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Abstract: Here, we present an innovative and creative sustainable technique for the fabrication of
titania (TiO2) using Acorus calamus (A. calamus) leaf extract as a new biogenic source, as well as a cap-
ping and reducing agent. The optical, structural, morphological, surface, and thermal characteristics
of biosynthesized nanoparticles were investigated using UV, FTIR, SEM, DLS, BET, and TGA-DSC
analysis. The phase formation and presence of nanocrystalline TiO2 were revealed by the XRD
pattern. FTIR analysis revealed conjugation, as well as the presence of Ti–O and O–H vibrational
bands. The nanoparticles were noticed to be globular, with an average size of 15–40 nm, according to
the morphological analysis, and the impact of size quantification was also investigated using DLS.
The photocatalytic activity of bare, commercial P-25 and biosynthesized TiO2 (G-TiO2) nanoparti-
cles in aqueous solution of rhodamine B (RhB) dye was investigated under visible light irradiation
at different time intervals. The biosynthesized TiO2 nanoparticles exhibited strong photocatalytic
activity, degrading 96.59% of the RhB dye. Different kinetic representations were utilized to analyze
equilibrium details. The pseudo-first-order reaction was best suited with equilibrium rate constant
(K1) and regression coefficients (R2) values 3.72 × 10−4 and 0.99, respectively. The antimicrobial
efficacy of the prepared nanoparticles was investigated using the disc diffusion technique. Further,
biosynthesized TiO2 showed excellent antimicrobial activity against the selected gram-positive stain-
ing (B. subtilis, S. aureus) over gram-negative (P. aeruginosa, E. coli) pathogenic bacteria in comparison
to bare TiO2.

Keywords: biosynthesis; nanoparticles; dye degradation; rhodamine B; antimicrobial activity

1. Introduction

The recent progress in nanotechnology has caught the interest of scientists across a
wide range of disciplines because it could be used for the detection, diagnosis, and purifi-
cation of environmental contaminants [1]. The study of nanostructures requires a better
understanding of the crystal form with a suitable structure that can be achieved through a
new design and simple synthesis methods [2]. Biogenesis has grown rapidly in modern

Catalysts 2022, 12, 181. https://doi.org/10.3390/catal12020181 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12020181
https://doi.org/10.3390/catal12020181
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-8199-5243
https://orcid.org/0000-0003-3427-8943
https://orcid.org/0000-0002-9044-3395
https://orcid.org/0000-0002-5128-5136
https://orcid.org/0000-0002-4590-3153
https://doi.org/10.3390/catal12020181
https://www.mdpi.com/journal/catalysts
http://www.mdpi.com/2073-4344/12/2/181?type=check_update&version=3


Catalysts 2022, 12, 181 2 of 18

nanotechnology over the last few decades. The eco-friendly synthesis of nanoparticles
has seen tremendous progress in nanoscience and its application in a wide range of fields
such as the catalysis, antimicrobial [3], anticancer [4], target-specific drug delivery [5],
and agriculture [6] fields. Recently, several biosynthesis methods have been suggested in
order to develop potential sustainable synthesis techniques to reduce the use of hazardous
materials for nanomaterials [7]. There has been a spike in interest in fabricating nanoma-
terials using sustainable green technologies in recent years. The structure of inorganic
nanoparticles, showing significantly novel and enhanced features due to their nanoscale
sizes, have gained great interest [8,9]. Textile dyes discharged into nearby water during the
dyeing process have become a serious health threat for individuals and their surroundings.
The degradation of dye is almost crucial for wastewater due to its toxicity. As a result,
a method for using biosynthesized nanoparticles from a wide range of biomedical appli-
cations has been reported, with plant material being the most suitable approach. Since
plant material is easily accessible, it not only makes the process eco-friendlier, but also
more cost-effective.

Titanium dioxide nanoparticles can be synthesized using several techniques, such as
the template [5,10], sol–gel [11], hydrothermal [12], thermal hydrolysis [13], electrochemical
anodic oxidation [10], flame synthesis [14,15], and photochemical reduction methods [16,17].
The most common precursors used to synthesize TiO2 nanoparticles were titanium (IV)
alkoxide, titanium tetra isopropoxide (TTIP), titanium butoxide, and titanium tetrachloride
(TiCl4). Titanium tetrachloride is the most toxic and corrosive of these precursors, while
titanium (IV) alkoxide is both costly and soluble in organic solvents. The green route
is the more suitable option for nanoparticle synthesis, since it is more sustainable and
eco-friendlier, while physical and chemical methods for synthesis are also possible [18].
Several researchers successfully synthesized TiO2 using eco-friendly plant materials such
as leaves [3], roots [4], and fruits [19] for dye degradation. A range of phytochemicals
and bioactive compounds have been found in common aqueous extracts from various
medicinal plants that work as non-toxic capping and reducing agents, and shape and size
control agents for synthesized nanoparticles [7,20]. As a result, the presence of various
stabilizing agents is advantageous for controlling particle size and growth.

TiO2 is well known among metal oxides as a multifunctional material that plays an es-
sential role in a variety of applications due to its good physical stability and non-toxicity [21].
Anatase, rutile, and brookite are the three main polymorphs of TiO2 nanostructure. Anatase
TiO2 has a high catalytic activity due to its large surface area, high molecular oxygen
adsorption capacity, and low rate of electron-hole pair recombination [22]. Anatase TiO2
nanocatalysts with wide-bandgap semiconductors have been studied extensively due to
their excellent photocatalytic activity under UV irradiation [18]. Sharma et al. reported that
cerium oxide (CeO2) nanoparticles were successfully synthesized via A. indica leaf extract
and used as a nanocatalyst for the photodegradation of RhB dye. Similarly, TiO2 and CeO2
nanoparticles have a wide bandgap, are mostly non-toxic, and have high stability, making
them an alternative material for photocatalytic applications [23]. The co-precipitation
method was used to fabricate a nanocomposite and investigate photocatalytic performance
of BPB dye in an aqueous solution under solar irradiation using TiO2-laced nanocomposite
with activated carbon and clinoptilolite. The degradation efficiencies of BPB dye with
TiO2-doped catalyst found that the highest photocatalytic performance was about 70 to
90% as compared to TiO2 using 4 g of catalyst dosage [24].

A. calamus is a traditionally well-known medicinal plant used in the treatment of many
diseases. A. calamus was originally classified as a member of the Araceae family but is
now designated as belonging to the Acoraceae family [25]. The plant grows in northern
temperate and subtropical regions of Asia, as well as North America, Europe, and northern
Jammu and Kashmir of India [26]. A semiaquatic herb with creeping rhizomes, it has a
wide range of pharmacological characteristics, including antibacterial, insecticidal, and an-
tiulcerative effects. The major bioactive chemicals contained in A. calamus are flavonoid,
monoterpene, quinone, sesquiterpene, and phenylpropanoid [27]. Researchers have intro-
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duced a wide range of antimicrobial agents that are multidrug-resistant and can treat a
wide range of microbial diseases [28,29]. The use of metal and metal-based nanoparticles
as a novel antibacterial drug formulation is a cutting-edge and unique approach to drug
development. The motive of this study is to explore the optical, structural, and morpho-
logical features of biosynthesized TiO2 nanoparticles using A. calamus leaf extract in a
green method. Additionally, biosynthesized nanoparticles were utilized to investigate
photocatalytic dye degradation as well as antibacterial properties, and to compare them
with the bare TiO2 and commercial P-25 nanoparticles. To our knowledge, this is the first
work to use a precipitation approach with A. calamus leaf extract as a stabilizing agent to
synthesize TiO2 nanoparticles, and no findings on photocatalytic or antibacterial activity
have been reported.

2. Results and Discussion
2.1. Optical Properties

The UV-visible light at wavelengths ranging from 200 to 800 nm was used to evaluate
the light absorption characteristics of TiO2 nanoparticles. Figure 1 depicts the UV-visible
spectra of TiO2 and A. calamus leaf extract in an aqueous solution at room temperature.
It was observed that the absorption maxima (λmax) for bare and biosynthesized TiO2
(G-TiO2) were found to be 341 and 355 nm, respectively, which is a preliminary indication
of TiO2 material presence (Figure 1a) [9]. Our goal is to determine photocatalytic activity;
hence the bandgap of the material is important. As a result, we used the UV-visible spec-
trum to evaluate the optical nature, bandgap energy absorption edge, and other properties
of TiO2 nanoparticles calcined at 600 ◦C. The optical bandgap (Eg) of the biosynthesized
samples was determined using the Tauc plot, hν vs (αhν)2, as indicated in Figure 1b using
the following Equation (1):

(α.hν)
1
n = k

(
hν− Eg

)
(1)

where k is a constant, hν is the photon energy, Eg the bandgap energy and the absorption
coefficient (α). The n factor equals 1/2 or 2 for the indirect and the direct band gaps, re-
spectively, depending on the nature of the electric transition. The absorption peak obtained
at 341 nm is assigned to a characteristic peak of monodispersed TiO2 nanoparticles [18].
The bandgap energy of biosynthesized TiO2 nanoparticles was calculated to be 3.20 eV.
This value is similar to bulk titanium dioxide, i.e., Eg = 3.22 eV [30]. These results further
confirmed the formation of TiO2 nanoparticles.
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2.2. Functional Groups Analysis

The different functional groups on the surface of leaf extract, bare TiO2, and biosyn-
thesized TiO2 nanoparticles were determined using the FTIR spectrum (Figure 2). The ab-
sorption peaks of biosynthesized nanoparticles were found to be below 1200 cm−1. In the
spectrum for leaf extract, the major stretching frequencies were observed at 3260, 2096, 1583,
1400, 1305, 1066, and 756 cm−1. Hydroxyl groups were attributed to the band 3260 cm−1,
whereas carbonyl stretching vibrations and asymmetric carboxylate stretching were as-
signed to the bands 2096 cm−1 and 1583 cm−1, respectively [12,19,31]. The symmetrical
twisting vibration of the –COO group caused the band 1400 cm−1, confirming the presence
of a carboxylic group in the extract. The bending oscillation of the C–H group in the alde-
hydes was disclosed by the band at 1305 cm−1, whereas the C–O pulling oscillations of the
ether and tertiary alcohols were shown by the bands at 1066 and 756 cm−1, respectively [32].
The non-appearance of these unique crests in the spectral band of synthesized nanoparticles
by leaf extract could be attributed to the enhanced precision of synthesized nanoparticles in
anatase crystal form after 600 ◦C calcination. The bare TiO2 nanoparticles spectra were also
used to provide comparative studies with the biosynthesized nanoparticles. The bare TiO2
spectra contain various wide vibrational bands and functional groups. The band appeared
in the range 3339 cm−1 with the characteristics of –OH stretching and the band at 1627 cm−1

with the characteristics of –OH bending vibration of water molecules absorbed on the sur-
face of bare TiO2. Ti-O-Ti vibrations were responsible for the distinctive indication for TiO2
nanoparticles recorded in the FTIR spectra below 1000 cm−1 [33]. FTIR spectroscopy was
also used to provide comparative spectra of TiO2 with A. calamus leaf extract (Figure 2).
It is possible to show that phytochemicals contained in A. calamus leaf extract might be for
the depletion of metallic ions (Ti+4) in the commencing material, which is effective in the
biosynthesis G-TiO2 nanoparticles, using leaf extracts from selected medicinal plants [3].
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2.3. Crystallographic Structure

Figure 3 shows the XRD pattern of biosynthesized and bare TiO2 nanoparticles.
The spectra show the development of anatase-phase titania with diffraction angles (2θ) of
25.3◦ (110), 37.8◦ (011), 48.0◦ (111), 54.0◦ (121), 62.8◦ (310), 69.0◦ (031), 70.2◦ (112), and 75.1◦

(022). Our findings are very similar to those of the standard JCPDS File No (21-272).
From the XRD spectra, a prominent peak at 25.3◦ and 48.0◦ is solely related with the
TiO2 anatase (110) crystallographic plane without the presence of any impurities. Further,
the XRD spectra of bare TiO2 were also provided for the comparison with the biosynthe-
sized nanoparticles. The broad peaks in the spectra indicate that the particles are relatively
small. The peak intensities of biosynthesized TiO2 are higher than bare TiO2, which could
be attributed to slight variations in titania grain size. The XRD sample of bare TiO2 showed
a dominant peak at (2θ) of 27.3◦ and 41.8◦ which proved the (110) crystallographic plane
of both the anatase and (111) rutile form of TiO2 NPs, respectively. Our XRD results coin-
cide with the work reported on the synthesis of catalyst particles derived by the sol–gel
approaches. Comparatively, the broader diffraction peaks corresponding to the bare TiO2
sample was attributed to the presence of the smaller crystallite size. The stoichiometry of
the final matter is highly dependent on the restricted pressure used during the produc-
tion [19]. As a result, the stoichiometries of biosynthesized TiO2 nanoparticles could be very
diverse. The crystallite size and peak broadening profile of the synthesized nanoparticles
were estimated using the Debye Scherrer formula (D = 0.9λ/β cos θ) at a 2θ value of 25.3◦.
The size of biosynthesized nanoparticles was determined to be around 38.6 nm. Apparently,
the reported nanocrystallite sizes clearly revealed that biosynthesized nanoparticles have
the smallest size, which is consistent with the SEM results. The presence of strong peaks
supported the crystallinity of TiO2 nanoparticles in the anatase form, whereas the absence
of spectra represented alternative TiO2 crystallite forms [32].
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2.4. Morphology Analysis

The morphology, such as shape, size, and surface characteristics, were investigated
using scanning electronic microscopy. The SEM micrographs of biosynthesized with
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A. calamus plant leaf extract and bare TiO2 nanoparticles is shown in Figure 4. The fabri-
cated facile nanoparticles are uniformly dispersed, spherical, and interconnected, as shown
by SEM micrographs (Figure 4a). The average build of the biosynthesized TiO2 nanoparti-
cles was determined using SEM micrographs, and it was found to be in the 11–30 nm range.
Figure 4b depicts high magnification pictures of as-prepared TiO2 nano powder samples
deposited on carbon stripes. The nanoparticles are densely aggregated in the form of large
clusters around the examining area, but the approximate average size of the nanoparticles
is 108 nm, and they are semi-spherical in shape. The particle size of biosynthesized TiO2 is
slightly smaller than the rest of the bare TiO2 that was generated at low temperature and
high concentration, as can be seen in the SEM micrographs. According to Sankar et al.,
interconnected nanoparticles are mostly used for electrochemical and biological applica-
tions [34]. Furthermore, the synthesized nanoparticles sizes might be comparable to the
other previously reported Degussa P25 Mixed-Phase TiO2 nano powder [2,35]. However,
there is a slight difference in particle sizes between the two samples, which could be
attributable to the synthesis conditions.
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2.5. DLS Analysis

The hydrodynamic diameter of biosynthesized and bare TiO2 nanoparticles was
precisely measured using particle size analysis. The mean particle size of biosynthe-
sized and bare TiO2 nanoparticles was estimated to be 37.8 and 58.8 nm, respectively
(Figure 5a). The particle size distribution curve for biosynthesized TiO2 exhibited an inten-
sity of 8.83%, while bare TiO2 showed 7.19%, which indicates some agglomerations in the
solvent (Figure 4a). However, chemically synthesized nanoparticles were agglomerated up
to 2.3 µm [4,18]. The zeta potential is used to discover the charge and firmness of a solid par-
ticle in an aqueous suspension. It is based on dynamic light scattering (DLS). In our recent
investigation, we found a significant positive zeta potential of biosynthesized nanoparticles
approximately 4.65 mV, compared to 5.81 mV for bare TiO2 (Figure 5b). The high absolute
value of zeta potential indicates that the nanoparticles have a high electrical charge on their
surface that shows stability of nanoparticles.
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2.6. BET Analysis

For exploring the facet behavior of biosynthesized TiO2 nanoparticles, adsorption–
desorption spectra were documented using Brunauer–Emmett–Teller (BET) analysis, as shown
in Figure 6. The adsorption–desorption isotherm was a classic type IV with an H4 hysteresis
curve and mesoporous phases, as per IUPAC nomenclature [36]. This indicates uncontrolled
multilayer formation, since the lateral contact between adsorbed molecules is stronger than
on adsorbate and adsorbent surfaces. The porous character of the material is confirmed
by the wide and broad hysteresis loop with a delay in the condensation–evaporation pro-
cess. The particular surface region of synthesized TiO2 nanoparticles was evaluated from
isotherms using BET analysis and was found to be 7.04 m2 g−1. The Barret–Joyner–Halenda
(BJH) plot demonstrated the calculated average pore size distribution of nanoparticles from
adsorption sites. Furthermore, the BJH model, which was used to calculate the average
pore diameter and volume of biosynthesized TiO2 nanoparticles samples, showed values
of 4.92 nm and 5.701 cm3 g−1, respectively. The increased surface area provides additional
binding sites, enhancing the sorption capacity of the synthesized material. Previous re-
search also revealed a correlation between increased pore volume and increased surface
area [32,37].
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biosynthesized TiO2 nanoparticles.

2.7. Thermal Properties

The thermal characteristics of biosynthesized TiO2 nanoparticles were investigated
employing thermogravimetric analysis. The thermograms of manufactured nanoparticles
heated from 25 ◦C to 1000 ◦C using differential scanning calorimetry (DSC) and thermo-
gravimetry (TGA) are plotted (Figure 7). TGA experienced two significant weight loss
events. Below 200 ◦C, removing physically and chemically entrapped water molecules and
aqueous ammonia from the titania gel resulted in a weight loss of around 12%. Pyrolysis
and carbonization of biomass resulted in a weight loss of around 33% at temperatures
ranging from 200 to 800 ◦C [5], which is associated to the transition of titania from the amor-
phous to the anatase phase (i.e., the combustion of TiOH to form TiO2 nanoparticles) [38].
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On the DSC thermogram, similar peaks can be observed, indicating two phases.
It has two endothermic peaks, one at around 100 ◦C and the other at approximately
800 ◦C. At 400 ◦C, the vaporization of carbonized residues on the surface of biosynthesized
nanoparticles indicated a high exothermic peak. There have been other investigations that
have shown similar outcomes to this one [39]. There was no significant weight loss from
800 ◦C to 1000 ◦C, thus 600 ◦C was preferred as the calcination temperature for this study
based on thermal analysis.

2.8. Photocatalytic Activity

Under visible light, the catalytic activity of biosynthesized, bare, and commercial
P-25 TiO2 nanoparticles were demonstrated using RhB dye, and degradation was initially
determined by color change. The dye exhibited a unique absorption spectrum in visible
light at 554 nm, where absorption was maximum. The dye concentration in the solution
was assessed and recorded using this peak. The photocatalytic degradation of RhB dye is
time-dependent and increases with increasing irradiation time. As can be observed from the
reduction in absorbance, the addition of the biosynthesized, bare and P-25 TiO2 nanocatalyst
developed in a straight rise in the degree of deterioration with passage of time (Figure 8a–c).
According to this study, when the irradiation time was extended, the percentage of dye
degradation improved and attained a maximum (96.59%) after 120 min of irradiation time.
The results reveal that biosynthesized and P-25 TiO2 nanoparticles have high photocatalytic
activity against RhB dye in aqueous solution. The degradation rate of RhB dye was found to
be greater in the case of biosynthesized TiO2 (96.59%) after 120 min of irradiation, followed
by P-25 commercial (78.90%). In the instance of biosynthesized TiO2, the degradation rate of
RhB was found to be greatest after 120 min of irradiation (Figure 8d). At the same irradiation
period and dosage, higher degradation efficiency is attained with TiO2 particles loading,
as shown in Figure 8. When exposed to visible light, photo-generated charge carriers
stimulated reactions on the surface of photocatalysts distributed in dye solution. As a
result of the formation of electron-hole pairs, any pollutant deposited on the photocatalyst
surface will be reduced or oxidized. Based on the above discussion, the biosynthesized TiO2
nanoparticles with dominant exposed (110) and (111) facets exhibited higher photocatalytic
activity, compared with that of P25-TiO2 without an exposed specific surface [35,40].

The photo-induced chemical transformation reaction occurs on the catalyst surface
in a standard photocatalytic degradation process. The production of electron-hole pairs
(e− + h+) in the catalyst regulates the basic mechanism of the photocatalytic reaction,
which is followed by the generation of free radicals and their transport to the target,
i.e., the interaction with target chemical species such as dyes [16,24,36]. Biosynthesized
TiO2 nanoparticles were utilized as photocatalysts in this work for the catalytic degradation
of dye. The equations below depict a proposed pathway of photocatalytic dye degradation
with the produced molecule (Equations (2)–(5)). When the biosynthesized nanoparticles
are irradiated with light during photocatalysis, h+ reacts with H2O or OH− to produce the
first photo-excited conduction band electrons (e−) and valence band holes (h+). As a result,
an OH• radical is generated, which acts as a powerful oxidizing agent and degrades the
RhB during the reaction, as shown below [10,36,41].

TiO2 + hν→ TiO2
(
e− + h+) (2)

TiO2
(
h+)+ H2O→ TiO2 + H+ + OH• (3)

TiO2
(
h+)+ OH− → TiO2 + OH• (4)

RhB + OH• → RhB Degradation
(
CO2, H2O, NH4

+, etc.
)

(5)



Catalysts 2022, 12, 181 10 of 18

Catalysts 2022, 12, x FOR PEER REVIEW 10 of 19 
 

 

with the produced molecule (Equations 2–5). When the biosynthesized nanoparticles are 

irradiated with light during photocatalysis, h+ reacts with H2O or OH− to produce the first 

photo-excited conduction band electrons (e−) and valence band holes (h+). As a result, an 

OH• radical is generated, which acts as a powerful oxidizing agent and degrades the RhB 

during the reaction, as shown below [10,36,41]. 

TiO2 + hν → TiO2 (ⅇ− + h+) (2) 

TiO2 (h⁺) + H₂O → TiO2 + H+ + OH• (3) 

TiO2 (h⁺) + OH⁻ → TiO2 + OH• (4) 

RhB + OH• → RhB Dⅇgradation (CO2, H2O, NH4+, etc.) (5) 

The generation of electrons and holes in the presence of UV-visible light was the basis 

of photocatalysis for wastewater treatment. This electron-and-hole photogeneration gen-

erates free radicals, which are highly reactive species capable of breaking down dye mol-

ecules and purifying the water through chemical processes. The dye has a strong deion-

ized water absorption peak, but electrons and holes will break down the dye molecules 

after a photocatalytic process, resulting in a rapid decrease in signal strength. As a result, 

a decrease in the absorbent spectrum implies both photocatalytic activity and dye degra-

dation. The UV-vis region of electromagnetic radiation, which corresponds to the 

bandgap, highlights the bandgap in the visible range. Earlier research found a similar pat-

tern of behavior [42–44]. 

 

Figure 8. UV-visible absorbance graph to evaluate RhB dye degradation with (a) biosynthesized 

TiO2; (b) bare TiO2; (c) commercial P-25 nanoparticles; (d) degree of degradation. Figure 8. UV-visible absorbance graph to evaluate RhB dye degradation with (a) biosynthesized
TiO2; (b) bare TiO2; (c) commercial P-25 nanoparticles; (d) degree of degradation.

The generation of electrons and holes in the presence of UV-visible light was the
basis of photocatalysis for wastewater treatment. This electron-and-hole photogeneration
generates free radicals, which are highly reactive species capable of breaking down dye
molecules and purifying the water through chemical processes. The dye has a strong deion-
ized water absorption peak, but electrons and holes will break down the dye molecules
after a photocatalytic process, resulting in a rapid decrease in signal strength. As a result,
a decrease in the absorbent spectrum implies both photocatalytic activity and dye degrada-
tion. The UV-vis region of electromagnetic radiation, which corresponds to the bandgap,
highlights the bandgap in the visible range. Earlier research found a similar pattern of
behavior [42–44].

2.9. Kinetics Study

Table 1 shows the dye degradation kinetics calculated using the pseudo-first- and
second-order kinetics models. For the pseudo-first-order reaction, a graph of ln(Qe − Qt)
versus t was drawn (Figure 9a), and the equilibrium rate constant (K1) was determined
from the slope with a value of 72 × 10−4 and regression coefficients of 0.99, respectively.
The theoretical value of equilibrium concentration of RhB dye was 91.85 mg g−1 for TiO2,
while the experimental value was 96.59 mg g−1 with a difference of 4.74 mg g−1. Similarly,
A graph of t/Qt versus t was drawn for the pseudo-second order (Figure 9b), and the rate
constant (K2) was calculated from the intercept with a value of 2.46 × 10−4 g mg−1 min−1,
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with a regression coefficient of 0.60, respectively. The theoretical value of equilibrium
concentration of RhB dye was 160.67 mg g−1 for TiO2, while the experimental value was
96.59 mg g−1 with a difference of 64.08 mg g−1 [45]. When compared to data from the
pseudo-first-order and pseudo-second-order kinetics models, it is clear that the data from
the pseudo-first-order model is more reliable than the data from the pseudo-second-order
model, particularly in terms of the proximity of regression coefficient and the theoretical and
experimental values of equilibrium concentrations. Therefore, the kinetics is determined
by a pseudo-first-order reaction. The photodegradation was distributed over different
intervals of time, as shown in Figure 8a, which were characterized by the respective specific
apparent rate constants. The rapid decomposition of RhB dye was observed during the
initial irradiation period. This is mainly due to the degradation affected by adsorption.
The findings of this study are consistent with those of previous studies [37,46].

Table 1. Kinetics models of RhB dye degradation using biosynthesized TiO2 nanoparticles.

Pseudo First Order

Catalyst Dye
Qe (mg g−1)

K1 (min−1) R2
Calculated Experimental

TiO2 RhB 91.85 96.59 0.000372 0.9905

Pseudo Second Order

Catalyst Dye
Qe (mg g−1)

K2 (g mg−1 min−1) R2
Calculated Experimental

TiO2 RhB 160.67 96.59 0.000246 0.6001
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2.10. Antimicrobial Assessment

In vitro analysis was used to assess the antibacterial efficacy of biosynthesized and
bare TiO2 nanoparticles against gram-negative (P. aeruginosa, E. coli) and gram-positive
(B. subtilis, S. aureus) human pathogens. The different concentrations of nanoparticles
taken for analysis are given in Table 2. The leaf extract of A. calamus showed no zone
of inhibition against pathogenic bacteria in both conditions, while the solution of 10 and
20 µg mL−1 of biosynthesized and bare TiO2 dosage showed a clear zone of inhibition
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which is an effective dosage for antimicrobial activity in both pathogens (gram-negative
and gram-positive). Further, the inhibition zone with biosynthesized TiO2 dosages (10 and
20 µg mL−1) was 6 ± 0.2, 8 ± 0.3 mm, and 9 ± 0.3, 10 ± 0.2 mm in gram-negative and
12 ± 0.4, 14 ± 0.5 mm, and 10 ± 0.3, 12 ± 0.3 mm in gram-positive bacteria, respectively
(Figure 10a–d). Additionally, the antimicrobial activity tested for bare TiO2 has shown a
high degree of susceptibility against both bacteria. The biosynthesized nanoparticle shows
a high degree of bactericidal nature with the increased dosage concentration in compared
to the bare TiO2 nanoparticle. It is observed an increase in the zone of inhibition with
increasing concentration (10 and 20 µg mL−1) of bare TiO2 nanoparticles. The zone of
inhibition with bare TiO2 dosage (10 and 20 µg mL−1) was 4± 0.6, 6± 0.3 mm, and 6 ± 0.4,
8 ± 0.6 in gram-negative and 9 ± 0.6, 8 ± 0.4 mm, and 10 ± 0.2, 11 ± 0.6 mm in gram-
positive bacteria, respectively (Figure 10e–h). From the figure, it has been also observed that
an increasing dosage concentration of nanoparticles improves antibacterial activity, and
good performance was obtained against gram-positive (B. subtilis and S. aureus) bacteria
compared to gram-negative bacteria (P. aeruginosa and E. coli).

Table 2. Disc diffusion analysis of biosynthesized TiO2 nanoparticles: (A) control (B) leaf extract
(C) 10 µg mL−1 and (D) 20 µg mL−1 treatments.

Bacterial Strains Treatment Control (A)
Inhibition Zone (mm)

(B) Leaf Extract (C) 10 µg mL−1 (D) 20 µg mL−1

Escherichia coli
(ATCC 25922)

Biosynthesized TiO2

0 0 9 ± 0.3 10 ± 0.2

Pseudomonas
aeruginosa

(ATCC 27853)
0 0 6 ± 0.2 8 ± 0.3

Bacillus subtilis
(ATCC 6633) 0 0 12 ± 0.4 14 ± 0.5

Staphylococcus
aureus

(ATCC 25923)
0 0 10 ± 0.3 12 ± 0.3

Escherichia coli
(ATCC 25922)

Bare TiO2

0 0 4 ± 0.6 6 ± 0.3

Pseudomonas
aeruginosa

(ATCC 27853)
0 0 6 ± 0.4 8 ± 0.6

Bacillus subtilis
(ATCC 6633) 0 0 9 ± 0.6 8 ± 0.4

Staphylococcus
aureus

(ATCC 25923)
0 0 10 ± 0.2 11 ± 0.6

The greater performance of TiO2 nanoparticles upon both pathogens might be due to
the stronger interaction among metal ion surfaces with microbial factors [31,47]. The biosyn-
thesized TiO2 nanoparticles are effective antibacterial agents because they dissolve the
outer cell of bacteria, which is primarily responsible for bacterial death. TiO2 nanoparticles
diffuse the outside cell of bacteria because of the existence of a hydroxyl group. The re-
leased ions may interact with the bacterial cell wall, facilitating in bacterial cell breakdown
and development of antibacterial properties. The released ions are loosely bound with TiO2
on the matrix surface to continue a thermodynamically more beneficial interaction with the
bacterial cells, resulting in enhanced antimicrobial activity. When compared to previous
studies on antimicrobial activity, biosynthesized nanoparticles were used in this work and
found to perform better than previously reported studies [48,49].
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3. Experimental Section
3.1. Materials

The plant of A. calamus was collected by one of the authors from the local area of
Rehtal, Rajouri (33◦24′47.5596′′ N latitude and 74◦20′9.3588′′ E longitude), Jammu and Kash-
mir, India. Titanium (IV) isopropoxide (TTIP, C12H28O4Ti) [97% liquid analytical grade],
commercial P-25, and Whatman filter paper, Grade-1 were procured from Sigma-Aldrich
Chemicals Pvt Ltd., Mumbai, India. Rhodamine B dye (RhB), Isopropanol, and aqueous
ammonia were obtained from Thermo Fisher Scientific Pvt. Ltd., New Delhi, India. All of
the compounds used in the tests were analytical grade and had not been refined any fur-
ther. All suspensions and solutions were prepared with deionized water. Before using,
all glassware was washed in weak nitric acid and dried in the oven.

3.2. Preparation of Plant Extract

The healthy plant leaves of A. calamus were cleaned twice with deionized water and
dried with a blotting paper towel. 20 g of finely chopped healthy leaves were mixed with
100 mL of sterile deionized water in a 250 mL Erlenmeyer flask, and the leaf extract was
made by heating at 80 ◦C for 60 min using the Soxhlet extraction procedure. The extracted
solution was then filtered with Whatman filter paper, Grade-1 to remove particle debris,
and the filtrates were kept at 4 ◦C for future use.

3.3. Green Synthesis of TiO2 Nanoparticles

To synthesize TiO2 nanoparticles in a sustainable manner, A. calamus leaf extract
was used as a reducing and capping agent, and titanium (IV) isopropoxide (TTIP) was
used as a precursor. To begin the synthesis, 2.5 mL of TTIP (0.05 M) was dissolved in
100 mL of deionized water while stirring constantly until a transparent solution was
obtained. The blend was then prepared with 20 mL of leaf extract before being treated
with aqueous ammonia at room temperature with constant stirring until the pH reached 7.
The synthesized product was washed several times with deionized water and filtered using
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Whatman filter paper before being oven-dried overnight at 50 ◦C. The dry precipitate was
pulverized with an agate mortar pestle and calcined in a temperature-controlled muffle
furnace for 3 h at 600 ◦C. Chemical sol–gel techniques were also used to synthesize bare
TiO2 nanoparticles [50]. Finally, the XRD technique was used to assess the phase purity
and crystallinity of plant-mediated TiO2 nanoparticles.

3.4. Instrumentations and Characterizations

The absorption spectrum between 200–800 nm was investigated using an ultraviolet-
visible (UV-Vis) absorbance spectrophotometer (Hitachi model-U3900, Tokyo, Japan).
The absorption band of biosynthesized nanoparticles was studied using Fourier trans-
form infrared spectroscopy (FTIR, Model—Bruker Tensor 37, Billerica, MA, USA) at room
temperature in transmission mode (cm−1) with the KBr pellet (1:20) approach. The struc-
tural study of synthesized TiO2 was observed using a diffractometer (XRD, Rigaku Ultima
IV, Tokyo, Japan) from 20 to 80◦ utilizing monochromatic Cu K radiation (λ = 1.54 A◦)
with an accelerating voltage of 40 kV and 40 mA at a scanning rate of 10◦ min−1. A field
emission scanning electron microscopy (FESEM, Model No. SIGMA VP, Zeiss, Germany)
with a 10 kV accelerating voltage was used to analyze the surface morphology. Further-
more, the affirmation of the particle size distribution profile and zeta potential was also
performed by Dynamic Light Scattering (DLS, Model No. Malvern, Zetasizer Nano ZS,
Malvern, UK). Thermal decomposition and more suitable sintering temperature of syn-
thesized nanoparticles were measured using thermogravimetric and differential thermal
analysis (TGA-Q600 from TA INSTRUMENT, New Castle, DE, USA). The surface behavior
(surface area and pore volume) of the biosynthesized TiO2 was evaluated at 150 ◦C for 12 h
using a Bruner–Emmett–Teller (BET, Quantachrome Instruments, NOVA 2200E, Boynton
Beach, FL, USA).

3.5. Photocatalytic Activity

The photocatalytic efficiency of biosynthesized, commercial P-25 and bare TiO2
nanoparticles was investigated using the degradation of RhB dye. To achieve adsorption–
desorption equilibrium on the surface of catalysts, 25 mg of TiO2 were added to 50 mL of
50 mg L−1 reactive RhB dye solution, and the interruption was established in the dark with
gradual stirring for 30 min. No significant changes in the reaction were observed under
the different experimental conditions in the dark, so the irradiation time was optimized to
30 min. The mixture was then exposed to visible light (visible LED lamp, Philips energy
saver 40 W, New Delhi, India) [51]. According to manufacturer data, the luminous flux of
the LED light bulb was 4000 lumens (lm). A luxometer (LT LUTRON, Taipei, Taiwan) was
utilized to measure the intensity of the visible light reaching the surface of catalysts in the
reactor, which was 40,000 lux. The intensity of the lamp at 555 nm was 5.85 mW/cm2 [52].
At precise regular time intervals, 2.0 mL aliquots were withdrawn for the measurement of
percent degradation (Equation (6)) at 554 nm.

Photodegradation efficiency (%) =
C0 −Ct

C0
× 100 (6)

where C0 is the initial concentration of dye before illumination and Ct is the concentration
of dye after time t.

3.6. Kinetics Model

The removal threshold was presented as a function of time to explore the kinetics
involved in the dye degradation process. The kinetics of biosynthesized TiO2 nanoparticles
was studied by removing RhB dye at different intervals. A fixed number of synthesized
nanoparticles was kept in an RhB solution with constant stirring under visible light until
equilibrium. At the predetermined time interval, 2.0 mL of sample was taken from the
reaction flask and measured at 554 nm using a UV-spectrophotometer. The concentration
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of RhB after degradation at time t (Qt) was calculated using the following equation, which
can be represented as follows:

Qt =
C0 −Ct

m
×V (7)

where C0 and Ct are the RhB dye concentrations (mg g−1) before and after adsorption,
respectively; m (mg) is the mass of nano photocatalyst; and V (mL) is the volume of
the solution.

The kinetic data were calculated using pseudo-first-order and pseudo-second-order
model equations. The derived pseudo-first-order kinetic model for solution/solid systems
has the following linear form [53,54]:

ln(Qe −Qt) = ln Qe − (K1)t (8)

where Qe and Qt represent the amount of RhB molecules degraded by the TiO2 at equilibrium
(mg g−1), respectively, at time t. K1 is the rate constant (min−1) of the first-order reaction.

The pseudo-second-order kinetic model is based on a rate-determination stage in
adsorption photoluminescence. The linear representation of the resulting pseudo-second-
order kinetic model is as follows [45,55]:

1
Qt

=
1

K2Q2
e
+

t
Qt

(9)

where t represents time and K2 is the pseudo-second-order rate constant of the reaction.

3.7. In Vitro Susceptibility Test
3.7.1. Bacterial Strain Preparation

Pseudomonas aeruginosa (P. aeruginosa ATCC 27853), Escherichia coli (E. coli, ATCC
25922), and Bacillus subtilis (B. subtilis, ATCC 6633), Staphylococcus aureus (S. aureus ATCC
25923) were acquired from the HiMedia Laboratories Pvt. Ltd. Mumbai, India. All the bac-
terial strains were cultured in liquid medium Mueller Hinton broth (M-H Broth) (HiMedia,
Mumbai, India) at 37 ◦C for 24 h with 200 rpm stirring.

3.7.2. Disc Diffusion Method

The antimicrobial efficacy of biosynthesis and bare TiO2 nanoparticles was performed
using the Kirby–Bauer disc diffusion susceptibility technique against gram-negative
(P. aeruginosa and E. coli) and gram-positive (B. subtilis and S. aureus) human pathogens [56].
A 50 µL of bacterial culture was spread onto 25 mL Mueller–Hinton agar plates using
a sterile cotton swab containing different concentrations (10, 20 g mL−1) of synthesized
nanoparticles obtained from a stock solution of 1000 g mL−1, then added to the sterilized
disc of 5 mm size. A sterile blank and leaf extract disc was also used in the antibacterial
susceptibility test. The disc was incubated for 24 h at 37 ◦C on an agar-mediated plate.
The inhibitory zone was revealed after 24 h of incubation. The results were expressed as
the zone of inhibition mean diameter in mm with a standard deviation.

4. Conclusions

The sustainable biogenesis of TiO2 nanoparticles using A. calamus plant leaf extract
under physiological conditions such as room temperature is an uncomplicated, eco-friendly,
and highly efficient technique. The XRD, DLS, and SEM results showed that the biosynthe-
sized TiO2 nanoparticles were globular and ranged in dimensions from 15 to 40 nanometer.
FTIR reveals the existence of alcoholic groups via Ti–O vibrational bands, O–H bands,
and carboxylic group C–O stretching. The dye degradation activity of the synthesized
nanoparticles suggests that TiO2 nanoparticles are more involved in RhB dye degradation
than conventional hydrogen peroxide, which needs the use of a catalyst. Under visible light
irradiation, the increased photocatalytic action of the biosynthesized TiO2 nanoparticles
is responsible for the degradation efficiency of 96.59% of the RhB. Furthermore, photocat-
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alytic activity was influenced by particle morphology, with greater photocatalytic activities
achieved when compared to commercial P-25 nanoparticles. Pseudo-first-order kinetic
mechanism models were determined and best suited with a regression coefficient (R2) value
of 0.99. This degradation process is quick, efficient, and inexpensive, and it can be used to
purify contaminated water. Antimicrobial action of TiO2 nanoparticles was also shown to be
higher against both (gram-negative and gram-positive) human pathogenic microorganisms.
The biosynthesized nanoparticles demonstrated a greater zone of inhibitory activity against
gram-positive (B. subtilis, S. aureus) pathogenic bacteria than gram-negative (P. aeruginosa,
E. coli) in comparison of bare TiO2 nanoparticles. Furthermore, we may conclude that these
biosynthesized nanoparticles can be employed in medicine as therapeutic agents based on
in vitro antibacterial activity against human pathogenic bacteria.
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