characterization and testing.

9. Biomedical applications of electrochemical sensor

Electrochemical sensors have found numerous applications in the field of
biomedicine due to their ability to provide sensitive and selective detection of various
biomolecules and analytes. Here are some key biomedical applications of
electrochemical sensors:

9.1. Detection of biomolecules

The detection of biomolecules, such as proteins, DNA, and other analytes, is
frequently accomplished through the use of electrochemical sensors. Thus, there are
electrochemical sensors that can identify DNA using a variety of approaches, such as
amplification and DNA hybridization. The particular binding between a DNA probe
that has been mounted on the sensor surface and its complementary target DNA
sequence is what drives DNA hybridization-based sensors. A change in the
electrochemical signal, such as a change in voltage or current, is caused by the
hybridization event and can be monitored to determine whether the target DNA is
present or concentrated [48—50]. Additionally, it could detect proteins using a variety
of methods, including immunosorbent assays involving enzymes (ELISAs) and
antibody-based tests. Target proteins in the sample attach to particular antibodies that
have been permanently selected on the sensor surface in antibody-based sensors.
Protein identification is made conceivable by the binding event, which causes a
modification in the electrochemical signal. Enzyme-labeled antibodies that react with
the target protein to produce an electrochemical signal are used in ELISA-based
electrochemical sensors [63—66]. In addition, enzymatic activity, which is frequently
employed to quantify the presence of particular biomolecules, can be detected by
electrochemical sensors. Immobilized enzymes that have been immobilized that
catalyze particular reactions with the target analyte are used in enzyme-based sensors.
An electrochemical signal, such as a shift in potential or current, has been generated
by the enzymatic process and can be evaluated for determining the quantity of the
target biomolecule [67—69]. Aptamers, which are short single-stranded DNA or RNA
molecules, can bind to target molecules with high specificity. Electrochemical sensors
can be functionalized with aptamers, allowing for the selective detection of various
analytes, including small molecules, proteins, and toxins. The binding of the target
analyte to the aptamer leads to changes in the electrochemical signal, enabling
sensitive and specific detection [70—72]. In addition, electrochemical sensors can be
integrated with nucleic acid amplification techniques, such as polymerase chain
reaction (PCR) or loop-mediated isothermal amplification (LAMP), to enhance the
sensitivity of DNA or RNA detection [73—75]. These amplification techniques produce
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multiple copies of the target nucleic acid sequence, which can be detected by the
electrochemical sensor.

9.2. Disease diagnosis

In the detection and monitoring of cancer, infectious diseases, and other medical
disorders, electrochemical sensors have demonstrated considerable promise in the
field of disease diagnostics. It may be useful in the early identification and treatment
of cancer. Prostate-specific antigen (PSA) for prostate cancer and carcinoembryonic
antigen (CEA) for colorectal cancer are two examples of specific biomarkers that they
can identify. Electrochemical sensors can provide important information for cancer
screening, diagnosis, and treatment response monitoring by detecting the
concentration of these biomarkers in patient samples [76—78]. Besides this,
electrochemical sensors are also employed for the rapid and sensitive detection of
infectious agents, including bacteria, viruses, and parasites. By targeting specific
nucleic acid sequences or antigens associated with the pathogens, electrochemical
sensors can identify infections such as HIV, hepatitis, malaria, and respiratory
infections. These sensors offer the potential for point-of-care testing, enabling early
diagnosis and timely treatment [79-81]. In addition, electrochemical sensors are
commonly used for continuous glucose monitoring in diabetes management. By
measuring glucose levels in body fluids, such as blood or interstitial fluid,
electrochemical sensors provide real-time information about glucose concentration.
This helps individuals with diabetes to monitor and manage their blood sugar levels,
ensuring proper insulin administration and dietary adjustments [82,83]. It is also
employed for the detection of cardiac biomarkers, such as troponin, creatine kinase-
MB (CK-MB), and brain natriuretic peptide (BNP). These biomarkers are indicative
of heart damage or dysfunction and are used in the diagnosis of acute myocardial
infarction (heart attack), heart failure, and other cardiac conditions [83—86]. Thus,
electrochemical sensors can provide rapid and sensitive measurements of these
biomarkers, aiding in early diagnosis and risk assessment. Moreover, electrochemical
sensors can be used for genetic disease screening, such as detecting mutations or
variations in specific genes associated with inherited disorders. By incorporating DNA
probes or aptamers specific to the target genetic sequence, electrochemical sensors can
identify genetic mutations and variations linked to diseases like cystic fibrosis, sickle
cell anemia, and genetic predisposition to certain cancers [87-88]. Again more,
electrochemical sensors have applications in the diagnosis and monitoring of
neurological disorders. They can measure neurotransmitters, such as dopamine and
serotonin, in the central nervous system, providing insights into conditions like
Parkinson’s disease, depression, and schizophrenia. It can also detect biomarkers
associated with neurodegenerative diseases, such as Alzheimer’s and Huntington’s
diseases [89-91].

9.3. Electrochemical biosensing in drug delivery

The use of biosensors in drug delivery systems to track and regulate different
medication administration parameters is known as “biosensing in drug delivery”.
Medication delivery can be tailored and optimized with the help of biosensors, which
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can offer real-time data on medication release, drug concentration, physiological
parameters, and patient reaction. Drug release from delivery methods like implants,
patches, or nanoparticles can be tracked using biosensors. Biosensors ensure the
intended therapeutic impact by providing feedback on the release profile through the
incorporation of sensing devices that react to changes in medication concentration or
release kinetics. The drug delivery mechanism can be improved or the dosage can be
changed with the use of this information [92,93]. Drug monitoring, Biosensors can
measure drug concentrations in biological fluids, such as blood or interstitial fluid,
enabling the monitoring of drug levels in real-time. This information helps in
maintaining therapeutic drug concentrations within the desired range, ensuring
efficacy while minimizing side effects or toxicity [94-96]. Besides this, biosensors
can be designed to detect specific drugs or drug classes using various sensing
mechanisms, including enzymatic reactions, immunoassays, or affinity-based
interactions. Moreover, it can be integrated into drug delivery systems to monitor
relevant physiological parameters. For example, biosensors can measure parameters
such as pH, temperature, oxygen levels, or biomarkers indicative of disease
progression or treatment response. This information can be used to optimize drug
delivery parameters or trigger drug release in response to specific physiological cues.
In addition, biosensors can be coupled with drug delivery systems to create closed-
loop or feedback control systems. Biosensors continuously monitor drug
concentrations or physiological parameters and provide feedback to control drug
delivery rates or adjust dosing algorithms in real-time. This enables personalized and
adaptive drug delivery, ensuring optimal therapeutic outcomes [97,98].

10. Challenges and future perspectives of electrochemical sensors

Because of their special qualities and possible uses, carbon-based
electrochemical sensors—such as carbon nanotubes (CNTs) and graphene—have
drawn a lot of interest. But they also have to deal with some difficulties. Because of
their high electrical conductivity and huge surface area, carbon-based sensors
frequently show great sensitivity. However, achieving consistent and reproducible
sensor performance can be challenging due to variations in material properties and
fabrication techniques. Future research aims to optimize sensor performance by
developing standardized fabrication processes, improving material quality, and
enhancing the understanding of surface interactions and electrochemical properties.
Selectivity is a crucial aspect of sensor performance, as it determines the ability to
distinguish the target analyte from interfering species. Thus, carbon-based sensors may
suffer from non-specific adsorption or interference from other components present in
complex samples. Future efforts focus on surface functionalization, selective
modification, and integration with specific recognition elements (e.g., antibodies or
aptamers) to enhance selectivity and mitigate interference effects.

Long-term stability is a challenge for carbon-based sensors, as they can be
susceptible to fouling, surface contamination, or material degradation over time.
Researchers are exploring surface modification techniques, protective coatings, and
encapsulation strategies to improve the stability and longevity of carbon-based
sensors, especially in harsh or dynamic environments. Scalability of carbon-based
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sensors for mass production is an important consideration for their practical
applications. Challenges exist in translating lab-scale fabrication techniques to
scalable manufacturing processes while maintaining sensor performance and
consistency. Future research aims to develop cost-effective and scalable
manufacturing methods for carbon-based sensors, including roll-to-roll printing,
solution processing, and other high-throughput techniques. Integration of carbon-
based sensors into compact, portable devices or wearable systems is a key area of
development. Miniaturization of these sensors requires addressing challenges related
to electronics integration, power management, and device packaging. Future
perspectives involve advancements in flexible electronics, wireless communication,
and microfabrication techniques to enable the seamless integration of carbon-based
sensors into various form factors.

Carbon-based sensors have the potential for multifunctionality and multimodal
sensing by combining their electrochemical properties with other sensing modalities,
such as optical or mechanical sensing. Integrating multiple sensing mechanisms can
provide complementary information and enhance overall sensor performance. Future
research focuses on developing hybrid sensor platforms that combine carbon-based
materials with other functional materials or transduction principles for multimodal
sensing capabilities. As with any technology, environmental considerations are
important for carbon-based electrochemical sensors. Efforts are being made to develop
eco-friendly and sustainable fabrication processes, minimize the use of hazardous
materials, and explore recycling or disposal strategies for sensor devices.

11. Conclusion

In conclusion, carbon-based electrochemical sensors offer unique properties and
tremendous potential for various applications. These sensors exhibit high sensitivity,
a large surface area, excellent electrical conductivity, and can be functionalized to
enhance selectivity. However, they also face challenges such as achieving consistent
and reproducible sensor performance, addressing selectivity and interference issues,
ensuring stability and longevity, enabling scalable manufacturing, facilitating
integration and miniaturization, and considering environmental sustainability. Despite
these challenges, ongoing research and technological advancements are paving the
way for the future of carbon-based electrochemical sensors. Efforts are focused on
optimizing sensor performance through standardized fabrication processes, improving
material quality, and understanding surface interactions. Selectivity is being enhanced
through surface functionalization, selective modification, and integration with
recognition elements. Stability and longevity are being improved through surface
modification techniques and protective coatings. Scalable manufacturing methods are
being developed to enable mass production, and integration into compact, portable
devices and wearable systems is being pursued. Multifunctionality and multimodal
sensing capabilities are being explored by combining carbon-based materials with
other sensing modalities. Additionally, environmental considerations, such as eco-
friendly fabrication processes and recycling strategies, are being addressed.
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Abstract: Graphene and derivatives have been frequently used to form advanced
nanocomposites. A very significant utilization of polymer/graphene nanocomposite was found
in the membrane sector. The up-to-date overview essentially highlights the design, features,
and advanced functions of graphene nanocomposite membranes towards gas separations. In
this concern, pristine thin layer graphene as well as graphene nanocomposites with
poly(dimethyl siloxane), polysulfone, poly(methyl methacrylate), polyimide, and other
matrices have been perceived as gas separation membranes. In these membranes, the graphene
dispersion and interaction with polymers through applying the appropriate processing
techniques have led to optimum porosity, pore sizes, and pore distribution, i.e., suitable for
selective separation of gaseous molecules. Consequently, the graphene-derived
nanocomposites brought about numerous revolutions in high-performance gas separation
membranes. The structural diversity of polymer/graphene nanocomposites has facilitated the
membrane selective separation, permeation, and barrier processes, especially in the separation
of desired gaseous molecules, ions, and contaminants. Future research on the innovative
nanoporous graphene-based membrane can overcome design/performance-related challenging
factors for technical utilizations.

Keywords: graphene; polymer; nanocomposite; membrane; gas separation; selectivity;
permeation

1. Introduction

For environmental remediation purposes, membrane technology has been widely
adopted, especially for the separation of desired or toxic gaseous species [1]. Among
membranes, polymeric membranes have durability, long functioning, and efficient
performance, so they have achieved significance for separation applications. The
graphene-filled nanocomposite membranes possess superior characteristics for
technical fields such as gaseous, water molecules, and chemical separations [2]. The
subsequent membranes were formed for large-scale gas separation, water
decontamination, fuel cells, and several other applied fields [3,4]. Primarily, the
graphene-derived nanocomposite membranes have been developed with torturing
pathways in the matrices to promote gaseous, water molecules, ions, or diffusion of
other species [5]. Consistent graphene dispersion in the membranes was found to
improve the targeted impurities and toxic molecules from the medium of interest [6,7].
The membrane processes studied for these nanocomposites include ultrafiltration,
microfiltration, nanofiltration, and reverse osmosis [8—10]. The resultant membranes
were competently applied for eliminating the pollutants [ 11]. The graphene-reinforced
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membranes revealed superior structural benefits than the pristine polymer designs due
to facile manufacturing and performance advantages [12]. Research developments
have reported technical growth of these membranes for numerous sectors [13].

In the polymeric membranes, graphene, graphene oxide, and other modified
graphene forms have been applied [14]. It is worth mentioning that the thin layer of
neat graphene nanosheet has been designed for selective permeation of gaseous
molecules [15]. In polymeric matrices, graphene has revealed fine reinforcement
effects relative to other carbon nanofillers (fullerene, carbon nanotube, etc.) [16].
Including multilayered graphene or graphene oxide in the polymer membranes has
been known to form two-dimensional nanochannels for the selective permeation and
barrier effects of gaseous molecules [17]. Efficient and facile processing technologies
have been applied, such as solution casting, doctors blading technique, in situ method,
phase inversion, infiltration, lift-off/float-on, etching, etc. [18,19]. Mostly,
thermoplastic matrices have been examined to form graphene-derived nanocomposites
and membranes for gas separation [20-22]. The pore sizes and graphene dispersion
patterns directly affect the gaseous molecular permeability and diffusivity features of
these membranes [23-25]. Consequently, graphene scattering and layering in matrices
have been known to develop percolation trails for the diffusing gaseous molecule [26].
However, fine graphene dispersion, optimization of pore sizes, and processing
conditions have yet to be attained towards high-performance commercial-scale gas
separation membranes. Applications of gas separation membranes for gaseous
pollutants and desired molecules were found in the fields of fuel cells, gas sensors,
chemical industries, etc. [27,28].

This review basically focuses on the design, development, and aspects of
graphene-derived nanocomposite membranes for selective gas permeation
applications. Fine graphene dispersion, interface effects, and optimum pore formation
in the membranes have broadened the potential of the gas partition membranes. This
overview is groundbreaking to portray the methodical progressions of graphene
resultant membranes for gas separation. For the separation of gaseous species from
mixtures, various polymer matrices have been filled with the graphene nanofillers to
form the selectively permeable membranes. To the best of knowledge, this state-of-
the-art review is innovative to depict the advancements in gas separation membranes,
including the membrane designs, physical properties, and effect of graphene inclusion
on the gas transportation features. This manuscript has been found indispensable for
the future advances of gas separation graphene nanocomposite membranes, and so it
can be a helpful guide for the interested field researchers.

2. Graphene

A two-dimensional nanosheet like carbon nanostructure is referred to as graphene
[29]. 1t is constituted of sp® hybridized carbon atoms, discovered in 2004 [30].
Graphene was synthesized using numerous strategies like mechanical or liquid
exfoliation of graphite, chemical vapor deposition, laser technique, plasma practice,
and chemical synthesis methods [31-33]. Graphene is a thin, layered, transparent
nanostructure [34]. Graphene has high electron mobilization of around 200,000
cm?V'!s™! and high thermal conductivity of 3000-5000 W/mK [35]. Excellent

127



Characterization and Application of Nanomaterials 2024, 7(1), 4581.

mechanical properties of graphene include a high Young’s modulus of 1 TPa and a
strength of >200 times that of steel [36]. Graphene nanosheets have a wrinkling effect
due to the van der Waals interactions [37]. To enhance the dispersion effects and final
features, graphene nanosheets have been functionalized to introduce various surface
functionalities such as hydroxyl, carbonyl, carboxylic, epoxide, etc. [38]. The
properties of graphene have been synergistically combined with other nanomaterials
to form the nanocomposites. Graphene-based nanocomposites revealed numerous
superior electrical, mechanical, thermal, and physical features [39—41]. Consequently,
the graphene-derived nanomaterials have been applied in wide-ranging technological
structures and applications like electronics, sensors, actuators, energy devices,
including fuel cells, batteries, membranes, engineering structures, and biomedical
advanced devices [42].

3. Graphene and nanocomposites in gas separation

Graphene-based nanoporous membranes have been applied for gas molecule
transport [43—45]. The ultrathin graphene nanosheets have been designed for gas
separation [46—48]. Lee et al. [49] studied the selective separation of carbon dioxide
CO; molecules from CO,/CH4, CO»/O,, and CO»/N, gas mixtures. Graphene
nanosheets have affinity for CO, molecules, and pores in graphene nanosheets were
suitable for the passage [50-52]. Among the gas mixtures, a high gas flux was
observed for CO»/O, at 0.43 [53]. Jiang et al. [54] used first principles density
functional theory to examine the permeability and selectivity of nanoporous graphene
nanosheets. Figure 1 shows graphene nanosheet with hydrogen-passivated pore. The
nanopore width was 0.02 A according to electron density isosurface isovalue. The
snapshot of gas molecules passing is given in Figure 2.

Figure 1. (a) An all-hydrogen passivated pore in graphene; (b) pore electron-density
isosurface Isovalue is at 0.02 e/A3 [54]. Reproduced with permission from ACS.
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Figure 2. Molecular dynamics simulations of H» diffusing through nitrogen
functional pore (600 K) [54]. Reproduced with permission from ACS.

According to geometry optimization studies, H, molecules entered through pores
at 244 fs, and molecules stayed there for 180 fs. Then molecules diffuse out through
pores at 424 fs. High H,/CH4 permselectivity was observed, as per first principles
molecular dynamics simulation studies on porous graphene. It has been observed that
hydrogen atoms on graphene nanopores decreased the pore width to 2.5 A, while the
pore length remained the same as 3.8 A (Figure 3). Consequently, the interaction
energy of incoming molecules with graphene nanosheets and diffusion barriers
affected molecular adsorption or transportation. The resulting van der Waals density
functional barrier for H, and CH4 was observed as 0.22 and 1.60 eV, respectively.
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Figure 3. Interaction energy between H» vs. adsorption height. Inset: adsorption

height and orientation of H,. Red squares/solid lines = vdW-DF; black circle/dashed

lines = PBE [54]. Reproduced with permission from ACS.

The graphene membranes having porous nanostructures were designed and
studied aiming for gas separation [55-57]. Graphene and graphene oxide membranes
were designed with fine pores for molecular sieving purposes. Koenig and colleagues
[58] deposited the single-layered graphene on a silicon oxide substrate. The graphene
layer was studied for the permeation of gas molecules. The etching process was
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applied for the separation of the membrane from the substrate. The pristine graphene
nanosheet is not permeable to gas molecules; however, the etched graphene membrane
had a porous nanostructure for gas molecule passage. Consequently, the etched
graphene nanosheet was permeable to H, and CO; gas molecules [59-61]. Li and
researchers [62] designed the ultrathin porous graphene oxide membranes with pore
sizes of —0.34 nm to 1 nm. The membranes were studied for permeability and
selectivity properties of CO», Ha, N», and gases. The H»/CO, selectivity of 3400 and
H»/N> 0f 900 were observed [63,64]. Smaller gas molecules revealed facile permeation
relative to the larger molecules through the porous membranes [65—67].

For gas separation applications, poly(methyl methacrylate) was applied for
effective membrane thermoplastic material [68-70]. For the formation of
polymer/graphene nanocomposite membranes, facile methods have been used [71,72].
Most commonly, the solution casting procedure has been applied [73]. In this method,
the polymer is dissolved in an appropriate solvent. The nanoparticles of interest are
also dispersed in a solvent. Afterwards, both the dispersions are mixed to yield a
consistent phase. The mixed solution is spread on an open surface to evaporate the
solvent. The phase inversion method has also been used for the fabrication of
graphene-filled nanocomposite membranes [74]. In this procedure, polymer is
transformed from the liquid to solid phase. During this process, controlled solution
evaporation and immersion precipitation are involved. Additionally, interfacial
polymerization has been used for the formation of graphene nanocomposite
membranes [75]. Interfacial polymerization consists of various steps such as oil phase
formation, emulsification, and finally solvent evaporation. All the membrane
formation methods have capabilities for fine dispersion of graphene nanofiller in the
polymeric matrices.

Baldanza and co-workers [76] developed the graphene-filled poly(methyl
methacrylate) nanocomposite membranes by applying the wet deposition process.
Here, the ‘lift-off/float-on” method was used for obtaining membrane [77-79]. For the
preparation of fine graphene nanosheets, the chemical vapor deposition practice was
used. Figure 4 illustrates the lift-off/float-on procedure for the membrane formation.
The poly(methyl methacrylate)/graphene nanocomposite membrane with 0.06%
loading had a thickness of 550 nm. According to the scanning electron microscopy
images, graphene nanosheets were found to be sequentially layered in the polymeric
membranes. According to permeability coefficients of humidified or pure O, and CO,
measured for varying R.H. levels for poly(methyl methacrylate) and poly(methyl
methacrylate)/graphene, the resultant membranes own a lower permeability
coefficient of 1.30 x 1077 and 0.21 x 107" mol'm'm *-Pa"!s™!, respectively, for CO,
and O, than the unfilled polymeric membrane (Figure 5 and Table 1). The reduced
permeability values of gases were attributed to the formation of better dispersion and
the development of more twisted gas diffusion paths for gas molecule permeation [80].
Nevertheless, few studies have reported the poly(methyl methacrylate) and graphene
nanocomposite-based gas separation systems, and more concentrated future research
efforts may lead to the formation of high-performance selective gas permeation
membranes.
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methacrylate); (b) thickness of single nanocomposite layer on Si wafer (inset: cross-
section AFM); (¢) SEM cross-section plane of nanolaminate [76]. Reproduced with
permission from MDPI.

3 10" 8% 10"
PMMA PMMA
Ty [ Gr-PMMA — 7 ] Gr-PMMA
225 ¢ o
& =3 g 6
e 20 - RH=0.80 & s )
?z . | % .§ . R 0.50
Z 1o - z 30
? / 8 2 |
£ s ' 20 N _
* 0 é:&:ﬁéi:ﬁ:ﬁiﬁ: sissiin . 0 % ;/,,_.;.;.,:.x.:.; e U e
Co, CO,-H0 CO,-H,0 o, 0,-H0 0,-H0
() (b)

Figure 5. Gas permeability coefficients (25 °C), PMMA (blue bars) and Gr-PMMA
(red bars): (a) CO; and humidified CO;; (b) O, and humidified O, [76]. Reproduced
with permission from MDPI.

Table 1. Permeability coefficients of CO; or O, through PMMA nanocomposite
[76]. Reproduced with permission from MDPI.

Nanolaminate/Permeating Gas P [mol'm'm2-Pa~1-s71] P [Barrer]
PMMA/CO: 21.9 (£0.8) x 1077 6.5(+0.2)x 107!
Gr-PMMA/CO» 1.30 (£0.1) x 1077 0.39 (+0.03) x 10!
PMMA/O, 479 (£0.01) x 10717 1.434 (+0.003) x 10!
Gr-PMMA/O; 021 (£0.01) x 10717 0.063 (+ 0.003) x 10!

Poly(dimethyl siloxane) was investigated towards essential material aiming
membrane formation [81-83]. The separation processes of carbon dioxide and other
toxic gases have been studied using the poly(dimethyl siloxane) membranes. Here,
membrane thickness has been found to affect the gas permeability and separation
properties [84]. To enhance the membrane features, nanofillers have been reinforced
in the matrices for fine performance. Ha and co-workers [85] reported on the graphene
oxide-filled poly(dimethyl siloxane) membranes through solution processing. The
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kinetic diameters of CO,, Oz, N,, and CH, gases (in the range of 0.16 to 0.50 A)
affected the selectivity and permeability performance according to membrane porosity
and microstructures. The membrane permeability was observed up to 99.9% by
including 8 wt.% graphene oxide. Moreover, selectivity properties of the CO,/CH,,
CO,/0,, and CO,/N; have been observed. The gas transportation features were found
to be reliant on the fine nanoparticle scattering in the polymer matrix. The
microstructure and matrix-nanofiller interactions were also observed to be linked with
the nanofiller alignment and scattering in the matrix for the formation of gas
transportation pathways. Koolivand and researchers [86] fabricated the poly(dimethyl
siloxane) and graphene oxide-derived membranes. Facile Hummer’s method was used
to form graphene oxide [87]. For these membranes, the combination of solution and
ultrasonication processing methods have been applied. Adding 5 wt.% graphene oxide
loading, CO; permeability and CO»/CHj selectivity of 29% and 112%, respectively,
were observed. Berean et al. [88] opted for solution processing and ultrasonication for
the formation of poly(dimethyl siloxane)/graphene nanocomposite membranes. Due
to the interactions, graphene dispersion and matrix-nanofiller interactions have been
perceived. Figure 6 shows a change in the permeability behavior of the membranes
with graphene loading. The membrane permeability was about 60% enhanced with the
nanofiller loading for CO,, N,, Ar, and CHs gases. Among these, CO, had greater
permeation with the 0.5 wt.% graphene than other gases showing permeation at 0.25
wt.%. The greater permeation of CO; at higher nanofiller contents was observed due
to its fine affinity towards graphene nanosheets.
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Figure 6. (a) change in permeability for gas species with graphene concentration;
(b) experimental data, Maxwell model & Nielson model for CO; permeation (0.25
wt.% nanocomposite) [88]. Reproduced with permission from ACS.

Figure 7 depicts the formation and behavior of diffusion pathways in
poly(dimethyl siloxane) and graphene-reinforced poly(dimethyl siloxane)
nanocomposites. Aligned graphene nanosheets developed layered nanostructures with
voids in the matrix. The formation of continuous gas diffusion trails was responsible
for the passivation of the gaseous molecules through the matrix. Gas permeability of
N3, CO», Ar, and CH4 was enhanced up to 60% with just 0.2 wt.% graphene contents.
Consequently, neat poly(dimethyl siloxane) had CO,/CHaselectivity of 3.6, which was
increased up to 4.2 in the poly(dimethyl siloxane)/graphene membrane.
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Figure 7. Diffusion paths for PDMS and PDMS/graphene nanocomposites, path
length = I; diffusion path (Da) = red; diffusion path through interfacial void (D) =
green [88]. Reproduced with permission from ACS.

Polysulfone has been used as a popular matrix for membrane formation and also
for the gas separation application [89-91]. In this context, the mixed matrix
membranes of polysulfone have been reported [92-94]. The resulting polysulfone
membranes have been observed to be functional for toxic gas separation such as
carbon dioxide, nitrogen, and sulfur oxides [95]. Zahri and co-workers [96] reported
on polysulfone and graphene oxide-based membranes through the dry wet phase
inversion process. The polysulfone-based nanocomposite membranes revealed high
CO; permeability of 64-87 GPU. In addition, with the nanofiller loading, CO,/CH4
selectivity was increased in the range of 19-25. The fine selectivity of the
nanocomposite membranes was credited to the dispersal patterns in the polymer matrix
[97]. Sainath and co-worker [98] designed the mixed matrix gas separation
polysulfone/graphene oxide nanocomposite membrane for gas separation using the
solution method. As compared to a pristine polysulfone membrane, the graphene
oxide-filled system revealed >3 times higher selectivity for CO,/CHa4. Fine selectivity
was attributed to the homogeneous dispersion and formation of efficient diffusion
trails in the matrix. Zhu and co-workers [99] opted for the vacuum infiltration process
to form graphene oxide-filled nanocomposite membranes of the phosphotungstic acid-
grafted polyphenylsulfone-pyridine matrix. Transmission electron micrographs of
polyphenylsulfone-pyridine, phosphotungstic acid, and graphene oxide-based systems
are given in Figure 8. The nanofiller was observed to be homogeneously dispersed in
the polymer matrix.

With the increasing nanofiller concentrations, fine nanoparticle distribution was
observed in the matrix. In addition, with increasing nanoparticle loading, pore
diameter as well as porosity have been found to enhance. It has been observed that the
grafting of polymer matrix was also effective to disperse the nanofiller particles in the
matrix. Henceforth, polysulfone and derivative-based membranes with graphene or
graphene oxide have been developed with superior morphology, gas separation,
selectivity, and permeation performance.

Some membrane systems based on polyimide and graphene have been reported
for efficient gas separation [ 100-102]. An attempt by Melicchio and colleagues [103]
used the knife casting method to form graphene oxide-filled Matrimid® 5218
polyimide-derived membranes. The membranes were studied for the permeability and
selectivity of H, and CO, gases. H,/CO; selectivity was found as 3.5, while the
permeability of H, and CO, gases was 8-28 Barrer. The nanocomposite membrane
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permeability and selectivity were found to rely on the nanofiller contents and
dispersion in the polymer matrix.
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Figure 8. Transmission electron microscopy images with different pyridine moiety
proportions in PPSU-Pyx (polyphenylsulfone-pyridine) (a) 20%; (b) 60%:; (c¢) 100%;
(d) porosity and diameter of membranes [99]. Reproduced with permission from

ACS.
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For membrane application, poly(1-trimethylsilyl-1-propyne) matrix material has
been found useful [104-106]. Albertoa and co-workers [107] formed graphene-
reinforced poly(1-trimethylsilyl-1-propyne for CO, separation. Accordingly, the CO,
permeability of poly(1-trimethylsilyl-1-propyne)/graphene nanocomposite membrane
was 3.5 x 10° Barrer, i.e., 39% lower than the neat polymer membrane. For poly(1-
trimethylsilyl-1-propyne), graphene oxide has been rarely used as a nanofiller. Olivieri
et al. [108] designed the graphene oxide-filled poly(1-trimethylsilyl-1-propyne) using
solvent technique with chloroform. For the membranes, the CO,, N», and CH4 gases
had diffusion coefficients of 25%, 14%, and 9%, respectively. The membrane systems
based on poly(2,6-dimethyl-1,4-phenylene oxide) have also been researched [109—
111]. Rea and colleagues [112] developed 0.3—15 wt.% graphene-filled poly(2,6-
dimethyl-1,4-phenylene oxide) membranes. According to scanning electron
micrographs, the matrix-nanofiller interfaces have been observed with the nanofiller
flakes dispersed in the membrane matrix (Figure 9). The membrane permeability was
studied at 35 and 65 °C (Figure 10).

For He, CO; and N, the membrane permeability was found to slightly decrease
with the nanofiller loading levels. The decreasing permeability was attributed to the
increased nanofiller dispersion and membrane selectivity towards these gases. The
dispersed graphene nanoplatelets were supposed to develop percolation pathways for
the diffusion of gaseous species. Table 2 shows the permeability behavior of the
membranes with different nanofiller loadings at 35 and 65 °C. In this way, efficient
graphene-filled nanocomposite membranes have been designed for the selective gas
separation or permeation properties [113—115]. The selective permeability of the
membranes was found to depend upon nanofiller scattering plus alignment in the
matrix [116,117]. Future studies on advanced graphene nanocomposite membranes
may lead to better gas molecule separation from mixtures of gases.
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Figure 9. SEM images of membranes. (A) PPO/0.3 wt.% graphene; (B) PPO/1 wt.%
graphene [112]. SEM=scanning electron microscopy; PPO = poly(1-trimethylsilyl-1-
propyne). Reproduced with permission from MDPI.

100 T T T 200
v . , . .
= \._;:- 5c]{ _ . o|lmm 65°C |
«% \- 5100 ° \'\\
a o .\. m
> a T
£ z °
s B He =
g 10¢ e co,] 32
g 2 o 10
£ onlE
Q. 0. =
00 ] oo m—He
8 ©\0\ 9 T —e—cCo,
I (0] —-N,
0 5 10 15 % 5 10 15
Graphene loading (wt%) Graphene loading (wt%)

Figure 10. Gas permeability. (a) 35 °C; (b) 65 °C; and after graphene addition (as a
function of graphene loading in poly(1-trimethylsilyl-1-propyne) matrix [112].
Reproduced with permission from MDPI.

Table 2. Permeability of the various gases in PPO and nanocomposite membranes [112]. PPO = poly(1-trimethylsilyl-
1-propyne). Reproduced with permission from MDPI.

Permeability at 35 °C, Barrer PPO g;opﬁ)éi:vt'% PPO/1 wt.% graphene  PPO/5 wt.% graphene g:agillesn?t.%
He 78 £3.8 86+4.2 86+4.1 68+2.0 38+3.2

N2 3.0+£02 3.5+0.2 3.6+0.2 2.8+0.1 1.8+0.2

CO2 61+2.0 62+29 60+29 51+1.5 27+23
Permeability at 65 °C, Barrer PPO gpiopl/l%gevvt'% PPO/1 wt.% graphene PPO/5 wt.% graphene Ig)rigl/lleflevw'%
He 114+£5.0 - 116 £6.7 81.0+24 51.6+4.4

N2 5.00+04 - 4.64+0.3 331+0.1 -

CO2 69.3+2 - 61.9+3.6 423+1.2 27.6+2.4

4. Prospects, challenges and gaps

In the formation and application of graphene nanocomposites as high-
performance membrane materials, numerous challenges have been faced during the
field research efforts. Generally speaking, not much effort has been observed for
various categories of polymer/graphene nanocomposite membranes such as
poly(dimethyl sulfoxide)/graphene, polysulfone/graphene, poly(methyl
methacrylate)/graphene, polyimide/graphene, polyamide/graphene, etc. The
experimental designs of the polymer/graphene nanocomposite membranes have been
reported using the matrices, graphene nanofillers, processing techniques (solution,
phase inversion, infiltration, etc.), and related preparation parameters.
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Table 3 outlines the experimental design of the gas separation nanocomposite
membranes used in important studies. Adding graphene in polymer matrices affected
the membrane morphology, physical properties, permeability, selectivity, and
separation properties. Polysulfone-based nanocomposite membranes have efficient
CO,/CHy selectivity of 45%—74%. For gas separation membranes of poly(dimethyl
siloxane) nanocomposites, N, CO,, and other gases permeability was
observed >99.9%. Similarly, higher selectivity values for gases like CO,/CH4 have
been observed. Hence, there is huge scope for fabrication and investigations on
graphene-based air/water purification membranes.

Development and investigation of more designs definitely can lead to better
analysis of optimum fabrication, selectivity, permeation, and gas separation
performance, along with better understandings on the structure-property relationship
and mechanism of innovative graphene membranes [118]. Major challenges hindering
the gas separation membrane performance have been observed as graphene dispersion
depending upon nanofiller contents, functionality, matrix nanofiller interactions, and
interface formation [7]. The formation of interweaving pathways due to graphene
dispersion in the polymer matrices has directly influenced the gas transportation
properties. Controlled pore sizes, shapes, and distribution in the matrices have also
been found indispensable to promote the gas membrane performance. Important
solutions to the nanofiller dispersion have been proposed depending upon the graphene
modification as well as by applying appropriate processing techniques and steps with
the optimized conditions [119]. Further challenges have been observed regarding the
fabrication of graphene-based membranes on a large scale and subsequent
commercialization. Here, the appropriate fabrication techniques and processing
parameters need to be implemented for the massive production of graphene
nanocomposite membranes. In this case, the development of nanofibrous
polymer/graphene membranes must be developed with a high surface area and well-
dispersed nanoparticles for separating the desired gaseous molecules [120]. By
controlling and overcoming all the above-mentioned graphene and graphene
nanocomposite membrane design and processing challenges leading to the fine
microstructure, robustness, permeability, selectivity, and barrier characteristics [121].
Briefly speaking, further research on the mentioned line may lead to the proposition
of high-tech future gas transportation membranes for commercial purposes.

Table 3. Significant features of polymer/graphene nanocomposite membranes for gas separation.

Polymer Nanofiller Fabrication way Physicochemical properties = Membrane properties References
Polvmer Grr;pl?:;l: or Solution castin Ion-molecule interaction; 1.8—  H2/N2 selectivity 900; H2/COz (62]
Y %xige & 20 nm thickness selectivity 3400; pore size 0.34 nm
Poly(dimethyl Graphene . . Matrlx-panoﬁller interactions; wt.% nanofiller; Hz, Oz, N2, CH4
. . Solution casting interaction between graphene - o [85]
siloxane) oxide . and COz permeability 99.9%
oxide and polymer
Interfacial interactions between
. L : o )
Poly(dimethyl Graphene Solutlon{ultrasomcatlon fut}ctlonal groups c?f graphene 5 wt.@ 'nanoﬁlie?, CO2/CH4 -
siloxanc) oxide methods; oxide and polymer; density selectivity 112%; COz permeability [86]

tetrahydrofuran solvent 1.09-1.12; 29%.

Thickness 1.9-2.8 nm
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Table 3. (Continued).
Polymer Nanofiller Fabrication way Physicochemical properties = Membrane properties References
V) .
Poly(dimethyl Solution casting; p- T-T interactions in matrix- 0.2 wt.% nanoﬁllf: r N, C.O2’ Ar,
siloxane) Graphene xylene solvent nanofiller and CHj permeation 60%; [88]
4 CO»/CH; selectivity 4.2
Phase inversion; hollow Nanosize synthesized
. . graphene; Interfacial CO2/Nz selectivity 158%; CO2/CHa
Polysulfone Graphene fiber mixed matrix : . o [97]
interaction between graphene  selectivity 74%
membrane .
and polymer matrix
Physical interaction between
oxygenated functional groups
Graphene Solution route; N- of graphene oxide and
Polysulfone oxi é)e Methyl-2-pyrrolidone  polymer; Interactions between CO2/CHas selectivity 45 [98]
X solvent functional groups of
nanocomposites and gas
molecules
Wettability and surface charge
response to pH; acidic pH =3
form hydrophilic state contact
Polyphenylsulfon Graphene Vacuum infiltration angle 63.3°; alkaline pH =11 . .
e-pyridine oxide technique form hydrophobic state contact Dispersion; morphology [99]
angle 106.5°; charge-density-
tunable nanoporous; power of
~0.76 W m2
Anchoring of graphene oxide
Poly(1- Graphene Solution castine: nanosheets lowers membrane 1 wt.% graphene; diffusion
trimethylsilyl-1- P v & flexibility; less free volume;  coefficients CO2 (25%); N2 (14);  [108]
oxide chloroform solvent o o
propyne) covalent cross-linking of CH4(9%)
polymer
Poly(1- Interaction between filler o .
trimethylsilyl-1- ~ Graphene Solution route andpolymer matrix; 0.93-1.36 Oé(;fn\;vsi)ﬁi?agosﬁ liegbggzrrer [107]
propyne) MPa; 3844 MPa P ¥
Void formation at interface;
Poly(2,6- . glassy polymer filled with 0.3-15 wt.% nanofiller reduced
dimethyl-1,4- Graphene Solution route graphene; graphene inclusion S [112]
. : . permeability
phenylene oxide) for physical constraint to

relaxation of polymer chains

The research progress on the polymer/graphene nanocomposite membranes has
led to several advances in the kinds, design, and applications to overcome the crucial
foremost problems in this field. These separation membranes have been used for the
efficient removal of gaseous pollutants with optimally high flux and permeation. For
this purpose, microstructure and mechanical features like strength and flexibility have
been considered important. For the enhancements in these properties, nanoparticle
dispersion has been found significant for the matrix-nanofiller interactions to advance
the ultimate membrane characters. In this context, compatibility of graphene
nanoparticles with matrices must be enhanced for better miscibility and reinforcing
effects. The pore shape, size, and distribution in the matrices have been found to affect
the membrane selectivity/permeability features. The most important challenges of
graphene-based gas separation membranes include graphene nanosheet aggregation,
phase separation, and uncontrolled and undefined fabrication parameters. Such
undefined conditions may lead to the different pore shapes, sizes, and random
distribution in the matrices. The membranes with various pore sizes and shapes may
cause major hinderances towards the separation of particular gaseous molecules of
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References

specific types. The random pore distribution in membranes also affects the strength,
durability, and life of the membranes. In addition, poor membrane performance may
result in restricted cyclic uses. Consequently, the uncontrolled membrane features may
cause poor barrier effects and selective molecular transportation. Hence, perfect
membrane design features need to be identified before commercial-scale production
of these membranes. Investigations on the membrane separation mechanisms may be
used to overcome the barrier, molecular selective diffusion, and performance
challenges. In addition, advanced and facile fabrication methods need to be designed
to form efficient membranes with controlled pore dimensions and essential features.
Future research to resolve the stated challenging directions can be beneficial for the
formation of high-performance gas separation membranes.

5. Conclusions

In this state-of-the-art review article, the design, physical properties, and gas
partition features have been scrutinized for important graphene and nanocomposite-
based membranes. Consequently, graphene has been filled in various polymeric
matrices to form the efficient gas separation membranes. These membranes have been
studied for the selective separation or permeation of various toxic or desired gas
molecules such as Oz, N2, CO,, CHy, etc. from the gas mixtures. Consequently, the
membrane performance has been analyzed based on the microstructure, pore size, pore
distribution, and specific tests related to the separation or permeation of the gaseous
molecules. It has been observed that by varying the nanofiller contents and nanofiller
functionalities, as well as polymer type and fabrication methods, the resulting
membrane performance has been rehabilitated. In addition, the graphene alignment
and dispersion pattern in the polymer matrices resulted in advanced membrane
performance with optimum porosity and tortuous pathway formation for the passage
of gas molecules. In the future, well-organized graphene-based membranes need to be
designed by overcoming the dispersion and processing challenges behind the
development of high-performance systems.
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Abstract: Researchers from all over the world have been working tirelessly to combat the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) COVID-19 pandemic since
the World Health Organization (WHO) proclaimed it to be a pandemic in 2019. Expanding
testing capacities, creating efficient medications, and creating safe and efficient COVID-19
(SARS CoV-2) vaccinations that provide the human body with long-lasting protection are a
few tactics that need to be investigated. In clinical studies, drug delivery techniques, including
nanoparticles, have been used since the early 1990s. Since then, as technology has advanced
and the need for improved medication delivery has increased, the field of nanomedicine has
recently seen significant development. PNPs, or polymeric nanoparticles, are solid particles or
particulate dispersions that range in size from 10 to 1000 nm, and their ability to efficiently
deliver therapeutics to specific targets makes them ideal drug carriers. This review article
discusses the many polymeric nanoparticle (PNP) platforms developed to counteract the recent
COVID-19 pandemic-related severe acute respiratory syndrome coronavirus (SARS-CoV-2).
The primary subjects of this article are the size, shape, cytotoxicity, and release mechanism of
each nanoparticle. The two kinds of preparation methods in the synthesis of polymeric
nanoparticles have been discussed: the first group uses premade polymers, while the other
group depends on the direct polymerization of monomers. A few of the PNPs that have been
utilized to combat previous viral outbreaks against SARS-CoV-2 are also covered.
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1. Introduction

Nanotechnology is the study and creation of devices and structures at the
nanoscale. Because of their ability to increase drug stability, prolong the therapeutic
effect of the drug, decrease metabolism of the drug, and reduce cellular uptake,
nanoparticles have been the subject of extensive research in the biomedical and
biotechnological fields. This is especially true when it comes to drug delivery systems
[1].

The rapid evolution of humanity has led to the development of technology that
can help us overcome daily struggles. While some advances may not be essential for
survival, others are crucial. One such necessary development is the field of vaccine
development and delivery. For many years, humans have faced numerous infectious
diseases, some of which have proven to be deadly on a global scale, such as the plague,
cholera, and various types of coronaviruses. Throughout history, countless pandemics
have been caused by viruses, including the Spanish flu.

(HIN1) in 1918 [2], Ebola in 1976, AIDS (HIV) in 1981, avian flu (H5N1) in
1996, SARS (SARSCoV) in 2002, MERS (MERS-CoV) in 2012, and COVID-19
(SARS-CoV-2) in 2019 [3,4]. These outbreaks have taught us valuable lessons about
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the importance of novel technologies for testing, tracing, and developing vaccines to
effectively respond to pandemics in the future [5,6].

Respiratory tract infections are a major cause of disease and a significant public
health concern globally. Lower respiratory tract infections (LRTI) and pneumonia
have been reported to be responsible for over four million deaths each year, which is
more than the combined deaths caused by HIV, malaria, and tuberculosis. Respiratory
viruses are the cause of more than 80% of these infections [7]. An outbreak of the lung
illness coronavirus disease 2019 (COVID-19) began in December 2019 in the Chinese
city of Wuhan due to a new coronavirus known as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [8,9]. Fever, severe respiratory disease, pneumonia, and
dyspnea are the main signs and symptoms of COVID-19 [10,11]. The morphology of
SARS-CoV-2 is shown in Figure 1. We must prioritize the development of rapid
diagnostic testing, drug repurposing, and biomarkers of disease severity, as well as
new platforms for vaccine production [12,13].

Nucleoprotein (N)
Matrix protein (M)
Spike protein (S)
RNA

Envelope protein (E)

(a) (b)
Figure 1. SARS-CoV-2 morphology. (a) Representation of the viral structure is illustrated with its structural viral
proteins; (b) Transmission electron microscope image of SARS-CoV-2 spherical viral particles in a cell. The virus is
colorized in blue (adapted from the US Centers for Disease Control) permission from Udugama et al. [22].

One of the most crucial considerations in vaccine development is the availability
of platforms that can deliver the vaccine to specific sites in the human body without
interfering with other functions [14]. In recent decades, nanoparticles have been
developed to address the limitations of free drug molecules and overcome biological
barriers at both systemic and cellular levels [15]. This has resulted in the development
of new therapeutics to treat a variety of diseases [16]. Various types of nanoparticles
are currently in use for different applications [17], but this paper only focuses on
Polymeric Nanoparticles (PNPs). PNPs are particles that range in size from 1 to 1000
nm [18] and can be loaded with active compounds that travel through our body to
deliver the active compound to the targeted location [19]. PNPs can be divided into
two categories: natural and synthetic. Both offer excellent medicinal applicability due
to their non-toxicity and biodegradability [20]. PNPs can be modified to control drug
release based on receptor proteins, temperature, and pH [21].

This review article discusses various PNPs platforms that have been developed
to fight against the most recent pandemic, SARS-CoV-2. The article focuses on the
polymeric material, size, design, cytotoxicity, and release mechanism of each NP. It
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also covers some of the NPs that have been used against other viral outbreaks but
exhibit potential for use against SARS-CoV-2. Common polymers covered in this
paper include poly (lactic-co-glycolic acid) (PLGA), poly (ethyleneglycol) (PEG),
poly(N-isopropylacrylamide) (PNIPAM), and poly (3,4-ethylene dioxythiophene)
(PEDOT).

2. Polymer Nanoparticles (PNPs)

The term “polymeric nanoparticle” refers to solid nanospheres or nanocapsules
that either adsorb molecules on their surface or encapsulate them within a polymeric
matrix, as shown in Figure 2 [19,23,24]. Biodegradable polymeric nanoparticles are
the most promising drug delivery strategy for pulmonary/respiratory applications
[25,26]. PNPs can be used instead of liposomes. They have similar size and shape
properties as liposomes but offer additional benefits such as improved stability in vitro
and in vivo, high cargo capacity, and targeting. Their ability to efficiently deliver
therapeutics to specific targets makes them ideal drug carriers [27]. A wide range of
products and application fields, such as electronics, photonics, paints, adhesives, food
technology, cosmetics, catalysis, analytical assays, sensors, purifications, and drug
administration, have shown interest in polymer particles [28].

Various polymeric structures have been developed for vaccine delivery systems,
including solid polymeric nanoparticles, micelles, nanogels, polymersomes, and core-
shell nanoparticles [29]. Biocompatible and biodegradable lipids that remain solid at
room temperature and body temperature make up solid lipid nanoparticles (SLNs),
which are submicron-sized drug carriers [30]. For controlled and targeted delivery,
solid lipid nanoparticles (SLNs) are becoming a more viable option than colloidal
systems as carriers and amalgamate the benefits of various colloidal carriers, such as
emulsions and liposomes, which are physiologically acceptable and can be expected
to release drugs from the lipid matrix in a controlled manner, much like polymeric
nanoparticles [31,32]. In recent years, the polymeric micelles (PM) system has
garnered increasing scientific attention as an effective drug carrier due to its unique
properties such as solubilization, selective targeting, inhibition of P-glycoprotein,
altered drug internalization route, and subcellular localization [33,34]. Delivering
drugs to their targets with micellar solutions of amphiphiles is an efficient method.
Owing to the hydrophobic environment present in the core of micelles, drugs that are
insoluble in water can be readily dissolved and subsequently transported to the desired
locations [35]. Additionally, polymer chains that are cross-linked form three-
dimensional networks known as nanogels [36,37]. To improve a wide range of
therapies and diagnostic tests for various human diseases, nanogels are widely
acknowledged as highly versatile drug delivery systems. Significant volumes of water
or biological fluid can be absorbed by these hydrophilic cross-linked polymers that are
three-dimensional [38]. A class of artificial vesicles called polymersomes (Ps) is
created from synthetic amphiphilic block copolymers. Typical Ps are hollow spheres
with a bi-layer membrane enclosing an aqueous solution within [39]. Additionally, Ps
have many advantages over liposomes in the delivery of drugs because of their high
levels of stability, control over their architecture, adaptability to surface modifications,
and high drug loading efficiencies [40]. Understanding how core/shell particles form
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has been the subject of several studies, and creating core/shell particles as a practical
way to encapsulate a wide range of materials, from organic molecules to biological
macromolecules, has drawn a lot of attention [41]. Because bare nanoparticles are
toxic, host tissues may be harmed or troubled. Core-shell nanoparticles exhibit better
characteristics than bare nanoparticles, including reduced cytotoxicity, high
dispersible nature biocompatibility, improved conjugation with drugs and
biomolecules because of improved surface properties, and improved chemical and
thermal stability [42,43].

Polymeric Nanoparticle

, v
- . Polymeric Inner *~
membrane core
Nanocapsule Nanosphere
Figure 2. Schematic representation of the structure of nanocapsules and
nanospheres. The arrow indicates the presence of drug or bioactive within the
nanoparticles. Reproduced with permission from Zielinska et al. [19].

2.1. Synthesis of PNPs

PNPs are created using biodegradable polymers such as polyesters (such as
poly(lactideco-glycolide) (PLGA) and poly-caprolactone (PCL), polyamides (such as
gelatin and albumin), polyanhydrides, polyurethanes, and polyphosphazenes. These
polymers are utilized to produce PNPs [2,44].

Several preparation techniques have been developed; these can be categorized
into two groups: those that rely on the polymerization of monomers and those that
utilize preformed polymers. These techniques can be further divided into two groups:
one-step procedures where the formation of nanoparticles does not require
emulsification and two-step procedures that involve the preparation of an
emulsification system followed by the formation of nanoparticles in the second step
of the process [20].

2.1.1. Emulsification/solvent diffusion (ESD)

This is an altered form of the solvent evaporation technique [45]. To maintain the
initial thermodynamic equilibrium of both liquids, the encapsulating polymer is
dissolved in a solvent that is partially soluble in water, such as propylene carbonate,
and then saturated with water. When the organic solvent is partially miscible with
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water, it is necessary to dilute it with excess water to promote the diffusion of the
solvent of the dispersed phase; in the opposite case, it is necessary to dilute it with
another organic solvent to produce the precipitation of the polymer and the subsequent
formation of nanoparticles. The solvent phase that is saturated with polymer and water
is then emulsified in an aqueous solution that contains a stabilizer. This process causes
the solvent to diffuse to the exterior phase and, depending on the oil-to-polymer ratio,
forms nanospheres or nano capsules. Ultimately, the solvent is removed through either
filtering or evaporation based on its boiling point. Figure 3 illustrates the process.
Various emulsion types can be employed, but oil/water emulsions are noteworthy due
to their use of water as a nonsolvent. This reduces the need for recycling, facilitates
the washing step, and minimizes agglomeration, all of which simplifies and enhances
process economics [46].

Numerous benefits come with this method, including high encapsulation
efficiency (usually >70%), simplicity, ease of scale-up, high batch-to-batch
consistency, and narrow size distribution. It also doesn’t require homogenization. The
large amounts of water that must be removed from the suspension and the water-
soluble medication that leaks into the saturated-aqueous exterior phase during
emulsification, decreasing the effectiveness of encapsulation, are drawbacks [1,46].
Like a few others, this method works well for encasing lipophilic medications. The
ESD method produced several drug-loaded nanoparticles, including meso-tetra (3-
hydroxyphenyl) porphine (mTHPP)-loaded PLGA nanoparticles, polylactic acid
(PLA) nanoparticles [47,48] loaded with plasmid deoxyribonucleic acid (DNA) [49],
PLGA nanoparticles loaded with doxorubicin, PLA nanoparticles loaded with
coumarin [46], indocyanine, cyclosporine (CyA)-laden gelatin, and sodium glycolate
nanoparticles loaded with cyclosporin (Cy-A) [46,50].
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Figure 3. Schematic representation of the emulsification/solvent diffusion technique.
Reproduced with permission from Nagavarma et al. [50].

2.1.2. Polymerization of monomers

The previously mentioned technique did not require any polymerization
operations; instead, PNPs were produced from premade polymers. During the
polymerization of monomers, appropriate polymer nanoparticles can be developed to
achieve the required qualities for a certain application. The article discusses methods
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for producing PNPs by polymerizing monomers, with a primary focus on three main
techniques: mini-, micro-, and emulsion polymerization [51]. Emulsion
polymerization remains the most widely utilized and well-proven technique as of
2013. When an aqueous and an organic phase are mixed, spontaneous emulsification
takes place in the production of nano-emulsions. Whereas the organic phase is a
homogenous mixture of lipophilic surfactant, oil, and water-miscible solvent, the
aqueous phase is composed of hydrophilic surfactant and water [52]. PNPs with very
small droplets (50—-100 nm) will form at the end of the reaction [53]. It is well known
that this process raises costs and complicates purification since it needs a lot of
surfactants or co-surfactants to create tiny NPs [54]. Thus, Nakabayashi and
colleagues [55] used ‘acoustic emulsification,” one of the effective methods for
producing emulsions quickly and sustainably, to produce poly(methyl methacrylate)
(PMMA) NPs with regulated size as shown in Figure 4. By employing consecutive
ultrasonic irradiation, they created a new synthesis technique for size-controlled PNPs
in surfactant-free environments [52]. In Figure 4, the original MMA solution in an
aqueous solution mixture is shown (a) after 20 kHz for 8 min; (c) 20 kHz for 8 min
— 500 kHz; (d) 20 kHz for 8 min — 500 kHz, 10 min — 1.6 MHz, 10 min; and (e)
20 kHz for 8 min — 500 kHz, 10 min — 1.6 MHz, 10 min — 2.4 MHz, 10 min.

(b)

Emulsion = Emulsion Emulsion Emulsion
A B C D

Figure 4. Photographic documentation of MMA in aqueous solution using tandem
acoustic emulsification. Reproduced with permission from Nakabayashi et al. [55].

2.2. Characteristics of PNPs

In the fields of nanotechnology and nanomedicine, a wide range of nanomaterials
are utilized to deliver drugs with various beneficial properties such as enhanced
solubility, extended formulation action, different degrees of lipophilicity or
hydrophilicity, and reduced toxicity. Nanoparticle drug delivery systems possess
unique physicochemical characteristics including surface properties, shape, size
(Figure 5a), treatment efficacy, drug release, and loading, among others. The surface
properties of nanoparticles can significantly impact the biocompatibility,
biodistribution, and pharmacokinetics of the drug molecules [26,56].

2.2.1. Infrared spectroscopy

Fourier transformed infrared spectroscopy (FTIR) is a spectroscopic technique
based on the measurement of vibrational transitions between different excitation states
of molecules [57]. Tulbah and Lee employed FTIR analysis to investigate potential
peak shifts or modifications in the favipiravir solid lipid nanoparticles (FPV-SLN)
formulation resulting from the usage of chemicals like Tween 80 and Compritol 888
in the nanoparticle manufacturing process. The FTIR of unprocessed favipiravir
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(FPV), measured between 400 and 4000 cm™!, is shown in Figure S¢. The C=0, C-F,

and C—OH stretching were characterized by stretching peaks at 1659.17, 1259.51, and
1178.64 cm™!, respectively [58].
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Figure 5. (a—b) Characterization of PLGA-PEG-PLGA NPs loaded with SFU@Chrysin; (c) FTIR spectra of (i)
Unprocessed (FPV); (i1) Compritol 888; (iii) Tween 80; and (iv) FPV-SLNSs; (d) AFM analysis of PEG-g-PLA PNPs’
surface morphology; (e—f) TEM photographs of bare and hydrogenated spherical PS/PBD core-shell NPs, respectively.
Reproduced with permission from Mostafavi et al. [13], Khaledi et al. [59], Tulbah and Lee [58], and Wang et al. [60],
respectively.

2.2.2. Scanning electron microscopy

Before being placed on a sample holder and coated with a conductive metal, such
as gold, using a sputter coater, the nanoparticle solution needs to be dried out for SEM
characterization. After that, a finely focused electron beam is utilized to scan the
sample. The secondary electrons that are released from the sample surface provide
information about their surface properties. The polymer may be harmed by the electron
beam, and the nanoparticles need to be able to endure a vacuum. The SEM mean size
and the dynamic light scattering mean size are similar [53]. Figure 5a,b shows the
particle size distribution and SEM of the size and shape of PLGA-PEG-PLGA loaded
with SFU@Chrysin.

2.2.3. Atomic force microscopy

Atomic force microscopy (AFM) is an additional sophisticated microscopic
method for characterizing nanoparticles. This is a novel method for imaging the
particles’ natural, unaltered form and surface characteristics. This method achieves a
spatial resolution of up to 0.01 nm due to the force operating between the probing tip
and the surface. It is not necessary for the samples to be conductive, and sample
preparation is straightforward. As a result, it permits the examination of samples that
are solvent- and hydrate-containing compounds [31,53]. It is used to calculate the
force that exists between the sample’s particle surface and the probing tip. The
technique offers good resolution, easy sample preparation, and quick picture capture.
AFM does not require a vacuum, nor does it require a conducting sample [30]. AFM
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analysis of PEG-g-PLA PNPs’ surface morphology with X-axis scale of 0.200 um/div
is shown in Figure 5d.

2.2.4. Transmission Electron Microscope (TEM)

Nanostructures are small, making it impossible to measure their physical
properties with conventional methods, which makes them challenging to examine
experimentally. Imaging, diffraction, and spectroscopic data of the specimen can be
obtained using transmission electron microscopy techniques with an atomic or sub-
nanometer spatial resolution, either concurrently or individually [61]. A microscopy
method called TEM involves “transmitting” an electron beam through an extremely
thin material. The electrons’ interaction effects with the sample produce a picture with
a resolution of up to 0.08 nm [62]. Figure Se.f show TEM of PS/PBD core-shell and
hydrogenated PS/PBD nanoparticles.

3. PNPs for Antiviral Drug Delivery Systems

Across the world, there are thousands of committed drug delivery scientists who
are working tirelessly to develop vaccines that are safer and more effective against the
new variants of SARS-CoV-2. They are also focused on creating new carriers and drug
delivery strategies to fight against any future viral pathogens that may emerge [63].

A well-designed delivery system can significantly improve the bioavailability of
viral antigens by enhancing cellular uptake, providing metabolic stability, and
targeting relevant tissues [64]. The efficacy of antiviral drugs can be enhanced using
polymeric nanoparticles that facilitate prolonged drug release and target the virus.
Ivermectin, a SARS-CoV-2 inhibitor, has been successfully administered utilizing
PLGA-b-PEG-Mal polymeric nanoparticles [16].

One of the main elements influencing drug release is the molecular weight of the
polymer. The polymer’s chain length can be determined by its molecular weight,
where a higher molecular weight corresponds to a longer chain [65]. In addition, the
hydrophilicity/lipophilicity of the polymer is reflected in the chain length. Longer
chains have a higher lipophilicity and a slower rate of polymer breakdown. Therefore,
the drug release kinetics and polymer breakdown rate can be adjusted by adjusting the
molecular weight [65,66].

Physical stability, cellular absorption, biodistribution, and drug release are all
strongly impacted by particle size, making it a crucial parameter. Nanoparticle
performance often improves with decreasing particle size [65]. Some of the effects of
nanoparticle grain size are:

e  Decrease drug resistance [66].

e  Enhance the rate of dissolution [67].

e Increase surface arca [68].

e  Enhance solubility [69]

e  Enhance oral bioavailability [70].

e  Decrease toxicity [71].

e Increase the stability of the drug and formulation [68].
e Increase drug-targeting ability [69].
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3.1. PLGA

PLGA is a popular polymer used in the creation of micelles, which are used as
drug delivery systems. One of the reasons for its widespread use is its high level of
biocompatibility and biodegradability. The FDA approved its clinical use in 1989 [72].

In a recent study, researchers aimed to develop a biodegradable drug delivery
system that targets specific receptor-binding sites for controlled drug release. They
used the commonly used PNP, PLGA, and loaded it with oseltamivir phosphate (OP),
a well-known antiviral drug [73]. The PLGA nanoparticles were modified to bind
specifically to spike binding peptide-1 (SBP1) of SARS-CoV-2. The size of the OP-
loaded NPs and the OP-loaded NPs targeted with SBP1 peptide were reported as 162.0
+ 11.0 and 226.9 + 21.4 nm, respectively. The drug release study was conducted at a
pH of 7.4 and a temperature of 37 °C, and it showed a long and effective release of
OP. The release rate was fast for the first 30 days and then steady at about 72 days.
There was no burst release of OP, indicating a successful development of the drug
delivery system as indicated in Figure 6 [74].
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Figure 6. In-vitro stability evaluation and release profile of OP-loaded NPs. (a) Size stored at 5 °C for four weeks. (b)
Release profile of the OP from the NPs targeted with SBP1 peptide or not. Reproduced with permission from Ucar et
al. [74]

In another study, PLGA was utilized to administer Fingolimod (FTY720). The
NPs were fabricated through a single emulsion solvent evaporation technique,
resulting in a positively charged system with reported sizes of approximately 400 and
190 nm for empty NPs and FTY720-NP, respectively. The system demonstrated a
notable drug entrapment rate of 90%, with drug release being contingent upon pH [75].
The study found that drug release required an acidic environment, which the developed
NPs can access through caveolin-mediated endocytosis and micropinocytosis
pathways. Once inside lysosomes, the required acidic environment becomes available
to the NPs. The drug release rate at pH 5 was 10%, 80%, and 100% after 2, 8, and 24
h, respectively. However, at pH 7.4, a lower drug release rate of 10%, 10%, and 20%
was observed for the same time spans as shown in Figure 7. The size of the system
remained relatively unchanged over 90 days, and the use of NPs allowed for 70 times
higher inhibition of viral infection compared to free drugs. Cytotoxicity studies on
human and VeroCCL81 cell lines at 24, 48, and 72 h intervals showed that the
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FTY720-NP system was less toxic than the free drug. Overall, the drug delivery system
has great potential as it helps preserve the drug until it reaches a specific pH [59].

Similar works were done by Lui and colleagues in 2024 [3], and Struzek and
Scherlief3 in 2023 reported on the preparation of ovalbumin (OVA)-loaded PLGA NP
with a size of 700 nm for pulmonary delivery of antigens. They were successfully
produced using several principles of quality by design [76]. Also in the work of
Chandan and coworkers in 2010, porous PLA and PLGA nanoparticles were tested for
pulmonary delivery of the hepatitis B vaccine [77]. Similar work was also done by
Claudia and colleagues on the topic “Characterization of polymeric nanoparticles for
intravenous delivery: Focus on stability” [78].
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Figure 7. FTY720 release from the nanostructure system. FTY720 release profile
from NP@FTY720 in a phosphate buffer with pH 7.4 and an acetate medium with
pH 5.0. Data show the average of three independent measurements (n = 3) + standard
deviation (SD). Obtained from Mirinda et al. [75].

3.2. Poly (N-isopropyl acrylamide) (PNIPAM)

Xu and his colleagues developed a drug delivery system that releases drugs in
response to specific temperatures. They loaded the FPV drug into silica nanocapsules
(SNCs) and functionalized the NCs with block polymers [79,80]. The poly (N-
isopropyl acrylamide)-block-poly (N, N-dimethylamino ethyl methacrylate)
(PNIPAM-b-PDMAEMA )-modified SNCs were embedded in multilayer films to
extend release time. The system can release as low as 50% of the drug over 80 days at
37 and 40 °C. A morphological stability study showed that the system was unharmed
for 80 days, promising an effective drug release for a longer period as indicated in
Figure 8 [79]. Figure 8c shows the schematic representation of “on-demand”
temperature-triggered film swelling and drug release from multilayer films.
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Figure 8. Release kinetics of FPV from [SNC-g-PNIPAM-b-PDMAEMA/PMAA]3
(squares) and [SNC-g-PNIPAM-b-Q100M/PMAA]3 (circles) films at (a) 25 and (b)
37 °C; (¢) Schematic representation of mechanism. Reproduced with permission
from Xu et al. [79].

In a study also conducted by Xu and colleagues, they coated silica nanocapsules
(SNCs) with block polymers and loaded Molnupiravir into the system [81].
Molnupiravir is a drug that was approved for the treatment of SARS-CoV-2 from its
early days. The block copolymer was quaternized to a certain degree to control the
steric hindrance around the charged groups of the polymer blocks in the capsule. The
entire SNC-Block polymer nanoparticle system was then embedded in well-defined
films with polystyrene sulfonate (PSS) homopolymers by layer-by-layer self-assembly
via electrostatic interaction. The polymer that the study group coated on SNCs was
PNIPAM-bPDMAEMA, which is sensitive to temperature change. Therefore, the drug
release was dependent on the temperature [81]. Speaking of how Molnupiravir
operates, it introduces copying errors during viral RNA replication. The average
thickness of various combinations of the system, namely [SNC-g-PNIPAM-b-
PDMAEMA/PSS], [SNC-g-PNIPAM-b-Q20M/PSS], [SNC-g-PNIPAM-
bQ40M/PSS], and [SNC-g-PNIPAM-b-Q100M/PSS] films, were reported as 125 £ 16,
135+ 19, 170 + 25, and 205 + 28 nm, respectively, at 37 °C. The drug release was
found to be around 81, 76, 62, and 45 % from [SNC-g-PNIPAM-b-PDMAEMA/PSS]3,
[SNC-g-PNIPAM-b-Q20M/PSS]3, [SNC-g-PNIPAM-b-Q40M/PSS]3, and [SNC-g-
PNIPAM-b-Q100M/PSS]3 films after 80 days, respectively [81] as shown in Figure
9. Like the previous study, the drug release was found to be faster as the temperature
was decreased, and the reason behind this could be the temperature-induced hydration
of PNIPAM moieties in LBL films, as per the researchers [81]. The transition of the
delivery system in terms of its thickness was found to be reversible even after going
through so many temperature-manipulating cycles, suggesting the system to be robust
[81]. The overall design of this drug delivery system, where steric hindrance in the
amino group of QPDMAEMA moieties was enhanced and the quaternization degree,
the thickness of the film layer, and molecular diffusion distance were increased,
allowed a reduction in the drug release from the nanoparticle system [81].
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Figure 9. Reversible temperature-triggered swelling/deswelling of [SNC-g-
PNIPAM-b-PDMAEMA/PSS]3 (squares), [SNC-g-PNIPAM-b-Q20M/PSS]3
(circles), [SNC-g-PNIPAM-bQ40M/PSS]3 (triangles), and [ SNC-g-PNIPAM-b-
Q100M/PSS]3 (pentagons) films at 25 and 37 °C, respectively. Reproduced with
permission from Xu et al. [81].

3.3. PEG/PLGA-b PEG

the next system was developed using PLGA-b-PEG-Mal
nanoparticles in which the Ivermectin drug (IVM) was loaded, and this can be

Moving on,

delivered orally [82]. The reported size of nanoparticles was 70-80 nm with a 20%
feed capability of IVM [82]. The goal of the researchers was to develop a system that
can decrease the expression of viral spike protein present on SARS-CoV-2 as well as
down-regulate its receptor protein (ACE2), and therefore they attached an Fc
immunoglobulin fragment forming T-Fc-IVM-NPs (IgG Fc antibody-treated IVM-
NPs) [82]. The mechanism of action of this NP system has been reported by the
researchers in the paper, but for now, it is important to know that the results of western
blotting showed a significantly lower spike protein and ACE2 in the HEK293T and
HELA cells when T-Fc-IVM-NPs were administered, but not by free IVM [82]. The
cytotoxic results reported suggest that the free IVM decreases basal and maximum
[82] respiration and severely impacts ATP production inside the mitochondria of cells;
however, no such side effects were observed when NT-IVM-NP (not treated [VM-
NPs) and T-Fc-IVM-NP were administered to the cells [82]. This result shows a great
possibility of decreasing the spread of any virus from the SARS family, including
SARS-CoV-2, as the system targets the spike proteins present on the surface of each
member of this family [82].

Up next, we found another study that used Ivermectin (IVM), which was loaded
in synthetic nanoparticles: Poly (L-lactide-co-glycolide)-block-poly (ethylene glycol)-
amide (PLGA-b-PEG-NH2); PLGA-b-PEG-Mal.; Poly (L-lactide-co-glycolide)-
block-poly (ethylene glycol)-hydroxide (PLGA-b-PEG-OH), against Zika virus
[16,83]. The goal of this group was to develop a platform that allows the delivery of
IVM at a higher concentration without affecting other cellular functions inside our
body. They created a system whose size was found to be 60 nm at IVM fed of 10%
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and 140 nm at IVM fed of 50%; however, they also reported the NP system was only
stable up to 30% fed [82]. They reported that the targeted T-Fc-IVM-NPs were
successfully able to cross the intestinal epithelial barrier model and enter the
bloodstream in comparison to non-targeted NT-OH-IVM-MPs. Specifically, 65% of
injected targeted NP was distributed in the blood after 24 h, and the rest (24%) was
still in different parts of the intestine [83]. A comparison study with free IVM showed
that most of the drug was stuck in intestinal tissue, indicating that the NPs are needed
to cross that intestinal barrier [83]. The study also reported that the free IVM was
casily able to cross the placental membrane in comparison to that of T-Fc-IVM-NPs;
however, the free IVM completely disrupts the cellular respirations of the cell that
forms the placental barrier, but this is not the case for T-Fc-IVM-NPs [83]. The overall
cytotoxic study showed that the toxicity of IVM is significantly reduced when loaded
with polymeric NPs, as indicated in Figures 10 and 11 [83]. Specifically, Figures 10
A,B show the western blot decreasing expression of ACE2 in A549 adenocarcinoma
alveolar basal epithelial cells transfected with a plasmid expressing spike protein with
the treatment of [IVM, NT-IVM-NPs, or T-Fc-IVM-, while Figure 10C shows the
ACE2 expression in HeLa malignant epithelial cells. Immunofluorescence staining in
Figure 10D confirms the same trend in A549 cells. Additionally, the researchers also
reported that T-FC-IVM-NP can reduce NS1 protein, suggesting its usage could be
beneficial against the ZIKA virus and other viral infections [83]. Taking their word as
it is, one can tweak this NP system to target the spike proteins present in SARS-CoV-
2.
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Figure 10. Expression of ACE2 with the treatment of IVM, NT-IVM-NPs, or T-Fc-IVM-NPs. Reproduced with

permission from Surnar et al. [83].
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Figure 11. NS1 expression level in HEK293T cells after treatment with NPs by (A) Western blotting and (B)
immunofluorescence. Cells were treated with IVM, NT-OH-IVM-NP, or T-Fc-IVM-NP at a concentration of 10 uM
concerning IVM for 6 h—scale bar: 10 uM. Reproduced with permission from Surnar et al. [83].

3.4. PEDOT

We found a new study that used a unique system that responds to electricity. The
researchers used curcumin (CUR), an antiviral and anticancer drug, and combined it
with electrospun poly(g-caprolactone) (PCL) microfibers (MFs) loaded with poly (3,4-
ethylene dioxythiophene) nanoparticles (PEDOT NPs). The PEDOT NPs, which are
polymeric nanoparticles, have a diameter of 99 + 21 nm and are located inside the PCL
MFs [84]. The study reported that when external stimuli were applied after embedding
PEDOT NPs in the electro-fiber, the release of CUR was promoted [84]. Although the
release of CUR by simple diffusion was very low, a linear increase in drug release was
observed with the increased number of potential pulses. Notably, this increase in the
release was not observed when PEDOT was excluded from the system, indicating that
their presence is crucial for responding to electrical stimuli in the form of potential
pulses in a PBS + Tween 20 electrolyte medium, mimicking a physiological
environment. The study found that the specific increases with the number of pulses for
PCL/PEDOT/CUR MFs were 8.1% =+ 4.3%, 18.4% + 7.2%, and 30.2% + 10.2% after
1, 3, and 5 potential pulses, respectively [84]. The increase is based on the voltametric
response of PEDOT NPs, which results in volume variations and structural changes
[84]. The drug system’s cytotoxic study revealed that cell growth decreases only when
PEDOT is not used, indicating that the presence of PEDOT also reduces the toxicity
of CUR, as shown in Figure 12 [84]. In conclusion, this study shows the potential for
using PCL/PEDOT/CUR MFs to control drug release in response to electrical
stimulation within our bodies, regardless of the virus we are dealing with.
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Figure 12. CUR release from PCL/CUR and PCL/PEDOT/CUR MFs. (a,c¢) CUR release profiles in PBS-EtOH, and
after electrostimulation by applying 1, 3, and 5 consecutive potential pulses, respectively; (b,d) Scheme representing
the diffusion mechanism for CUR release in the absence/presence of electrostimulation, respectively; (e) SEM
micrographs of PCL/PEDOT/CUR fibers after electrostimulation. Reproduced with permission from Puiggali-Jou et
al. [84].

4. Conclusion

According to the findings, the utilization of PNPs presents numerous therapeutic
benefits in combating the SARS-CoV-2 virus. PNPs provide a means of effectively
delivering drugs to targeted locations for a prolonged period, thereby saving
considerable costs associated with repeated drug administration due to quick
elimination from the body. Table 1 shows a list of selected PNPs used for anti-viral
drug delivery strategies.

Table 1. List of selected PNPs used for anti-viral drug delivery strategies.

Polymer Conjugate Properties Application Ref

drug delivery of hydrophilic as well as
hydrophobic actives,

PLGA PLGA-b-PEG-NH:2 w'ater-msolub!e, biocompatibility, and diabetic retinopathy, neovascular [76], [85—
OVA-PLGA biodegradability . 87]
age-related macular degeneration (ocular
neovascularization)
electrical conductivity, electrochemical S . .
PEDOT PCL/PEDOT/CUR  activity, thermoelectric behavior, and high facilitating cell spreading and enhancing cell [84], [88—
. . proliferation 90]
specific capacitance.
T temperature-triggered
PNIPAM PNIPAM-b hydration—dehydration transition, high temperature-modulated drug delivery systems 811, [91],
PDMAEMA . [92]
surface areas, and irregular structures
PEG T-Fc-IVM biocompatibility, protein repellent ability, immunodeficiency disease, bioconjugation, and [93], [94]

drug delivery
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Table 1. (Continued).

Polymer  Conjugate Properties Application Ref

the heterocyclic part analogous to

adenine, allowing hydrogen bonding,

contains C-nucleoside, the presence of a
Remdesivir-GS- 1'-CN group, the ribosyl moiety ensuing  Activity against Ebolavirus, Filo-, Pneumo and
5734 inhibition of RNA (instead of DNA) Paramyxoviruses

synthesis, and the presence of a

phosphoramidate group, contributing to

its tissue targeting

Remdesivir [95]

excellent biocompatibility, high
PCL PEO-PCL hydrophobicity, and neutral
biodegradation end products

used as emulsifying agents, solubilizing agents,

surfactants, wetting agents, and treating HIV/AIDS [96]

wound dressings, medical device coatings,

PVA PVA-TPU-Ag antibacterial and antiviral properties treatment of COVID-19 [97]

PLA PLA-Ag h}gh mechgn'lc.al strength, . blgmedlcal packaging, food packaging, and 3D [98]
biocompatibility and non-toxicity printing technology.

PNIIPAM PNIPAM high stability, biocompatibility, Treat HIV-1 infection [99]

Additionally, various studies have shown that PNPs significantly reduce the
cytotoxicity of many drugs on vital cells within the body. Given their biodegradability,
PNPs are promising contenders for replacing current drug delivery systems with
polymeric nanoparticle-based systems for COVID-19. Some PEG-based nanoparticle
systems have already been applied in clinical trials for COVID-related treatment [ 100].
Additionally, PEG-PLGA systems have been widely applied in clinical trials for anti-
cancer treatment [101,102] and hence one can expect these platforms to be approved
for coronavirus-related trials as well in the near future. The number of nanoparticles
in clinical approvals has gone up each year since 1992 and saw a total of 32 approvals
in 2020, a part of which were for COVID-19 vaccines [103]. Further, the number of
human clinical trials peaked in 2021 for various nanoparticle systems, which only
provides a bright prospect for the upcoming future.
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Abbreviations
AFM atomic force microscopy
CUR Curcumin
Cy-A cyclosporin
DNA deoxyribonucleic acid
ESD emulsification/solvent diffusion
FTIR Fourier transformed infrared spectroscopy
FPV Favipiravir
FPV-SLN favipiravir solid lipid nanoparticles
FTY720 Fingolimod
HiNi Spanish flu, lower respiratory tract infections
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VM Ivermectin drug

Mal Maleimide

MFs Microfibers

mTHPP meso-tetra (3-hydroxyphenyl) porphine
NH: Amide

OoP oseltamivir phosphate

OVA Ovalbumin

PBD Polybutadiene

PCL poly-caprolactone

PBS polybutylene succinate

PEDOT Poly (3,4-ethylene dioxythiophene)
PLA polylactic acid

PLGA Poly (lactic-co-glycolic acid)

PM polymeric micelles

PMMA Poly (methyl methacrylate)
PNIPAM-b-PDMAEMA Poly (N-isopropyl acrylamide)-block-poly (N, N-dimethylamino ethyl methacrylate)
PNIPAM Poly (N-isopropyl acrylamide)
PEG Poly (ethylene glycol)

PNP polymeric nanoparticle

PS Polystyrene

Ps Polymersomes

PSS polystyrene sulfonate

SARS-CoV-2 COVID 19 Severe Acute Respiratory Syndrome Coronavirus 2

SBP1 spike binding peptide
SEM scanning electron microscopy
SD standard deviation
SLNs solid lipid nanoparticles
SNCs silica nanocapsules
TEM transmission electron microscope
WHO World Health Organization
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Abstract: Water splitting, the process of converting water into hydrogen and oxygen gases,
has garnered significant attention as a promising avenue for sustainable energy production.
One area of focus has been the development of efficient and cost-effective catalysts for water
splitting. Researchers have explored catalysts based on abundant and inexpensive materials
such as nickel, iron, and cobalt, which have demonstrated improved performance and stability.
These catalysts show promise for large-scale implementation and offer potential for reducing
the reliance on expensive and scarce materials. Another avenue of research involves
photoelectrochemical (PEC) cells, which utilize solar energy to drive the water-splitting
reaction. Scientists have been working on designing novel materials, including metal oxides
and semiconductors, to enhance light absorption and charge separation properties. These
advancements in PEC technology aim to maximize the conversion of sunlight into chemical
energy. Inspired by natural photosynthesis, artificial photosynthesis approaches have also
gained traction. By integrating light-absorbing materials, catalysts, and membranes, these
systems aim to mimic the complex processes of natural photosynthesis and produce hydrogen
fuel from water. The development of efficient and stable artificial photosynthesis systems holds
promise for sustainable and clean energy production. Tandem cells, which combine multiple
light-absorbing materials with different bandgaps, have emerged as a strategy to enhance the
efficiency of water-splitting systems. By capturing a broader range of the solar spectrum,
tandem cells optimize light absorption and improve overall system performance. Lastly,
advancements in electrocatalysis have played a critical role in water splitting. Researchers have
focused on developing advanced electrocatalysts with high activity, selectivity, and stability
for the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). These
electrocatalysts contribute to overall water-splitting efficiency and pave the way for practical
implementation.

Keywords: water splitting; oxygen evolution reaction (OER); hydrogen evolution reaction
(HER); photoelectrochemical (PEC) cells; scarce materials; catalyst

1. Introduction

In the quest for sustainable energy generation, the development of efficient and
clean technologies is of paramount importance. Among the various renewable energy
sources, hydrogen has emerged as a promising candidate due to its high energy content
and versatility. Water splitting, a process that involves separating water into its
constituent elements, hydrogen and oxygen, offers a viable pathway for the production
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of hydrogen as a clean fuel [1,2]. Traditionally, water splitting has relied on
electrolysis, a process that utilizes electricity to drive the reaction. However,
electrolysis methods have faced challenges in terms of energy efficiency and cost-
effectiveness, limiting their large-scale implementation [3,4]. To overcome these
barriers, researchers and scientists around the world have been working diligently to
break new ground in water splitting technology. In recent years, significant
advancements have been made in the field of water splitting, leading to the
development of novel and efficient approaches. These breakthroughs have the
potential to revolutionize the renewable energy landscape and pave the way for a
sustainable future [5,6].

One of the key areas of focus in water splitting research has been the development
of catalysts. Catalysts play a crucial role in facilitating the water splitting reaction by
reducing the energy requirements and increasing the reaction rates. Traditional
catalysts, such as platinum, are effective but expensive, hindering their widespread
adoption. However, researchers have made remarkable progress in developing low-
cost and earth-abundant catalysts, such as transition metal oxides and molecular
catalysts, which exhibit excellent catalytic activity and stability [7-9]. Another
significant advancement in water splitting technology is the exploration of
photoelectrochemical (PEC) cells. PEC cells utilize semiconductor materials to
harness solar energy and drive the water splitting reaction. By combining light
absorption and catalytic activity in a single device, PEC cells offer a promising
approach to achieve solar-driven water splitting. Researchers have been actively
investigating various semiconductor materials, such as metal oxides and perovskites,
to enhance the efficiency and stability of PEC cells [10-12].

Furthermore, advancements in nanotechnology have opened up new avenues for
improving water splitting efficiency. Nanostructured materials provide a high surface
area, improved charge transport, and enhanced light absorption, making them ideal
candidates for water splitting applications. Nanoparticles, nanowires, and nanotubes
have demonstrated remarkable performance in catalyzing the water splitting reaction,
offering unparalleled opportunities for efficient and cost-effective hydrogen
production [13—15]. Moreover, the integration of water splitting technologies with
renewable energy sources, such as wind and solar, holds tremendous potential for
sustainable energy generation. By utilizing excess electricity generated from
renewable sources during off-peak hours, water splitting can store the energy in the
form of hydrogen, which can be used later for power generation or as a clean fuel for
transportation [ 16—18].

Countries such as Japan, the United States, Germany, China, and South Korea
have been actively researching and developing water splitting technologies [19]. They
have made notable advancements in terms of increasing efficiency, reducing costs,
and developing new materials for electrocatalysts [20]. Japan has a strong research
community and has been actively collaborating with universities, research institutes,
and industries to advance sunlight-driven water splitting technology [21]. Institutions
such as the University of Tokyo, Kyoto University, and the National Institute of
Advanced Industrial Science and Technology (AIST) have been at the forefront of this
research. Japanese researchers have been working on the development of efficient and
stable photoelectrochemical (PEC) cells and photoelectrodes for water splitting. The
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United States has a vibrant research community dedicated to advancing water splitting
technology. Many universities, national labs, and private research institutions have
been conducting research to improve the efficiency, durability, and cost-effectiveness
of water splitting systems [22]. Electrolysis, particularly proton exchange membrane
(PEM) electrolysis and solid oxide electrolysis cells (SOEC), has been an area of focus
in the USA. Besides this, researchers have been working on developing efficient and
stable photoelectrodes, exploring new materials, and improving light absorption and
charge separation processes. In addition, Germany, China, and South Korea have been
actively researching and developing water splitting technologies [23,24].

In a short, advancements in water splitting technology are breaking the barriers
that have hindered its widespread implementation for sustainable energy generation.
The development of efficient catalysts, exploration of photoelectrochemical cells,
utilization of nanostructured materials, and integration with renewable energy sources
are propelling the field forward. These advancements offer a promising pathway
towards a clean and sustainable future, where hydrogen can play a vital role in meeting
our energy needs while minimizing environmental impact.

2. Development of efficient and cost-effective catalysts for water
splitting

Water splitting is a promising technology for producing clean and renewable
hydrogen fuel. It involves the separation of water into hydrogen and oxygen gases
through electrochemical reactions. The process typically requires the use of catalysts
to enhance the reaction rates and efficiency. Over the years, researchers have been
working on developing efficient and cost-effective catalysts for water splitting.

2.1. Platinum group metals (PGMs)

PGMs, particularly platinum and iridium, have traditionally been used as
catalysts for water splitting. However, their high cost and limited availability hinder
large-scale applications. Researchers are exploring ways to reduce or replace the use
of PGMs with more abundant and cost-effective materials [25-27].

2.2. Earth-abundant catalysts

Efforts have been focused on developing catalysts based on earth-abundant
elements, such as transition metal oxides, sulfides, phosphides, and nitrides. These
materials offer the advantages of low cost and scalability. For example, metal oxides
like iron oxide (Fe,Os) and cobalt oxide (Co304) have shown promising catalytic
activity [28-30]. An illustration of catalysis by earth-abundant materials is shown in
Figure 1.

Earth-Abundant Elements

8+

Water Sunlight Hydrogen

Figure 1. Water splitting with earth-abundant elements.
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2.3. Bimetallic and alloy catalysts

Combining different metals into bimetallic or alloy catalysts can enhance their
catalytic properties. For instance, combining nickel (Ni) with iron (Fe) or cobalt (Co)
has shown improved activity for water splitting. These catalysts can be synthesized
using various methods, including electrochemical deposition, sol-gel techniques, and
physical mixing [31-33].

2.4. Molecular catalysts

Researchers are also exploring molecular catalysts, especially based on abundant
and inexpensive organic compounds. These catalysts typically contain metal
complexes with ligands that facilitate the water splitting reactions. A molecular
catalytic reaction is demonstrated in Figure 2. Molecular catalysts offer precise
control over the catalytic properties and can be designed to optimize efficiency [34—
36].

I+

Figure 2. Schematic diagram of homogeneous catalysis with soluble molecular
catalyst.

2.5. Nanostructured catalysts

Nanostructured catalysts, such as nanoparticles, nanowires, and nanotubes, have
attracted attention due to their high surface area and unique electronic properties.
These structures can enhance catalytic activity by providing more active sites and
improving charge transport. Examples include metal nanoparticles supported on
conductive substrates or semiconductor nanomaterials [37—40]. Several nanoparticles
and nanowires are shown in Figure 3.

Gold Polymeric Buckyball Mesoporous
nanoparticle nanoparticle nanoparticle

Several nanoparticles Nanowire

Figure 3. An illustration of nanoparticles and nanowire.
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2.6. Computational design

Advances in computational modeling and machine learning have enabled the
rational design of catalysts with enhanced activity. By simulating the electronic
structure and reaction kinetics, researchers can identify promising catalyst candidates
for experimental validation, accelerating the discovery process [41-43].

3. Solar energy to drive the water-splitting reaction

Utilizing solar energy to drive the water-splitting reaction is a promising
approach for sustainable hydrogen production. It involves harnessing the energy from
sunlight and converting it into chemical energy stored in the form of hydrogen gas.
There are two common methods for using solar energy in water splitting:

3.1. Photovoltaic (PV) electrolysis

This method involves using photovoltaic cells, commonly known as solar cells,
to directly convert solar energy into electricity. The generated electricity is then used
to power an electrolyzer, which splits water into hydrogen and oxygen gases. The
electrolyzer consists of two electrodes (cathode and anode) immersed in an electrolyte
solution. When an electric current is applied, water molecules at the cathode are
reduced to produce hydrogen gas (H»), while water molecules at the anode are oxidized
to produce oxygen gas (QO,). Catalysts are employed at the electrodes to enhance the
reaction rates and improve overall efficiency [44—46].

3.2. Photoelectrochemical (PEC) water splitting

PEC water splitting combines the principles of solar cells and electrolysis into a
single device. A photoelectrochemical cell is used, which typically consists of a
semiconductor electrode immersed in an electrolyte solution [47]. A schematic
diagram of photoelectrochemical water splitting is depicted in Figure 4. The
semiconductor electrode absorbs photons from sunlight, generating electron-hole pairs.
The excited electrons participate in the reduction reaction (hydrogen evolution), while
the holes contribute to the oxidation reaction (oxygen evolution) [48-51]. Catalysts
are essential in PEC cells to facilitate the reaction kinetics and improve efficiency.
Both PV electrolysis and PEC water splitting have their advantages and challenges:

O—

2H, | 4e+4H1H0, / %,

4e +4H"  2H,0
Cathode Anode

Figure 4. Schematic diagram of photoelectrochemical water splitting.
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3.2.1. Advantages

e Utilization of abundant and renewable solar energy.

e Production of clean and sustainable hydrogen fuel.

e Compatibility with existing infrastructure for hydrogen storage and utilization.
*  Potential for decentralized hydrogen production.

3.2.2. Challenges

e Efficiency: Maximizing the efficiency of solar energy conversion and the water-
splitting reaction to maximize hydrogen production.

*  Catalysts: Developing efficient and stable catalysts that can enhance the reaction
rates and reduce energy losses.

e Materials: Exploring and optimizing semiconductor materials with desirable
properties for efficient solar energy absorption and charge separation.

*  Durability: Ensuring the long-term stability and durability of the materials and
catalysts under harsh operating conditions.

e Cost: Reducing the cost of materials, catalysts, and system components to enable
widespread adoption.

Ongoing research and development efforts are focused on improving the
efficiency, stability, and cost-effectiveness of solar-driven water-splitting
technologies. By addressing these challenges, solar energy can be harnessed to drive
the water-splitting reaction, enabling the production of clean and sustainable hydrogen
fuel.

4. Natural photosynthesis to hydrogen fuel

By integrating light-absorbing materials, catalysts, and membranes, artificial
photosynthetic systems aim to mimic the complex processes of natural photosynthesis
and produce hydrogen fuel from water. These systems, often referred to as artificial
photosynthesis or artificial leaf systems, seek to harness solar energy and use it to drive
the water-splitting reaction, generating hydrogen gas (H:) as a clean and renewable
fuel. Here’s a breakdown of the key components:

4.1. Light-absorbing materials

Light-absorbing materials, such as semiconductors or molecular dyes, capture
sunlight and convert it into usable energy. These materials should have a broad
absorption spectrum, efficient light harvesting, and good charge separation properties
to generate the necessary energetic electrons [52—54].

4.2. Catalysts

Catalysts facilitate the water-splitting reaction by reducing the energy barriers
and increasing the reaction rates. They are typically used at the cathode (hydrogen-
evolving reaction, HER) and anode (oxygen-evolving reaction, OER) to promote the
respective electrochemical reactions. Catalysts can be based on various materials,
including earth-abundant metals, metal oxides, molecular complexes, or even
biological enzymes [55-57].
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4.3. Membranes

Membranes are employed to separate the HER and OER compartments,
preventing the mixing of hydrogen and oxygen gases and enhancing the overall system
efficiency. Proton-exchange membranes (PEMs) or other selective ion-conductive
membranes are used to enable the transport of protons while blocking the crossover of
gases [58—-60].

4.4. Electron transfer pathways

Efficient pathways for electron transfer are essential to transport the generated
electrons from the light-absorbing materials to the catalytic sites. Electron-conductive
materials or structures, such as conductive electrodes or nanowires, are used to
facilitate the movement of electrons to the respective electrodes [61-63].

By integrating these components, artificial photosynthetic systems emulate the
fundamental processes of natural photosynthesis, where plants and algae convert
sunlight, water, and carbon dioxide into chemical energy in the form of carbohydrates.
In the case of artificial photosynthesis for hydrogen production, the focus is on
generating hydrogen fuel from water using sunlight as the primary energy source.
These systems hold promise for sustainable and carbon-neutral energy production, but
there are still challenges to overcome, such as improving the efficiency, stability, and
scalability of the components, as well as reducing costs. Extensive research and
development efforts are ongoing to advance the field of artificial photosynthesis and
enable its practical implementation as a viable technology for hydrogen production
and energy storage.

5. Tandem cells to enhance the efficiency of water-splitting systems

Tandem cells have emerged as a strategy to enhance the efficiency of water-
splitting systems in artificial photosynthesis. Tandem cells are multi-junction devices
that combine multiple light-absorbing materials with different bandgaps in a stacked
configuration [64—66]. This configuration allows for the efficient capture of a broader
range of the solar spectrum, thereby increasing the overall energy conversion
efficiency. Here’s a closer look at how tandem cells work:

5.1. Bandgap combinations

Different semiconductor materials have different bandgaps, which determine the
range of light wavelengths they can efficiently absorb. In tandem cells, materials with
varying bandgaps are carefully selected and arranged in a series to create a cascade of
absorption layers. The bandgap of each layer is tailored to match the energy level of a
specific portion of the solar spectrum, enabling efficient utilization of a wider range
of photons [67,68].

5.2. Efficient light harvesting

As sunlight passes through the tandem cell, each layer absorbs a specific portion
of the solar spectrum. The absorbed photons generate electron-hole pairs (excitons) in
the respective layers, leading to the production of electrical current [69,70]. The light
harvesting technique is demonstrated in Figure 5.
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o

Light harvesting Excued electron

Figure 5. Light harvestmg techmque.

5.3. Charge separation and collection

The excited electrons and holes generated in each layer are rapidly separated due
to the different bandgaps and internal electric fields. Efficient charge collection
mechanisms are employed to extract the electrons and holes from each layer and direct
them to their respective contacts or electrodes.

5.4. Water-splitting reactions

The separated electrons and holes can be utilized for the water-splitting reaction.
The excited electrons are directed to the cathode, where they participate in the
reduction reaction (hydrogen evolution) by converting protons (H") from water into
hydrogen gas (H»). The holes are directed to the anode, where they participate in the
oxidation reaction (oxygen evolution) by oxidizing water molecules (H.O) to produce
oxygen gas (O,).

By combining materials with different bandgaps in tandem cells, a larger portion
of the solar spectrum can be effectively harvested, leading to improved light-to-
hydrogen conversion efficiency. This approach allows for better utilization of solar
energy and has the potential to achieve higher efficiencies compared to single-junction
devices. Tandem cells are an active area of research, and scientists are exploring
various material combinations, device architectures, and fabrication techniques to
optimize their performance. The development of efficient and stable tandem cells is
crucial for advancing the field of artificial photosynthesis and enabling more efficient
solar-driven water-splitting systems for sustainable hydrogen production.

6. Development and optimization of OER and HER

The development and optimization of the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) electrocatalysts are crucial for advancing various
energy conversion and storage technologies. Here are some key aspects involved in
the development and optimization of OER and HER processes:

6.1. Catalyst screening and design

Initial stages involve screening and evaluation of various catalyst materials to
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identify candidates with high activity for OER and HER. The catalyst design considers
factors such as electronic structure, surface area, crystal structure, and surface
chemistry to enhance catalytic activity and stability. Computational modeling and
high-throughput screening techniques are often employed to accelerate catalyst
discovery [71,72].

6.2. Nano-structuring and surface modifications

Nano-structuring techniques, such as nanoparticle synthesis, thin-film deposition,
or nanowire fabrication, are employed to increase the surface area and expose more
active sites. Surface modifications, such as doping, alloying, or surface
functionalization, can tailor the catalyst’s electronic properties and surface reactivity,
leading to improved performance [73—75]. Surface functionalization of catalysts is
illustrated in Figure 6.

Surface functionalization

Catalyst . .

Surface modified catalyst

Figure 6. Surface functionalization of catalyst.

6.3. Interface engineering

The catalyst-support interface plays a crucial role in the overall catalytic activity
and stability. Interface engineering techniques, such as optimizing the catalyst-support
interaction, introducing interlayers, or using conductive substrates, can enhance
electron transfer kinetics and catalytic performance [76-78].

6.4. Co-catalysts and synergy effects

Co-catalysts, such as metal nanoparticles, metal oxides, or molecular complexes,
can be combined with the primary catalyst to enhance catalytic performance.
Synergistic effects between different catalyst components can promote electron
transfer, modify reaction kinetics, and improve overall efficiency [79,80].

6.5. Ion and mass transport

Efficient ion and mass transport within the electrochemical system is crucial for
optimizing OER and HER. Strategies to enhance mass transport include designing
porous electrode structures, optimizing electrolyte composition, and improving gas
diffusion pathways [81,82].

6.6. Stability and durability

Long-term stability and durability of OER and HER catalysts are essential for
practical applications. Researchers focus on understanding degradation mechanisms,
developing strategies to mitigate catalyst degradation (e.g., corrosion resistance), and
exploring protective coatings or encapsulation techniques [83,84].
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6.7. Advanced characterization techniques

Advanced characterization techniques, such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and in-situ spectroscopy, provide insights into catalyst structures, active sites,
and reaction mechanisms. These techniques help in understanding the structure-
activity relationships and guide catalyst optimization efforts.

The development and optimization of OER and HER catalysts involve a
multidisciplinary approach, combining materials science, surface chemistry,
electrochemistry, and computational modeling. Continued research efforts aim to
enhance catalytic activity, selectivity, stability, and cost-effectiveness to enable
efficient and sustainable energy conversion and storage systems.

7. Catalyst for OER and HER

Researchers have indeed focused on developing advanced electrocatalysts with
high activity, selectivity, and stability for the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER). These electrocatalysts play a critical role in
facilitating efficient and sustainable water splitting, which is essential for various
applications, including artificial photosynthesis and renewable energy storage. Here’s
an overview of the advancements in electrocatalyst development for the OER and
HER:

7.1. Oxygen evolution reaction (OER)
7.1.1. Metal oxides and mixed metal oxides

Metal oxides, such as ruthenium oxide (RuQ,), iridium oxide (IrO;), and
manganese oxide (MnOy), have shown excellent catalytic activity for the OER.
Researchers have been exploring the synthesis of nanostructured and well-defined
metal oxide catalysts to enhance their surface area and expose more active sites. Mixed
metal oxides, combining different elements, can exhibit improved OER activity and
stability compared to single-metal oxides [85-87] (Table 1).

Table 1. Comparison of oxygen evolution reaction (OER) performance with various
transition metal oxide and hydroxide [88].

Materials pH Overpotential for 10 mA cm™2/V Tafel Slope/mV decade™!
MnCo-G 14 0.33 48
RuO2 14 0.3 42
NisMn-LDH-MWCNT 14 0.35 (iR-corrected) 83
CosMn-LDH-MWCNT 14 0.3 (iR-corrected) 74
CoNi-LDH/Fe-PP-M 14 0.32 53
CuCo0204/N-rGO 14 0.36 64
Co3Ss@MoS: 14 0.33 59
CoMoOs 14 0.31 56
CoP 14 0.36 66
CoFe LDH 13 0.36 49
NiFe LDH 14 0.33 41
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7.1.2. Perovskite oxides

Perovskite oxides, with a general formula of ABOs, have garnered significant
attention for OER electrocatalysis. Materials such as strontium titanate (SrTiO3),
strontium iridate (SrIrOs), and barium strontium cobalt iron oxide (BSCF) have
demonstrated promising OER activity. Doping, surface modification, and nano
structuring techniques are employed to optimize the performance of perovskite oxides
[89-92].

7.1.3. Earth-Abundant talysts

To overcome the cost and scarcity associated with noble metals, researchers are
actively exploring earth-abundant catalysts for the OER. Materials like cobalt-based
compounds (e.g., C030s), nickel-iron-based compounds (e.g., NiFe layered double
hydroxides), and metal phosphides (e.g., nickel phosphide, cobalt phosphide) have
shown promising OER activity [93,94].

7.2. Hydrogen evolution reaction (HER)
7.2.1. Platinum group metals (PGMs)

PGMs, particularly platinum (Pt) and palladium (Pd), are highly efficient HER
catalysts due to their excellent activity and stability. Researchers are working on
developing advanced Pt- and Pd-based catalysts with enhanced activity through
alloying, nano structuring, and developing hybrid materials.

7.2.2. Earth-abundant catalysts

To address the cost and sustainability issues associated with PGMs, researchers
are actively exploring earth-abundant alternatives for HER. Materials such as
transition metal sulfides (e.g., molybdenum sulfide, nickel-molybdenum sulfide) and
metal phosphides (e.g., nickel phosphide, cobalt phosphide) have shown promising
HER activity [93,94]. Several earth-abundant catalysts and their properties are shown
in Table 2.

Table 2. Examples of earth-abundant HER electrocatalysts.

Catalyst material 1 at —10mAcm™2 (mV) Tafel slope (mV per decade) pH Faradaic yield

NiMo 200 (100 mAcm2) 122 148 NA
CoMo 170 (100 mAcm™2) 92 148 NA
NiMo 185 (100 mAcm™2) 112 148 NA
NiMo 70 (20 mAcm2) NA 143 NA
NiMo 34 (20 mAcm™) NA 14 NA
MoS: 260 50 0 NA
Pt 50 140-150 13 NA
Ni 58 81.6 14 NA
Mo 65 76 14 NA
Mo$: 200 (15 mAcm2) 40 ~0.3 100%*
Mo$: ~150 41 0 NA
Mo$: 170 60 02 NA
CoS: 145 51 0 NA
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Table 2. (Continued).

Catalyst material 1 at —10 mAcm2(mV) Tafel slope (mV per decade) pH Faradaic yield
CoS2 ~175 93 7 100%
CoMoSx 250 85 7 —100%
WS2 ~250 60 0 NA
CoSe2 90 39 0 NA
MoS1.0Sel.0 ~200 56 0 100%*
NiSe:z ~140 49 0 NA
NizP 130 (20 mAcm?) 46 0 100%*
CoP 85 (20 mAcm™?) 50 0 100%*
FeP 55 38 0 100%
MoP 64 NA 0 100%
CoNx 170 75 14 NA
CoNx 140 30 0 NA
NiMoNx 225 (5 mAcm?) 35.9 1 NA
a-MoB ~225(20 mAcm?) 55 —0.3 100%
Mo2C 130 53 0 NA
MoC 124 43 0 NA
MoC 77 50 14 NA
Ni/C 34 41 0 100%*
CuosTis 60 110 13 NA

7.2.3. Molecular catalysts

Molecular catalysts, typically based on metal complexes or metalloporphyrins,
offer precise control over the active sites and electronic properties. Researchers are
designing and synthesizing molecular catalysts with tailored structures to optimize
HER activity, selectivity, and stability.

The development of advanced electrocatalysts with high activity, selectivity, and
stability is crucial for improving the overall efficiency and commercial viability of
water-splitting technologies. Researchers continue to explore new materials, catalyst
designs, and strategies to enhance the performance of electrocatalysts for the OER and
HER, aiming to enable efficient and sustainable hydrogen production.

8. Conclusion

In conclusion, significant progress has been made in the development and
optimization of catalysts and technologies for water splitting, which has advanced the
production of sustainable energy. Catalysts based on abundant and inexpensive
materials, such as nickel, iron, and cobalt, have shown improved performance and
stability, reducing the need for costly materials. Photoelectrochemical (PEC) cells,
which utilize novel materials like metal oxides and semiconductors, aim to maximize
the conversion of solar energy into chemical energy for water splitting. Artificial
photosynthesis approaches, inspired by natural photosynthesis, integrate light-
absorbing materials, catalysts, and membranes to produce hydrogen fuel from water,
offering a potential solution for clean energy production. Tandem cells, which
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combine multiple light-absorbing materials, optimize light absorption and enhance
system efficiency. Furthermore, advancements in electrocatalysis have led to the
development of advanced electrocatalysts with high activity, selectivity, and stability
for the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).
These advancements collectively pave the way for the practical implementation of
water splitting in various energy conversion and storage systems, bringing us closer to
a sustainable and clean energy future.
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