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Abstract
A robust green synthesis method was employed using Jatropha podagrica (Buddha belly plant) leaf extract as a capping 
agent to prepare ZnO nanoparticles (ZnO NPs). Several analytical techniques such as XRD, SEM, SEM-EDX, HR-TEM, 
FT-IR, and UV-visible spectroscopy were employed to characterize the green synthesized JP-ZnO NPs. The XRD, SEM, 
and HR-TEM images proved the presence of spherical nanoparticles having a wurtzite crystalline structure with a size of 12 
to 18 nm. The characteristic vibration mode of the Zn-O bond was observed at 430 cm−1 in the FT-IR spectrum. The pho-
tocatalytic performance of these NPs was evaluated through the degradation of Rhodamine B (RhB), Fluorescein Sodium 
(FS), and Crystal Violet (CV) dyes in sunlight. Degradation rates of 90–95% were achieved in a time span of 1–2 h. The 
synthesized ZnO nanoparticles were efficient antimicrobial agents against gram-positive (Staphylococcus aureus, Bacillus 
coagulans) and gram-negative (Klebsiella pneumoniae, Escherichia coli) bacterial strains. Using the well diffusion method, 
with 150 µL of JP-ZnO nanoparticles, inhibition zones measuring 17, 15, 11, and 10 mm were formed. The current study 
highlights the efficiency of synthesized JP-ZnO nanoparticles in removing the dyes from aqueous solutions and their effi-
cient antimicrobial properties.
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Introduction

In the contemporary world, there has been a continuous 
increase in industrialization and population growth, leading 
to the release of various new pollutants into aquatic environ-
ments. Specifically, the discharge of noxious dye effluents 
from industries like textile, paper, leather, and printing poses 
grave ecological and health hazards [1, 2]. Dyes such as 

Rhodamine B (RhB), Fluorescein Sodium (FS), and Crys-
tal Violet (CV) pose ingestion risks to humans and animals 
and induce skin, ocular, and respiratory irritation [3]. In a 
different context, the recurrence of contagious illnesses and 
the ongoing evolution of antibiotic resistance in numerous 
disease-causing bacteria present a significant global public 
health concern. Enterococcus, Staphylococcus, and Strepto-
coccus, which are closely related species, are harmful micro-
organisms that are attributed to a diverse range of infections 
and diseases [4].

In the realm of recent advancements in nanotechnology, 
nanomaterials play a crucial role due to their significant sur-
face area and volume ratio [5]. This characteristic makes 
them valuable for applications such as water purification and 
the creation of novel biocidal substances. Among various 
types of nanoparticles, zinc oxide nanoparticles (ZnO NPs) 
possess exceptional optical and electrical characteristics, 
making them an outstanding choice for n-type semiconduc-
tor materials [6]. These NPs demonstrate remarkable effi-
cacy in dye degradation [6, 7] and also exhibit antibacterial 
properties [8, 9], further highlighting their distinctiveness. 
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Numerous techniques have been documented for the produc-
tion of ZnO NPs, including hydrothermal [10], precipita-
tion [11], microwave [12], microemulsion [13], solvother-
mal [14], supercritical water [15], and sol-gel methods [16]. 
Recent progress in nanotechnology has spurred the rise of 
sustainable synthesis approaches for generating ZnO NPs 
[17, 18]. These environmentally synthesized ZnO NPs have 
garnered substantial interest for their prospective utilization 
across diverse domains, encompassing dye degradation and 
antibacterial functionalities. The utilization of these NPs 
offers a promising solution for addressing environmental 
challenges associated with dye pollution and combating the 
spread of drug-resistant bacteria. By harnessing the unique 
properties of green-synthesized ZnO NPs, researchers aim 
to explore their efficacy in degrading dyes and inhibiting 
the growth of pathogenic bacteria, presenting a sustainable 
and effective approach for environmental and healthcare 
applications [17–19]. This article delves into the dye deg-
radation and antibacterial activity of ZnO NPs synthesized 
through green methods, shedding light on their potential as 
eco-friendly alternatives in addressing pressing global con-
cerns [20–23].

Jatropha podagrica (JP), a traditional medicinal plant, 
has a history of being utilized for treating various ailments 
like fever, scabies, ulcers, and wounds. Additionally, it 
exhibits several beneficial properties including antitumo-
rigenic, antioxidant, and antibacterial activities [24]. The 
leaves of Jatropha podagrica have been analyzed and found 
to contain specific phytochemicals, namely, flavonoids (such 
as apigenin, acacetin, and luteolin), phenolic acids (includ-
ing vanillic, syringic, P-hydroxybenzoic acid, melilotic, 

cis-trans ferulic, P-coumaric, and phloretic acids), tannins, 
proanthocyanidins, and glycol flavones [25, 26]. ZnO NPs 
were successfully produced using leaf extract from the Jat-
ropha podagrica plant for the first time. The phytochemicals 
found within the extract played a crucial and multifaceted 
role in the Jatropha podagrica-capped ZnO nanoparticle 
(JP-ZnO NP) synthesis, serving both as capping agents and 
enhancing stability, surpassing that achieved through con-
ventional chemical synthesis methods [25]. Moreover, the 
presence of diverse phenolic acids within these phytochemi-
cals contributes to achieving well-defined sizes and shapes 
of ZnO NPs, outperforming analogous green-synthesized 
counterparts (as depicted in Table 1). To unlock the full 
potential of unexplored plant species, the selection of new 
and unique plants for nanoparticle synthesis is imperative. 
This approach allows researchers to diversify the spectrum 
of nanoparticles that can be effectively stabilized, achieved 
through the discovery of novel proteins and phytochemi-
cals derived from previously uninvestigated plant sources. 
Additionally, these novel plant species may offer additional 
advantages such as heightened productivity, reduced costs, 
or specialized attributes suitable for specific applications. 
In the present research, JP-ZnO nanoparticles displayed a 
surface with a negative charge, providing them with out-
standing adsorption properties for efficiently eliminating 
Rhodamine B (RhB), Fluorescein Sodium (FS), and Crys-
tal Violet (CV) dyes. Additionally, the antibacterial effec-
tiveness of these manufactured JP-ZnO NPs was evaluated 
against both Gram-positive bacteria (Staphylococcus aureus, 
Bacillus coagulans) and Gram-negative bacteria (Klebsiella 
pneumoniae, Escherichia coli).

Table 1   Comparison of the average size and morphology of ZnO nanoparticles in the present work with previous publications

Plant materials Precursor name Average size and morphology Applications Reference

Jatropha podagrica leaf extract Zn(OOCCH3)2.2H2O 12–18 nm and spherical shape Dye degradation and antibacterial 
applications

Present work

Calotropis procera extract Zn(NO3)2.6H2O 24 nm and spherical shape Photodegradation of methyl orange [17]
Solanum torvum L. leaf extract Zn(NO3)2.6H2O 28.24 and spherical shape Toxicological studies [27]
Simarouba glauca leaf extract Zn(NO3)2.6H2O 17–37 nm and hexagonal shape Antioxidant and antimitotic proper-

ties
[28]

Aegle marmelos fruit juice Zn(NO3)2.6H2O 17 nm and hexagonal shape Photodegradation, antibacterial and 
antioxidant

[29]

Punica granatum leaf extract Zn(NO3)2.6H2O 20 nm and spherical shape Photocatalytic degradation [30]
Pelargonium zonale leaf extract Zn(NO3)2.6H2O 50–60 nm and spherical in shape Antibacterial activities [31]
Azadirachta indica leaf extract Zn(NO3)2.6H2O 100–200 nm and triangular shape Antimicrobial activity [32]
Tetraselmis indica extract Zn(OOCCH3)2.2H2O 20–40 nm and spherical shape Antibacterial, antioxidant, and 

hemolytic activity
[33]

Aesculus hippocastanum extract Zn(OOCCH3)2.2H2O 40 nm and hexagonal shape Antibacterial activities [34]
Sechium edule leaf extract Zn(OOCCH3)2.2H2O 36.2 nm and spherical shape Antibacterial and anticancer studies [35]
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Materials and methods

Materials

Fresh Jatropha podagrica leaves were picked from the 
garden of the Government Degree College in Chodavaram, 
Andhra Pradesh, India. The initial source, zinc acetate 
dihydrate Zn(OOCCH3)2.2H2O (98% purity), sodium 
hydroxide (NaOH), Rhodamine B (RhB), Fluorescein 
Sodium (FS), and Crystal Violet (CV) were acquired from 
Merck in India and utilized without purification. Milli-Q 
water was utilized in all of the experiments.

Jatropha podagrica leaf extract preparation

Fresh JP plant leaves were collected and meticulously 
cleansed using warm water, followed by thorough rinsing 
with Milli-Q water. These leaves were then dried under 
shaded conditions for a duration of 25 days until com-
pletely dry. Once dry, the leaves were ground into a fine 
powder using a grinder. Subsequently, 1 g of the powdered 
sample was placed in a 250-mL glass beaker, and 100 mL 
of Milli-Q water was added. The blend was subsequently 
warmed using a heating mantle at 80 °C for 30 min, yield-
ing a brilliant golden-yellow solution. The solution was 
meticulously sieved using Whatman grade 1 filter paper 
to eliminate any particulate matter and subsequently sub-
jected to centrifugation at 8000 rpm for 5–10 min to attain 
a pristine extract solution. The resultant extract was then 
carefully stored in a refrigerator at 4 °C for subsequent 
processing [36].

Synthesis of Jatropha podagrica‑capped ZnO 
nanoparticles

In a standard eco-friendly synthesis procedure, 10 mL of  
the aqueous extract derived from JP leaves was blended  
with 100 mL of a 2 mM aqueous solution containing zinc 
acetate dihydrate. The amalgamation was subjected to stir-
ring at 80 °C for 30 min, leading to the creation of a vivid 
yellow solution. Following this, a 1 M solution of sodium 
hydroxide was meticulously introduced dropwise into the 
mixture, with uninterrupted agitation at ambient tempera-
ture. As a result, the yellow color of the mixture gradually 
transformed into a yellowish-white suspension, reaching a 
pH of 12. To purify the suspended particles, they were dis-
persed in Milli-Q water and then centrifuged at a speed of 
8000 rpm. The resultant white particles underwent repeated 
washing with Milli-Q water to purge impurities and yield 
the ultimate product. The white solid was then subjected 
to vacuum drying at 60 °C for 6 h in an oven. Lastly, the 

material was finely pulverized using a mortar and pestle, 
rendering it ready for subsequent characterization [36, 37].

Photocatalytic potential of JP‑ZnO NPs 
for the degradation of RhB, FS, and CV dyes

The photocatalytic effectiveness of JP-ZnO NPs against 
RhB, FS, and CV dyes was assessed using a readily available 
source of UV radiation — sunlight. In separate containers, 
0.01 g of JP-ZnO NPs was blended with 100 mL of 1 ppm 
solutions of RhB, FS, and CV dyes. To ensure the stability 
of the solutions against adsorption–desorption phenomena, 
the reaction mixtures were gently stirred in the absence of 
light for a duration of 1 h. After stabilization, the solutions 
were maintained in the sunshine with constant stirring using 
magnetic stirrers at pH 10. At regular intervals, constant 
samples were taken from each dye solution and the NPs were 
separated in a centrifuge at 8000 rpm. A UV spectrometer 
was used to measure the color intensities at 555 nm, 495 nm, 
and 590 nm for the RhB, FS, and CV dyes, respectively. The 
proportion of photocatalytic degradation and rate constants 
were calculated using the equation below:

In the equation, “A0” symbolizes the initial concentration, 
while “A” denotes the concentration at the culmination of 
the degradation process. The degradation constant is denoted 
by k, and t indicates the duration of sunlight irradiation [38].

Characterization of JP‑ZnO NPs

To ascertain the crystalline arrangement of the JP-ZnO NPs, 
a variety of analytical methodologies were applied. X-ray 
diffraction (XRD) measurements were carried out across a 
2θ range of 0 to 90° using a Bruker Kappa Apex II instru-
ment. The instrument was operated with CuKα radiation 
(λ = 1.54060 Å) at settings of 40 kV, 35 mA, and a scanning 
rate of 0.2 s. Fourier transform infrared spectra (FT-IR) of 
the samples were captured utilizing a Thermo Nicolet iS50 
spectrometer. Spectra were acquired within the frequency 
span of 4000–400 cm−1, using high-quality KBr pellets in 
transmission mode. For an in-depth investigation of the 
optical attributes, UV-Vis diffuse reflectance/absorbance 
spectroscopy was conducted on the synthesized samples. 
A Shimadzu (2450 – SHIMADZU) spectrophotometer, 
equipped with a diffuse reflectance accessory, was deployed 
under room temperature conditions. BaSO4 was utilized as 
a reference material, and measurements were executed over 
the wavelength range of 200–800 nm. The surface topog-
raphy and elemental composition of the JP-ZnO NPs were 

Degradation rate (%) =
((

A
0
− A

)

∕A
0

)

× 100

lnA
0
∕A = kt
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scrutinized through scanning electron microscopy (SEM). 
The specific apparatus employed was the JEOL 6390LA/
OXFORD XMX N, which featured energy-dispersive X-ray 
(EDX) spectroscopy. SEM images were recorded with an 
acceleration voltage of 20 kV. For a more comprehensive 
exploration of the microstructure and particle dimensions, 
high-resolution transmission electron microscopy (HRTEM) 
was engaged. The JEOL/JEM 2100 instrument was utilized 
at an operational voltage of 200 kV. Carbon-copper grids 
were used for sample preparation, enabling the acquisition of 
micrographs that facilitated particle size determination. Fur-
thermore, selected area electron diffraction (SAED) images 
were captured utilizing the HRTEM instrument.

Results and discussions

UV‑Vis spectroscopy studies

Figure 1 illustrates the UV-Vis absorption spectra of both 
JP leaf extract and JP-ZnO NPs. The leaf extract comprises 
a diverse array of phytochemicals, encompassing alkaloids, 
phenolic acids, flavonoids, tannins, proanthocyanidins, and 
glycol flavones. These compounds contribute to pronounced 
absorption bands at 280 and 351 nm [24]. Additionally, a 
well-defined absorption peak at 372 nm in the spectra sig-
nifies the presence of JP-ZnO NPs, predominantly arising 
from their capacity to absorb and scatter light [39]. Notably, 

the absence of absorption peaks at 280 and 351 nm in the 
JP-ZnO NPs spectra, which were originally observed in the 
JP leaf extract, implies that these phytochemicals play a piv-
otal role in the reduction and encapsulation of JP-ZnO NPs 
during the synthesis process [40].

FTIR analysis of the synthesized JP‑ZnO NPs

FTIR spectroscopy was employed to discern the specific 
functional groups existing within the synthesized NPs 
and to ascertain their molecular composition. To exam-
ine the data concerning functional groups found in the 
plant (as depicted in Fig. 2), it is evident that a wide 
peak detected at approximately 3500 cm−1 signifies the 
presence of a phenolic group. Additionally, the identifica-
tion of aromatic compounds is supported by the absorp-
tion of a broad peak around 1639 cm−1. Furthermore, 
the peaks observed at 1178.39 cm−1 and 1042.36 cm−1 
indicate the existence of amide functional groups and 
carbonated functional group vibrations within the plant. 
JP-ZnO NPs were analyzed (as shown in Fig.  2), and 
their absorption peaks were found to be in the range 
of 400–4000 cm−1. The peak at 429.08 cm−1 indicates 
the stretching frequency of Zn-O bonding [41]. Peaks 
observed at 917.20, 901.10, and 795 cm−1 can be assigned 
to carbonate moieties. The occurrence of the symmetric 
stretching of carboxyl side groups within the amino acid 
residues of protein molecules is potentially ascribed to 

Fig. 1   UV-Vis spectra of 
Jatropha podagrica (JP) leaf 
extract and Jatropha podagrica 
leaf extract-capped ZnO NPs
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the peak at 1410.06 cm−1 [42]. The presence of a peak 
within the 1550- to 1450-cm−1 range is likely linked to 
the C=C stretching of aromatic compounds [43]. Evident 
and robust absorption bands at 3397.10 and 2923.56 cm−1 
were identified, signifying the −OH stretching vibration 

intrinsic to phenolic groups and the −CH stretching vibra-
tion characteristic of aldehyde groups [44, 45]. These dis-
tinctive peaks within the IR spectrum serve as indicators 
of the purity and compositional makeup of the biofabri-
cated JP-ZnO NPs.

Fig. 2   FTIR spectra of Jatropha 
podagrica leaf extract and 
Jatropha podagrica leaf extract-
capped ZnO NPs

Fig. 3   XRD patterns of ZnO 
NPs using an aqueous leaf 
extract of Jatropha podagrica 
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XRD analysis of the synthesized JP‑ZnO NPs

The X-ray diffraction analysis, as shown in Fig. 3, revealed 
distinctive peak characteristic of JP-ZnO at various angles: 
31.98°, 34.63°, 36.47°, 47.75°, 56.82°, 63.07°, 66.68°, 
68.17°, 69.28°, 72.76°, and 77.18°. These peaks corre-
sponded to different crystal lattice planes, including (100), 
(002), (101), (102), (110), (103), (200), (112), (201), (004), 
and (202), respectively. The congruence of these peaks 
with the established JCPDS Card No. 89–0510 indicated 
the presence of ZnO NPs in the wurtzite crystalline struc-
ture. The well-defined and narrow diffraction peaks attested 
to a robust crystalline structure, while the absence of other 
signals verified the purity of the synthesized JP-ZnO NPs. 
Notably, the intensity of the (002) peak indicated the 

Table 2   The structure and geometric parameters of JP-ZnO NPs

Planes 2θ β cosθ Size (nm)

100 31.98 0.53635 0.96131 14.23869
002 34.63 0.41516 0.954683 18.26832
101 36.47 0.52835 0.949781 14.28094
102 47.75 0.71887 0.914431 10.10545
110 56.82 0.59138 0.879566 11.81562
103 63.07 0.67663 0.852321 10.00707
200 66.68 1.30914 0.835424 5.069625
112 68.17 0.6336 0.828207 10.38434
201 69.28 0.74629 0.82274 8.7581
004 72.76 0.37226 0.805101 17.18142
202 77.18 0.40693 0.781629 15.25936
Average size 12.30627

Fig. 4   a and b SEM images ZnO NPs capped with Jatropha podagrica leaf extract different magnifications and c EDX spectrum of ZnO NPs
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spherical morphology of the particles [46]. To calculate the 
average grain size of the samples, the Debye-Scherer equa-
tion was employed: D = kλ/βcosθ. Here, D represents the 
crystal size, λ stands for the wavelength of X-ray radiation 
(λ = 0.15406 nm) for Cu Kα, k is the shape factor (typically 
taken as 0.9), β denotes the full width at half maximum 
(FWHM), and θ represents the diffraction angle.

Table 2 represents the structure and geometric parameters 
of JP-ZnO NPs.

Employing the Debye-Scherer equation, the average size 
of the crystallites within the JP-ZnO NPs was computed 

to be 12.30627 nm (Table 2), confirming their nanoscale 
dimensions.

SEM‑EDX analysis of synthesized JP‑ZnO NPs

The surface characteristics of the produced JP-ZnO NPs 
were examined using a scanning electron microscope 
(SEM). As depicted in Fig. 4(a), (b), the particles exhib-
ited predominantly wurtzite crystalline structure and a 
spherical shape [47]. Some clustering of particles was 
observed, likely attributed to the presence of phenolic 

Fig. 5   a–d HR-TEM images, e 
size distribution histogram of 
using aqueous Jatropha podag-
rica leaf extract of ZnO NPs, 
and f SAED patterns
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compounds from the JP plant, which acted as a capping 
agent. To determine the chemical constitution of the ZnO 
NPs, an energy-dispersive X-ray spectrum (EDX) was 
obtained from a densely populated region (Fig.  4(c)). 
The EDX spectrum revealed significant signals from 
zinc atoms at 1 keV, 8.7 keV, and 9.6 keV, respectively, 
along with a single peak corresponding to oxygen atoms 
at 0.5 keV. The presence of a negligible amount of carbon 
atoms confirmed the high purity of the NPs. Additionally, 
minor peaks representing calcium (Ca), magnesium (Mg), 
and silicon (Si) atoms were detected, indicating the contri-
bution of these elements from the biological components.

TEM analysis of synthesized JP‑ZnO NPs

The dimensions, arrangement, and architecture of the 
synthesized JP-ZnO NPs underwent meticulous scrutiny 
through high-resolution transmission electron microscopy 
(HR-TEM). HR-TEM images at varying magnifications 

are showcased in Fig. 5(a–c). Scrutinizing these images 
unveiled that the average size of the JP-ZnO NPs resides 
within the range of 12–18 nm. Impressively, a measured 
“d” spacing of 0.22 nm harmonized with the d values 
derived from X-ray diffraction (XRD), thereby affirming 
the ZnO NPs’ wurtzite crystalline structure and spherical 
morphology [48], as visualized in Fig. 5(d). Significantly, 
Fig. 5(e) underscores that the particle size deduced from 
the HR-TEM analysis exhibited commendable concurrence 
with outcomes from the XRD analysis. The selected area 
electron diffraction pattern (SAED) of the JP-ZnO NPs 
is portrayed in Fig. 5(f). The SAED pattern indicated the 
presence of polycrystalline NPs in the JP-ZnO sample.

Plausible mechanism for fabrication of JP‑ZnO NPs

Figure  6 provides an illustrative representation of a 
potential procedure aimed at producing ZnO NPs uti-
lizing a water-based solution derived from the leaves of 

Fig. 6   A proposed mechanism 
of synthesized ZnO NPs using a 
Jatropha podagrica leaf extract
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JP. The procedure involves combining an aqueous leaf 
extract obtained from JP with zinc acetate hexahydrate 
(Zn(OOCCH3)2.6H2O) within a single aqueous phase. 
The leaf extract from JP contains a range of constituents, 
including phenolic acids, flavonoids, tannins, terpenoids, 
and carbohydrates. These components serve a dual purpose 
as both reducing and capping agents in the reaction. Nota-
bly, a remarkable chemical within the leaf extract is luteo-
lin, which complexes with zinc in the form of Zn+2 ions.

This initial complexation is followed by the sequen-
tial progression of events. First, there is the conception of 
zinc hydroxide (Zn(OH)2) via hydrolysis. Subsequently, 
through a process of calcination, the complex undergoes 
decomposition [49]. This decomposition process strongly 
favors the generation of JP-ZnO NPs.

A photocatalytic degradation of RhB, FS, and CV 
dyes by the fabricated JP‑ZnO NPs

To evaluate the photocatalytic activity of prepared JP-ZnO 
NPs, they were employed as catalysts in the photodegrada-
tion of RhB, CV, and FS dyes in sunlight. Figures 7, 8, and 
9 demonstrate the degradation of the dyes RhB, FS, and 
CV under sunlight, occurring at time intervals of 180 min, 
90 min, and 60 min, respectively. The UV-visible spectrom-
eter was used to measure the RhB, FS, and CV dye degra-
dation at regular intervals of 30 min, 20 min, and 15 min, 
respectively. Degradation efficiencies of 95%, 94%, and 90% 
were achieved for RhB, FS, and CV dyes, respectively. The 
degradation efficiency of the as-prepared JP-ZnO NPs was 
compared with that of recently reported ZnO NPs in Table 3.

Fig. 7   a UV-Vis absorbance spectra of RhB dye under UV (sunlight) 
illumination over JP-ZnO NPs as a function of time, b the progres-
sion of RhB dye degradation during consecutive time intervals, c the 

kinetics of RhB dye degradation presented as a first-order linear plot 
with ln A0/A as a function of time, and d a pie chart representing the 
distribution of RhB dye degradation across different time intervals
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The results of this study strongly suggest that JP-ZnO 
NPs possess significant promise as a material for effec-
tively catalyzing the degradation of organic pollutants 
through photocatalysis. The remarkable rates of degrada-
tion observed, coupled with the observable impact of vary-
ing pH conditions on the degradation process, highlight the 
potential application of JP-ZnO NPs in addressing a wide 
spectrum of water and wastewater pollution challenges stem-
ming from organic contaminants. These results suggest that 
JP-ZnO NPs offer promising prospects for addressing envi-
ronmental pollution challenges.

The following mechanism illustrates how electrons and 
holes contribute to dye degradation [56]:

ZnO + hν → e− + h+

O2 absorption: O2 + e− → O2
−

The aforementioned OH radical is an extremely potent 
oxidant, highly effective in the degradation of numerous 
dyes such as RhB, FS, and CV.

Ionization of water: H2O → OH− + H+

Protonation of superoxide: O2
− + H+

→ HOO

HOO + e− → HO
2

−

HOO− + H+
→ H

2
O

2

H
2
O

2
+ e− → OH− + OH

H
2
O + h+ → H+ + OH

Dyes + OH. → Degradant product

Fig. 8   a UV-Vis absorbance spectra of FS dye under UV (sunlight) 
illumination over JP-ZnO NPs as a function of time, b the progres-
sion of FS dye degradation during consecutive time intervals, c the 

kinetics of FS dye degradation presented as a first-order linear plot 
with ln A0/A as a function of time, and d a pie chart representing the 
distribution of FS dye degradation across different time intervals
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Antibacterial activities of synthesized JP‑ZnO NPs

The antibacterial effectiveness of JP-ZnO NPs was assessed 
against both Gram-positive bacteria (S. aureus, B. coagu-
lans) and Gram-negative bacteria (K. pneumoniae, E. coli) 

through the utilization of the well diffusion method. The 
outcomes of the zone inhibition technique are depicted in 
Fig. 10, illustrating the diameters of inhibition zones (meas-
ured in millimeters) encompassing each well containing the 
JP-ZnO NP solution. The JP-ZnO NPs prepared for this 

Fig. 9   a UV-Vis absorbance spectra of CV dye under UV (sunlight) 
illumination over JP-ZnO NPs as a function of time, b the progres-
sion of CV dye degradation during consecutive time intervals, c the 

kinetics of CV dye degradation presented as a first-order linear plot 
with ln A0/A as a function of time, and d a pie chart representing the 
distribution of CV dye degradation across different time intervals

Table 3   Comparison of the photocatalytic degradation of ZnO nanoparticles in the present work with previous works

Green materials Dye Light source Irradiation time 
(min)

Degradation  
efficiency (%)

Reference

Jatropha podagrica leaf extract Rhodamine B
Crystal Violet
Fluorescein Sodium

Sunlight
Sunlight
Sunlight

150
60
90

95
94
90

Present work

Alchemilla vulgaris leaf extract Rhodamine B Sunlight 120 75 [50]
Hibiscus sabdariffa L. petal extract Rhodamine B Sunlight 300 80.13 [51]
Paraserianthes lophantha leaf extract Rhodamine B UV light 180 83 [52]
Moringa oleifera peel extract Crystal Violet UV light 70 94 [53]
Delonix elata leaf extract Crystal Violet UV light 90 86 [54]
Sageretia thea aqueous extract Crystal Violet UV light 8 h 40.65 [55]



	 Colloid and Polymer Science

1 3

study exhibited substantial antibacterial potency against S. 
aureus, B. coagulans, K. pneumoniae, and E. coli. Particu-
larly favorable outcomes were witnessed against S. aureus 

(17 mm), B. coagulans (15 mm), K. pneumoniae (11 mm), 
and E. coli (10 mm) at a concentration of 150 µL, surpassing 
the performance of conventional drugs. The plant extract 

Fig. 10   Antibacterial efficacy of ZnO NPs synthesized using Jatropha podagrica leaf extract for a S. aureus, b B. coagulans, c K. pneumoniae, 
and d E. coli 

Table 4   Zone of inhibition 
at different concentrations of 
JP-ZnO NPs

Name S. aureus B. coagulans K. pneumoniae E. coli

Shape Round Round Round Round
Gram reaction Gram positive Gram positive Gram negative Gram negative
50 µL 15 mm 12 mm 10 mm 10 mm
100 µL 16 mm 13 mm 11 mm 10 mm
150 µL 17 mm 15 mm 13 mm 11 mm
Antibiotic 40 mm 27 mm 40 mm 32 mm
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exhibited commendable activity against both Gram-positive 
and Gram-negative bacteria, resulting in an inhibition zone 
of 6 mm. At various JP-ZnO NP concentrations, Table 4 
shows the zone of inhibition.

From the aforementioned results, the susceptibility of 
Gram-positive bacteria (S. aureus, B. coagulans) exhib-
ited a heightened degree of susceptibility to JP-ZnO NPs 
in contrast to Gram-negative bacteria (K. pneumoniae, E. 
coli). This discrepancy in sensitivity can be attributed to the 
substantial presence of a thick peptidoglycan layer within 
the cell wall of Gram-positive bacteria, which serves as a 
robust physical barrier offering shielding and protection. In 
contrast, Gram-negative bacteria possess both lipopolysac-
charide and peptidoglycan, rendering them more resistant to 
the effects of JP-ZnO NPs [57–59].

Conclusions

In summary, we have successfully employed an eco-
friendly method for synthesizing ZnO nanoparticles, using 
Jatropha podagrica leaf extract as a capping agent. Dis-
tinct analytical techniques were employed to characterize 
the nanoparticles which confirmed their wurtzite crystal-
line structure, spherical shape, and size in the range of 12 
to 18 nm. The JP-ZnO nanoparticles have demonstrated a 
remarkable photocatalytic efficiency, effectively breaking 
down RhB, FS, and CV dyes under sunlight. The degrada-
tion rates of 90–95% were achieved within a time frame 
of 150, 90, and 60 min for RhB, FS, and CV dyes. We 
evaluated their antibacterial properties against both gram-
positive (S. aureus, B. coagulans) and gram-negative (K. 
pneumoniae, E. coli) bacterial strains. Using 150 µL of 
nanoparticles, inhibition zones measuring 17, 15, 11, and 
10 mm were obtained. These findings highlight the poten-
tial applications of JP-ZnO nanoparticles in addressing 
water pollution challenges and formulating potent anti-
bacterial agents.
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ENHANCING CATALYTIC EFFICIENCY: VTIO2 

NANOPARTICLES IN THE 1,6 MICHAEL ADDITION OF 3-

METHYL-5-PYRAZOLONE TO 3-METHYL-4-NITRO-5-

ALKENYL ISOXAZOLES FOR RAPID SYNTHESIS OF 3,3-

BIS(INDOLYL)OXINDOLES IN PURE AQUEOUS MEDIUM 
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Abstract 

Herein, we present a report detailing the synthesis of column chromatography-free, heterogeneous vanadium 

doped titanium dioxide nanoparticles (VTiO2 NPs) for catalysing the 1,6 Michael addition of 3-methyl-5-

pyrazolone onto 3-methyl-4-nitro-5-alkenyl isoxazoles. Additionally, we report the swift synthesis of 3,3-

di(indolyl)indolin-2-ones through the reaction of indole on isatin at room temperature in water, marking the 

first instance of such a process. The 1,6 Michael addition reaction yielded moderate to good yields, while the 

3,3-bis(indolyl)oxindole products were obtained in quantitative yield. 
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Introduction 

Heterogeneous catalysis has been instrumental in 

enabling chemists to develop environmentally 

friendly and cost-effective chemical processes 

ever since its inception. The industrial-scale 

adoption of this approach can be directly 

attributed to its introduction into chemical 

processes.1 However, the pursuit of finding a 

versatile heterogeneous catalyst that can 

efficiently catalyse various reactions is often 

described as the "ideal" scenario, as it promises to 

reduce input costs and streamline the use of a 

single catalyst for multiple reactions. 

Incorporating nanoparticles has proven to be a 

significant advancement in enhancing the catalytic 

efficiency of heterogeneous catalysts. This is 

because the large surface area of nanoparticles 

promotes greater contact between reactants and 

catalyst, effectively emulating the performance of 

homogeneous catalysts.2 

In this pursuit, researchers have developed a range 

of materials, including mesoporous materials, 

nanoparticles, and metal-organic frameworks 

(MOFs), to address this challenge. Among these 

materials, transition metal particles, whether in 

their native state or immobilized on various 

matrices, have gained recognition for their 

efficiency and cost-effectiveness as catalysts.3 

Titanium dioxide (TiO2), in particular, is a well-

established additive in the food and cosmetic 

industries. Both native-state TiO2 nanoparticles 

and functionalized variants are known for their 

ability to catalyse processes such as 

photodegradation4 and a variety of other organic 

reactions.5 Unfunctionalized TiO2 nanoparticles 

(TiO2 NPs)6 are characterized by low toxicity.7 In 

addition to this, vanadium doped TiO2
 

nanoparticles displayed greater catalytic activity 

for diverse chemical transformations.8-10 Hence, a 

comprehensive investigation into the catalytic 

efficacy of vanadium-doped titanium dioxide 

nanoparticles (VTiO2 NPs) in facilitating a range 

of reactions within the established optimal 

parameters is expected to play a pivotal role in 

furthering researchers' endeavors towards 

attaining sustainability objectives. 

Conversely, water has gained widespread 

recognition as a solvent for a broad spectrum of 

organic reactions, encompassing organometallic 

reactions,11 pericyclic reactions,12 and various 

other synthetic processes.13 Existing literature 

strongly indicates that the utilization of 

heterogeneous catalytic methods in aqueous media 

can pave the way for more environmentally 

friendly, cost-effective, and dependable chemical 

operations on a larger scale.14 

These observations have guided our research 

focus toward addressing the challenge of 

conducting various types of reactions using the 

same catalyst in an aqueous environment. This 

work is part of our ongoing research efforts aimed 

at devising strategies for multicomponent 

reactions and sustainable protocols for the 

synthesis of biologically active compounds.15 

Dwivedi and his research team introduced a novel 

approach by utilizing heterogeneous titanium 

dioxide nanoparticles (TiO2 NPs) as a catalyst, 

eliminating the need for column chromatography. 

They applied this catalyst to facilitate the 1,6 

Michael addition of 3-methyl-5-pyrazolone onto 

3-methyl-4-nitro-5-alkenyl isoxazoles and 

achieved the rapid synthesis of 3,3-

di(indolyl)indolin-2-ones through the reaction of 

indole with isatin. Notably, these reactions were 

performed in water at room temperature, marking 

the first time such a method has been 

demonstrated.16 

In this context, we present what we believe to be 

the initial report on the utilization of vanadium 

doped titanium dioxide nanoparticles (VTiO2 NPs) 

as a catalyst for the 1,6 Michael addition of 3-

Methyl-5-pyrazolone on 3-methyl-4-nitro-5-

alkenyl isoxazoles and the rapid synthesis of 3,3-

di(indolyl)indolin-2-ones, all conducted in water. 

Notably, in both cases, the products were obtained 

in pure form and in quantitative yields without the 

need for column chromatography. 

 

Results and discussion 

Synthesis and characterization of TiO2 NPs and 

VTiO2 NPs 

20 mL of Tetra-n-Butyl Ortho Titanate and 40 mL 

of C2H5OH should be added to make up of   

Solution- 1 and agitated for 10 minutes in a 150 

mL Pyrex glass beaker. Next, gradually add 3.2 

mL of Nitric acid while stirring for 30 minutes.  In 

a 150 ml Pyrex glass beaker, Solution - 2 was 

made by dissolving the required quantity of 5 wt. 

% of NH4VO3 dopant in a 40 mL of C2H5OH and 

7.2 mL of H2O. The mixture was then agitated for 

30 minutes. Sol was generated by adding 

Solution-2 to Solution-1 drop by drop while 

stirring frequently. The produced sol was kept in 

dark for 48 hours to form a gelation, which was 

then dried for 24 hours at 75℃ and the crystals 

were ground for 4 to 6 hours to a fine size. The 

fine powder that had been obtained was then 

calcined in a muffle furnace for 5 hours at 450°C. 

The fine powder was collected and grounded, and 

placed in airtight amber colour vials. TiO2 was 

produced using the same process without addition 

of dopants.17 Analytical data confirms the TiO2 
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NPs and VTiO2 NPs formation for the study 

(Figure 1a-e). The powder XRD (Figure 1a) 

clearly depicts characteristic peaks at (101), (004), 

(200), (105), (211), (204), (116), (220) and (215) 

corresponds to anatase phase of TiO2 NPs & 

VTiO2 NPs and compared with standard (JCPDS 

card no. 21-1272). FESEM images of TiO2 NPs 

and VTiO2 NPs indicate the uniform size and 

spherical shape of the particles (Figure 1b & 1c) 

and the EDS (energy dispersive X-ray 

spectroscopy) spectrum of synthesized TiO2 NPs 

and VTiO2 NPs confirms the presence of Ti and O 

(Figure 1d & 1e). 

 

 

  

  
Figure 1; Characterisations of TiO2 NP and VTiO2 NP Catalyst; 1a) powder XRD with the simulated graph 

(JCPDS Card no. 21-1272). 1b) FESEM image of TiO2, 1c) FESEM image of VTiO2  1d) EDS elemental 

analysis of TiO2, 1e) EDS elemental analysis of VTiO2 

 

Optimisation and substrate scope studies 

Optimization investigations were initially 

conducted for the 1,6 Michael addition of 3-

methyl-5-pyrazolone (2) to 3-methyl-4-

nitroisoxazole alkenes (1a). This exploration 

involved the utilization of different water-stable 

Lewis acids and EtOH as a solvent. Our aim was 

to comprehend the efficiencies of catalysts in 

environmentally friendly conditions under open-

air settings (Figure 2a). 

As evident from the observations, the application 

of Lewis acid catalysis proved to be productive, 

yielding 40% with a 10 mol% concentration of 

Sc(OTf)3 as a catalyst within 90 minutes. The 

introduction of Cu(OTf)2 during the same 

timeframe reduced the yield to 21%, while 

Fe(OTf)3 enhanced it to 51%. Contrarily, the use 

of 10 mol% commercial TiO2 solid yielded only 

45% within the same time frame. However, 

employing 10 mol% TiO2 NPs in ethanol resulted 
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in a significantly improved yield of 82% within 

the 90-minute duration. The vanadium-doped 

titanium dioxide nanoparticles (VTiO2 NPs) 

catalyst demonstrated a 96% product yield within 

the anticipated timeframe, surpassing the yield 

achieved by titanium dioxide nanoparticles (TiO2 

NPs) as a catalyst. 

 

 
 

Figure 2: aReaction conditions: unless otherwise 

specified, Figure 2a-c represents the optimization 

studies are carried out on the reaction with 3-

methyl-4-nitroisoxazole alkenes (1a) (1.0 mmol), 

3-methyl-5-pyrazolone (2) (1.0 mmol) at room 

temperature. Figure 2d represents the solvent 

optimization for 3,3-bis(indolyl)oxindoles 

synthesis carried out on the reaction with isatin 

(4a) (1.0 mmol), indole (5a) (2.0 mmol) and 10 

mol% VTiO2 NPs at room temperature. b Isolated 

yields. 

Figure 2a: Catalyst optimization in ethanol 

solvent with a standard reaction time of 90 min. 

Figure 2b: Solvent optimization with 10 mol% 

VTiO2 NPs and standard reaction time of 90 

min.*Reaction completed in 60 min. 

Figure 2c: Catalyst loading optimization in water 

solvent with a standard reaction time of 60min. 

Figure 2d: Solvent optimization for 3,3-

bis(indolyl)oxindoles synthesis with 10 mol% 

VTiO2 NPs and standard reaction time of 60 

min.*Reaction completed in 15 min. 

Further optimization studies were conducted to 

enhance yield and reduce reaction time (Figure 

2b). Various solvents were explored for the 

catalytic reaction, revealing that water yielded an 

impressive 96% within 60 minutes, outperforming 

all other organic solvents (Figure 2b). Subsequent 

investigations focused on the impact of catalyst 

loading (Figure 2c), revealing that 10 mol% was 

the optimal amount for achieving complete 

reaction in water. Below 10%, the catalyst loading 

proved inefficient, while an increase to 20 mol% 

did not significantly improve yield or reduce 

reaction time. Consequently, we determined that 

water with a 10 mol% catalyst loading represented 

the optimized conditions for the 1,6 Michael 

addition reaction of 5-methylpyrazolone on 3-

methyl-4-nitroisoxazole alkenes in pure water. 

These optimized conditions demonstrated 

versatility across a broad substrate scope, yielding 

favorable results (Table 1).

 

Table 1. Substrate scope for 1,6 Michael addition reaction of 3-methyl-4-nitroisoxazole alkenes and 3-

methyl-5-pyrazolone 
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Entrya Ar 2 Product Time (hrs) Yield (%)b 

1 1a= C6H5 2a 3a 1.5 86 

2 1b: 3-F-C6H5 2a 3b 2.0 96 

3 1c: 4-F-C6H5 2a 3c 1.0 89 

4 1d: 2-Cl-C6H5 2a 3d 1.2 84 

5 1e: 4-Cl-C6H5 2a 3e 1.3 88 

6 1f: 2-Br-C6H5 2a 3f 1.5 87 

7 1g: 4-Br-C6H5 2a 3g 1.5 84 

8 1h: 4-NO2-C6H5 2a 3h 2 89 

9 1i: 4-Me-C6H5 2a 3i 1 86 

10 1j: 4-OMe-C6H5 2a 3j 1 89 

11 1k= furan 2a 3k 1.5 87 

12 1l= thiophene 2a 3l 1 89 
 

a Reaction conditions: unless otherwise specified, 

the reaction was carried out with 3-methyl-4-

nitroisoxazole alkenes (1a-l) (1.0 mmol), 3-

methyl-5-pyrazolone (2) (1.0 mmol) and VTiO2 

NPs (10 mol%) in 3 mL H2O. Isolated yields of 

the product (3a-l). 

We further explore the diversity of the catalytic 

application of VTiO2 NPs by synthesizing 3,3-

bis(indolyl)oxindoles in neat water. Though 

bis(indolyl)methane synthesis using aromatic 

aldehydes and indoles is well established with a 

range of Lewis acid catalysts18 3,3-

bis(indolyl)oxindoles synthesis by reacting isatin 

with indoles in water at room temperature is less 

explored19. As it can be seen from the 

optimization study (Figure 2c), water has given 

quantitative yield in 15 minutes using 4a and 5a 

as model substrates with 10 mol% of VTiO2 NPs 

catalyst loading (Figure 2c), without any change 

from previous optimized condition. Other organic 

solvents performed poorly compared to neat water 

medium giving less than 80% after 90 minutes 

(Figure 2c). With these optimized conditions in 

hand, we explored the substrate scope and found 

that, the developed protocol was efficient and 

accommodated an array of substrates, giving 

quantitative yields within a maximum of 20 

minutes reaction time (Table 2). However, few 

interesting observations were made; the reaction 

did not proceed in case of 5-CN indole was used 

(Table 2, entry 16) and Azo indole (Table 2, 

entry 17). N-methyl Indole too failed to give the 

desired product (Table 2, entry 18). 

 

Table 2. Substrate scope for the 3,3-bis(indolyl)oxindoles 

 
 

Entrya Product R1 R2 R3 R4 X Time (min) Yield (%)b 

1 6a H H H H CH 15 98 

2 6b F H H H CH 10 97 

3 6c Cl H H H CH 10 96 

4 6d Br H H H CH 15 98 

5 6e NO2 H H H CH 20 95 

6 6f H C3H5 H H CH 20 96 

7 6g H CH2-Ph H H CH 15 97 

8 6h OMe H H H CH 20 98 

9 6i H H Br H CH 15 97 

10 6j F H Br H CH 10 96 

11 6k Cl H Br H CH 12 96 

12 6l NO2 H Br H CH 15 98 

13 6m H C3H5 Br H CH 18 97 
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14 6n H CH2-Ph Br H CH 20 96 

15 6o OMe H Br H CH 20 94 

16 6p H H CN H CH 60 -* 

17 6q H H H H N 60 -* 

18 6r H H H Me CH 60 -* 
 

a Reaction condition: unless otherwise specified, 

the reaction was carried out with isatins (4a-i) (1.0 

mmol), indole (5a-d) (2.0 mmol) and VTiO2 NPs 

(10 mol%) in 3 mL H2O was stirred. Isolated 

yields of the product (6a-r).b Isolated yield * no 

product was formed and starting material was 

recovered. 

 

Plausible Mechanism 

Regarding the 1,6 Michael addition, the 3-methyl-

5-pyrazolone exhibits keto-enol tautomerism. 

Notably, the presence of water on the VTiO2 

catalyst surface facilitates robust hydrogen 

bonding with the substrates, immobilizing them 

and bringing the reactants into close proximity.16 

For the synthesis of 3,3-bis(indolyl)oxindoles, our 

rationale involves the stepwise addition of indole 

to isatin. The initial addition is succeeded by the 

dehydration of the isatin-indole adduct, leading to 

the formation of a reactive alkylideneindolenine,20 

and this intermediate promptly undergoes further 

indole addition, resulting in the formation of the 

bis indole product. 

 

Experimental section 

General experimental details 

All commercially available chemicals were used 

without further purification. 1H NMR spectra were 

obtained on Bruker 500 MHz FT-NMR 

spectrometers. 13C NMR spectra were recorded at 

125 MHz Chemical shifts are reported in relative 

to the TMS signal. Multiplicity is indicated as 

follows: s (singlet); bs (broad singlet); d (doublet); 

t (triplet); q (quartet); m (multiplet); dd (doublet of 

doublets), etc. The hydrodynamic sizes of the 

synthesized TiO2 NPs were measured using a DLS 

instrument (MicrotracZetatrac, U2771). FT-IR 

spectrometer (Shimadzu) in the range of 400–

4000 cm-1. Vanadium doped titanium dioxide 

nanoparticles (VTiO2 NPs) was synthesized as per 

literature procedure. VTiO2 phase was verified by 

X-ray diffraction (XRD) analysis were carried out 

at room temperature using a Bruker D8 Advance 

X-ray diffractometer. Elemental analysis and 

imaging were performed using EDS Nova Nano 

SEM-450 using a scanning electron microscope 

(SEM) equipped with EDS. 

 

General Procedure for 1, 6 Michael addition of 

3-methyl–5–pyrazolone on 3-methyl-4-

nitroisoxazole alkenes (3a-l) 

To a solution of 3-methyl-4-nitroisoxazole alkenes 

(1a-1l) (1 mmol) in water (3.0 mL) was added 3-

methyl-5-pyrazolone (2) (1 mmol) and VTiO2NPs 

(0.1 mmol, 10 mol%) and the resulting mixture 

was stirred for the specified duration (Table 1) at 

room temperature. Progress of the reaction was 

determined by thin layer chromatography (TLC). 

Upon completion, the solid crude product was 

filtered and dried. The obtained solid was 

dissolved in ethyl acetate and subjected to 

centrifugation at 15000 rpm for 1 hour to separate 

the catalyst nanoparticles. The organic layer was 

then passed through a celite bed to eliminate any 

particulate impurities from the product, followed 

by concentration under reduced pressure. The 

resulting crude material was recrystallized from 

methanol to yield the analytically pure product 

(3a-l). 

 

Spectral data for selected compounds of 1, 6 

Michael addition reaction (3a, 3b, 3i and 3l): 

5-methyl-4-(2-(3-methyl-4-nitroisoxazol-5-yl)-1-

phenylethyl)-4H-pyrazol-3-ol, 3a: M.P.: 191-193 
oC. IR (KBr) υmax (cm-1) 3412, 2928, 2860, 1604, 

1528, 1420, 1221, 832, 749, 651, 525;1H NMR 

(500 MHz, CDCl3) δ 7.41 (d, J = 7.7 Hz, 2H), 

7.30 (t, J = 7.1 Hz, 2H), 7.22 (d, J = 7.6 Hz, 1H), 

4.46 (t, J = 8.3 Hz, 1H), 4.19 (dd, J = 15.1, 9.5 Hz, 

1H), 3.94 (dd, J = 15.3, 7.0 Hz, 1H), 2.49 (s, 3H), 

2.12 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 

178.81, 165.40, 159.99, 148.02, 142.50, 134.95, 

133.23, 132.10, 131.37, 106.38, 42.72, 37.36, 

16.37, 15.05. HRMS (ESI+): m/z calculated for 

C16H16N4O4 [M+H] +: 329.1250; found: 329.1250. 

4-(1-(3-fluorophenyl)-2-(3-methyl-4-

nitroisoxazol-5-yl)ethyl)-5-methyl-4H-pyrazol-3-

ol, 3b: M.P.: 193-195 oC. IR (KBr) υmax (cm-1) 

3425, 2932, 2877, 1609, 1557, 1420, 1223, 825, 

756, 632, 519; 1H NMR (500 MHz, CDCl3) δ 7.26 

– 7.21 (m, 1H), 7.15 (d, J = 7.7 Hz, 2H), 6.90 (t, J 

= 8.4 Hz, 1H), 4.41 (t, J = 8.2 Hz, 1H), 4.15 (dd, J 

= 15.3, 9.3 Hz, 1H), 3.90 (dd, J = 15.4, 7.2 Hz, 

1H), 2.50 (s, 3H), 2.12 (s, 3H). 13C NMR (126 

MHz, CDCl3) δ 179.06, 169.01, 167.16, 165.19, 

160.22, 152.12, 150.13, 143.99, 134.89, 127.90, 

118.43, 118.26, 105.16, 42.41, 37.29, 17.08, 
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15.16. HRMS (ESI+):m/z calculated for 

C16H15FN4O4 [M+H]+: 347.1156; found: 347.1169. 

5-methyl-4-(2-(3-methyl-4-nitroisoxazol-5-yl)-1-

(p-tolyl)ethyl)-4H-pyrazol-3-ol, 3i: M.P. 203-205 
oC. IR (KBr) υmax (cm-1) 3346, 2931, 2867, 1605, 

1498, 1475, 1272, 832, 756, 659, 568; 1HNMR 

(500 MHz, CDCl3) δ 7.29 (d, J = 8.0 Hz, 2H), 

7.10 (d, J = 7.6 Hz, 2H), 4.40 (t, J = 8.1 Hz, 1H), 

4.13 (dd, J = 15.3, 9.2 Hz, 1H), 3.89 (dd, J = 15.4, 

7.1 Hz, 1H), 2.49 (s, 3H), 2.30 (s, 3H), 2.09 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 178.78, 

165.43, 159.87, 146.08, 143.18, 141.52, 135.87, 

133.76, 131.85, 106.45, 42.44, 36.59, 26.17, 

16.56, 15.19. HRMS (ESI+): m/z calculated for 

C17H18N4O4 [M+H] +: 343.1406; found: 343.1433. 

5-methyl-4-(2-(3-methyl-4-nitroisoxazol-5-yl)-1-

(thiophen-2-yl)ethyl)-4H-pyrazol-3-ol, 3l: M.P. 

228-230 oC. IR (KBr) υmax (cm-1) 3389, 3012, 

2764, 1604, 1525, 1464, 1262, 827, 725, 624, 554; 
1HNMR (500 MHz, CDCl3) δ 7.17 (d, J = 4.8 Hz, 

1H), 6.98 (s, 1H), 6.89 (d, J = 3.6 Hz, 1H), 4.74 

(s, 1H), 4.13 (d, J = 9.2 Hz, 1H), 4.03 (d, J = 7.0 

Hz, 1H), 2.50 (s, 3H), 2.17 (s, 3H). 13C NMR (126 

MHz, CDCl3) δ 179.06, 165.04, 161.32, 153.12, 

136.11, 130.65, 129.09, 106.17, 38.28, 37.58, 

16.45, 15.34. HRMS (ESI+): m/z calculated for 

C14H14N4O4S [M+H] +: 335.0814; found: 

335.0824. 

 

General Procedure for the synthesis 3,3-

bis(indolyl)oxindoles (6a-r) 

In a water solution containing isatins (1 eq.) and 

VTiO2 NPs (10 mol%) at a ratio of 3 mL/mmol, 

indoles (1 eq.) were introduced and stirred for the 

specified duration at room temperature (see Table 

2). The progression of the reaction was monitored 

through TLC, with the disappearance of isatin 

color and the formation of white solid serving as 

visual indicators. Upon completion of the reaction, 

as evidenced by TLC, the reaction mixture was 

filtered, yielding a white solid crude product. This 

solid was then dissolved in ethyl acetate and 

subjected to centrifugation for 1 hour at 15000 

rpm to isolate nanoparticles. The organic layer 

was subsequently passed through a celite bed to 

eliminate any particulate impurities, followed by 

concentration under reduced pressure. The 

resulting crude material underwent 

recrystallization from methanol, resulting in the 

isolation of analytically pure 3,3-

di(indolyl)indolin-2-ones products (6a-r). 

 

Spectral data for selected compounds of 3,3-

bis(indolyl)oxindoles (6a, 6f, 6k): 

[3,3':3',3''-terindolin]-2'-one, 6a: White solid, 

M.P. 253-255 0C. IR (KBr, cm-1) 3425, 3427, 

3156, 3078, 1703, 1614, 1497, 1017, 813 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 9.29 (s, 1H), 7.42 (d, J 

= 3.8 Hz, 1H), 7.36 – 7.29 (m, 1H), 7.23 (t, J = 7.5 

Hz, 1H), 7.09 (t, J = 7.4 Hz, 1H), 7.05 – 6.98 (m, 

1H), 6.94 – 6.92 (m, 1H), 6.87 (dd, J = 14.7, 7.4 

Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 182.78, 

142.78, 132.12, 130.54, 129.46, 129.47, 126.32, 

125.99, 123.41, 119.54, 116.24, 114.61, 56.98. 

HRMS (ESI+): m/z calculated for 

C24H17N3O[M+H] +: 364.1450; found: 364.1496. 

1'-allyl-[3,3':3',3''-terindolin]-2'-one, 6f: White 

solid, M.P. 252-254 0C. IR (KBr, cm-1) 3398, 

3371, 3202, 30439, 1664, 1611, 1463, 1110, 767 

cm-1; 1H NMR (500 MHz, CDCl3) δ 8.08 (s, 1H), 

7.53 (d, J = 7.2 Hz, 1H), 7.38 (t, J = 9.2 Hz, 2H), 

7.13 (t, J = 7.6 Hz, 1H), 7.00 (d, J = 7.4 Hz, 2H), 

6.89 (t, J = 7.5 Hz, 1H), 5.98 – 5.84 (m, 1H), 5.33 

– 5.16 (m, 1H), 4.49 (d, J = 4.5 Hz, 1H).13C NMR 

(126 MHz, CDCl3) δ 146.90, 141.92, 139.05, 

138.95, 136.93, 136.46, 132.59, 130.79, 129.31, 

127.17, 126.04, 125.85, 123.52, 123.42, 122.35, 

122.26, 119.29, 119.26, 116.39, 116.36, 113.82, 

57.44, 47.13. HRMS (ESI+): m/z calculated for 

C27H21N3O[M+H] +: 404.1763; found: 404.1836. 

5,5''-dibromo-5'-chloro-[3,3':3',3''-terindolin]-

2'-one, 6k: White solid, M.P. 288-291 0C. IR 

(KBr, cm-1) 3647, 3564, 3379, 3032, 1703, 1613, 

1605, 1478, 1086, 797, 748 cm-1; 1H NMR (500 

MHz, CDCl3) δ 10.76 (s, 2H), 10.55 (s, 1H), 7.45 

(s, 2H), 7.28 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 8.2 

Hz, 1H), 7.11 (d, J = 8.5 Hz, 2H), 7.09 (s, 2H), 

6.99 (d, J = 8.2 Hz, 1H), 6.89 (s, 2H). 13C NMR 

(126 MHz, CDCl3) δ 183.43, 144.86, 140.92, 

140.72, 132.34, 132.28, 131.75, 130.92, 128.84, 

129.93, 127.89, 126.89, 127.95, 118.78, 116.77, 

116.45, 57.49. HRMS (ESI+): m/z calculated for 

C24H14Br2ClN3O [M+H] +: 553.9270; found: 

553.9294. 

 

Conclusion 

In conclusion, we present the catalytic prowess of 

VTiO2 NPs in facilitating the 1,6 Michael addition 

of 3-methyl-5-pyrazolone on 3-methyl-4-nitro-5-

alkenyl isoxazoles and the rapid synthesis of 3,3-

di(indolyl)indolin-2-ones. Notably, these reactions 

were conducted in pure water at room 

temperature, marking a new achievement. The 

efficacy of this heterogeneous catalytic approach 

was demonstrated through successful scale-up 

experimentation (10 mmol), and recyclability 

trials for both reactions were conducted for up to 

four cycles. 
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ABSTRACT 

An environmentally benign cost effective method is reported for green synthesis of Ag-Ni hybrid nanomaterials by 
using Andrographis Paniculata leaf extract. The phytomolecules present in the extract are acting as reducing agents, 
stabilizing and capping agents for the biosynthesized nanomaterials. The characterization studies are done by UV-
Visible, FTIR, SEM, XRD, EDX and HRTEM analyses. These nanoparticles are further applied as photocatalysts 
for degradation of Malachite Green dye by irradiation under sunlight. The optimum conditions found in the 
degradation of malachite green dye are pH 8, weight of catalyst 30 mg, dye concentration of 10 ppm and contact 
time of 120 minutes. A maximum photodegradation of 82% is obtained under these optimum conditions.  

 

KEY WORDS 

Hybrid nanomaterials (HNMs), Andrographis Paniculata, Malachite Green (MG),  photodegradation. 

 

INTRODUCTION 

Nanotechnology involves the synthesis and application of materials having one of the dimensions in the range of 1 
nm to 100 nm and acts as a channel between bulk materials and atomic or molecular structures. In recent times 
hybrid nanomaterials have gained considerable attention because of their importance for magnetic, optical and 
catalytic applications in multiple fields [1]. Various physical, chemical and biological methods have been employed 
for the synthesis of hybrid nanomaterials [2]. Several advantages of biological methods over physical and chemical 
methods are due to the fact that they are environmentally benign, less time consuming, cost effective with almost 
negligible industrial waste without use of toxic chemicals [3]. Biosynthesized hybrid nanomaterials are used in 
several contemporary fields viz. imaging, labeling, luminescence tagging, drug delivery and biomedical field 
because of their superior properties. Hybrid nanomaterials synthesized from plant extracts have been found to 
possess extraordinary catalytic activities [4]. 

 Dyes are used widely in various fields such as cosmetics, leather, food and textile industries. The release of these 
industrial dye effluents into water shows adverse effect on quality of water [5]. One of such dye is malachite green 
(MG).  
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                                                  Figure 1 (a): Structure of Malachite Green dye 

 
Malachite green dye is a cationic green crystalline water soluble dye and belongs to triphenyl methane category.  
(Figure1.a).  MG dye is a potential environmental contaminant and a peril to public health as it is a multi-organ 
toxin proved as by both experimental clinical observations [6]. So it is necessary to exterminate the MG dye 
effluents from water. Many chemical, physical and biological treatment methods including adsorption, precipitation 
filtration, electrodialysis, coagulation, oxidation and membrane separation are used in the treatment of dye effluents 
[7].  Dye removal via degradation using photocatalysts is the most scathe less and desirable among all methods 
because of its sustainable and ecofriendly technology [8].  Recent times nanotechnology has been extended in the 
waste water treatment and nanoparticles are used as photocatalysts for degradation of dyes due to their extensive 
surface area [9]. 

Herein, an effortless and robust green method for synthesis of Ag-Ni hybrid nanomaterials (HNMs) is reported by 
using leaf extract of Andrographis Paniculata as a stabilizing, reducing and capping agent. These HNMs are 
employed as catalysts for photodegradation of MG dye under solar light irradiation. Various reaction conditions are 
observed and the optimum conditions are noted for the maximum  photodegradation. 

2. EXPERIMENTAL 

2.1. Materials: Chemical reagents (silver nitrate and nickel nitrate) used in this study are of analytical grade. 
Deionised water is used to clean glassware, to prepare chemical solutions and for experimental procedure. Fresh 
leaves of Andrographis Paniculata are collected from botanical garden of Dr. V.S. Krishna Government Degree 
College (A), Visakhapatnam of Andhra Pradesh state in India. 

 2.2. Preparation of Andrographis Paniculata leaf extract: 100 g of fresh leaves are weighed and thoroughly 
washed with running tap water to remove detritus on surface of leaves followed by deionised water to get rid of 
other contaminants from leaves and dried up under shade for 10 days. These leaves are cut into tiny pieces and made 
homogenized powder by using home blender. The procured powder is placed in refrigerator at 4o C which is kept in 
an air tight container. Now 200 mL deionized water is taken in 500 mL beaker to this 10 g stored powder is weighed 
and added. The contents in the beaker heated for 30 minutes at 50o C with occasional stirring with glass rod and then 
cooled to acquire room temperature. The cooled concoction is filtered two times with Whatman No.1 filter paper 
and reserved in refrigerator at 4o C. This is taken as leaf extract throughout the experiment (Figure: 1(b), 1(c)). 
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     Figure 1(b): Andrographis Paniculata  plant                   Figure 1(c): Andrographis Paniculata  leaf extract 

 

 2.3. Synthesis of Ag-Ni hybrid nanomaterials: 

 Equimolar (25 mM) concentrations of silver nitrate and nickel nitrate aqueous solutions are prepared separately in 
100 mL volumetric flasks by dissolving 0.4246 g, 0.7267 g weight of AgNO3 and Ni(NO3)2  in deionized water 
respectively. Synthesis of Ag-Ni HNM s is done by taking 100 mL of AgNO3 solution in a 500 mL beaker, to this 
90 mL of leaf extract, 100 mL of Ni (NO3)2 solutions are added by drop wise in simultaneous addition process. After 
this addition the beaker is placed on a magnetic stirrer for continuous agitation.  This mixture is stirred at 70oC for 
50 minutes at pH 8 on magnetic stirrer. These synthesized HNMs are separated out by doing centrifugation at 4500 
rpm for 45 minutes. The obtained HNM s are washed with deionised water two times to remove unwanted 
constituents and dried in oven at 800 C for two hours. The resultant HNMs are collected (Figure. 2) and used for 
characterization.  

                                                                

                                                           Figure. 2:   Ag-Ni HNMs 

 

  2.4. Characterization: 

 Formation of Ag-Ni HNM s is confirmed by UV-Visible absorption spectra using UV-2450 SHIMADZU double 
beam spectrophotometer, FTIR using Bruker, SEM, EDX studies are done by using Hitachi S-3700N machine and 
the morphology of  HNM s  is elucidated by HRTEM analysis with FEI Technai machine. 
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 3. RESULTS AND DISCUSSION 

3.1. UV-Visible spectral analysis: 

UV-Visible absorption spectrum of Ag-Ni HNM s is presented in Figure.3. The characteristic surface plasmon 
resonance (SPR) band at around 437 nm is observed in Ag-Ni HNMs which confirms the nano size of the 
synthesized HNMs [10].     

                                                   

                                     

                             Figure. 3 : UV-Visible absorption spectrum of Ag-Ni HNM s 

 

3.2. FTIR spectral analysis: 

 FTIR spectral data is used to identify different functional groups present in biomolecules of leaf extract and formed 
HNMs. These groups are responsible for the bioreduction of Ag+, Ni+2 precursors and also for capping and 
stabilization of Ag-Ni HNMs. The FTIR spectrum of Ag-Ni HNM s exhibits major peak positions at 3210 cm-1, 
3414 cm-1 and 3384 cm-1 which indicate the N-H stretching vibrations of amines and O-H stretching of hydroxyl 
groups of alcohols and phenols. Intense peak at 1640 cm-1 is due to C=O stretching of amide group. Very small peak 
at 601 cm-1 indicates the presence of C-Cl group.  

This spectral data clearly confirms that the surface of the nanoparticles is covered by plant secondary metabolites 
such as carbohydrates, glycosides, Saponin,  phytosterols,  phenolic  compounds, tannins, flavonoids, proteins, 
aminoacids, diterpenes, carboxylic acids, amides, ketones and  alkyl halides [11]. 

 

3.3. SEM and EDX analysis: 

 From energy dispersive X-ray analysis we can analyze all the elements present in the HNM s prepared by 
Andrographis Paniculata  leaf extract. Figure.4 shows EDX spectrum and elemental composition. This indicates the 
presences of Ag and Ni which confirms the formation of Ag-Ni hybrid nanomaterials. Scanning electron 
microscopic (SEM) images of Ag-Ni HNM s with various magnifications are given in Figure 5. From this it can be 
clearly noted that the prepared Ag-Ni HNMs are in the size range between 50 to 100 nm in diameter. 
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                                                              Figure. 4:  EDX Analysis of Ag-Ni HNMs  

 

                                               

                                          

                                                           Figure. 5 : SEM images of Ag-Ni HNMs 

 

 

3.4. HRTEM analysis:  Figure.6 shows the high resolution transmission electron microscopy (HRTEM) 
images for synthesized Ag-Ni HNMs. From these images, it is observed that Ag-Ni HNMs are formed with 
spherical morphology and crystalline structure below the size of 100 nm. It is also observed that, the two 
metal nanospheres emerge to be positioned adjacent to each other. It is also in strong accordance with the 
images from SEM analysis. 

 

                                                       

                                                    Figure .6: HRTEM image of Ag-Ni HNMs 
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3.5. Powder XRD analysis : 
 
The XRD spectrum of green synthesized Ag-Ni HNM s from leaf extract is shown in Figure: 7.  

The peaks appeared at 2 values of  38.300, 44.280, 64.380, 77.39 0 correspond to the Bragg’s 
reflections of  Ag(111), Ag(200),  Ni(111), Ag(220), Ni(222) , Ag (311)   planes respectively of face 
centered cubic crystal structure  [12] as shown in the Figure:7. The numerically calculated value of the 
synthesized Ag-Ni HNMs materials corresponds to an average particle size of 23.35 nm. 
   

                                                        

                                                             Figure:7 .   XRD spectrum of Ag-Ni HNM s 

 

4. Photodegradation studies on Malachite Green dye using Ag-Ni HNMs: 

The photo degradation experiments are carried on Malachite Green dye using green synthesized Ag-Ni HNM s 
acting as a catalyst. Initially, 50 ppm of malachite green stock solution is prepared. Then reaction mixtures are 
prepared by adding certain amount of Ag-Ni HNM s  (10 mg, 20 mg, 30 mg, 40 mg, 50 mg, 60 mg,70 mg, 80 mg) to 
100 mL of malachite green for distinct concentrations( 5 ppm, 10 ppm, 15 ppm, 20 ppm, 25 ppm, 30 ppm, 35 ppm). 
The pH of the reaction mixtures is maintained in the experiments at various values for both acidic and basic range 

 ( i.e. pH 3,4,5,6,7,8,9,10,11 ) by adding  0.1 N H2SO4 or 0.1 N NaOH solutions when required. Now this mixture is 
agitated for 20 minutes in dark condition to attain adsorption-desorption equilibrium between malachite green and 
Ag-Ni HNM s. Sun light is used as irradiating source to reaction mixture for studying photodegradation during 
11.00 am to 3.00 pm. At regular 30 minutes time intervals, aliquot part of the reaction mixture is taken, centrifuged 
to remove the photocatalyst particles and optical absorption properties are analyzed by using UV-Visible 
Spectrophotometer. The absorbance is observed by varying parameters like changing the time of contact between 
the catalyst and the dye, pH of the reaction mixture, concentration of the dye solution and dosage of the catalyst. 
Malachite green shows the highest absorption at 617 nm [13]. To determine the percentage degradation of MG dye 
solution following equation (2) is used. 

% degradation = ൬
A଴ିA୲

A଴

൰ × 100  …   (2) 

Where, A0 is the initial absorbance of the MG solution at zero minutes and At is the absorbance of the degraded 
solution after time t minutes. 
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                                         Figure 8(a): UV- Visible spectrum of Malachite Green 

 

 To study the photocatalytic activity of the Ag-Ni HNM s on malachite green visible region of the light source is 
selected on UV-visible spectrophotometer. Absorption spectrum of 10 ppm malachite green solution is shown in 
Figure 8(a). Highest absorption peak at 617 nm is observed and this maximum absorption peak is considered to 
monitor the photodegradation  reaction of MG dye for all further studies in this paper. 

   

 4.1. Effect of time of contact:  

Photodegradation capacity of the Ag-Ni HNMs on malachite green dye is studied in the presence of sunlight by 
batch mode experiments. The efficiency of HNMs photocatalyst on degradation of MG is expected to be increased 
by increasing contact time. The effect of contact time is carried out by taking 10 ppm of 100 mL  MG dye solution  
and 10 mg of HNM s (pH at 7 ) as catalyst load which is shown in Figure 8(b). From the initial part of the graph i.e 
upto 120 min, % photodegradation is exhibiting rapid rise. However, above 120 minutes the slope is relatively less 
steeper although % photodegradation remains still considerably predominant thus shows higher values.  

Thus, upto 120 min, the % photodegradation of the dye by using the HNMs photocatalyst is found to be rapid, and 
above 120 min it becomes relatively less rapid although active even upto 180 min. This is due to strong adsorption 
forces that predominate between the dye and the HNMs as the number of the reactive sites on the photocatalyst are 
largely vacant during initial periods of contact time. But after 120 minutes of contact period, equilibrium between 
the number of vacant sites of adsorption and the dye molecules appears to be established although at slower rate, 
hence exhibit slightly slower rise of % photodegradation [14]. 
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                                  Figure 8(b): Effect of contact time on photo degradation 

 

4.2. Effect of initial concentration of MG dye solution: 

 Initial concentration of MG dye solution is also expected to affect the rate of photo degradation. To investigate this 
fact, dosage of HNM s nanocatalyst is kept constant at 10 mg, maintaining the dye solution pH at 7 and the time of 
irradiation as 180 minutes. However one parameter (the initial concentration of the MG dye solutions) is varied at 5 
ppm, 10 ppm, 15 ppm, 20 ppm, 25 ppm , 30 ppm and 35 ppm. The rate of photodegradation can be represented 
graphically in Figure 8(c).  
 
It can be observed from the figure that, the maximum photodegradation is found at 5 ppm, and then it decreases with 
further rise in the concentration of MG dye solution. Thus as the initial concentration of the dye increases beyond 5 
ppm, % photodegradation decreases [15]. This observation can be explained by the fact that at the low initial 
concentration of the dye solution, large number of dye molecules could be adsorbed on the surface of HNMs.  
Increasing the initial concentration of the dye can result competitive adsorption among the dye molecules while the 

area of active reaction sites on the catalyst is fixed. Consequently the % photodegradation of MG dye decreases. 

 

                                     

                      Figure.8(c): Effect of concentration of MG dye solution on photodegradation 

4.3. Effect of pH:  

pH of dye solution can influence the adsorption of dye on the photocatalyst. Keeping pH as variable, all other 
parameters are kept constant viz. the initial concentration of the malachite green solution is taken as 10 ppm, the 
concentrations of the photocatalyst as 10 mg and with time of irradiation 120 minutes. Different solutions of various 
pH values from 3 to 11 are prepared. Photodegradation efficiencies are compared which is shown in Figure: 8(d). 
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                                               Figure:8(d): Effect of pH on photodegradation 

 

It is observed that by increasing pH of the MG dye solution, the % photodegradation of MG dye on the photocatalyst 
enhances up to pH 8 and on further increase of pH, the rate of photodegradation is diminished. At pH less than four, 
lower values of % photodegradation are observed. Solution pH may influence both solution chemistry and surface 
active sites of the adsorbent. At acidic pH, H+ ions of the water molecules, may race with dye ions for the adsorption 
sites of the catalyst surface, there by hindering the adsorption of the dye. As the pH value increases, the number of 
H+ ions of the aqueous solution reduces, hence the cationic dye molecules could approach the catalyst surface at a 
faster rate, thus exhibit an fast increase in the rate of % photodegradation. At pH 8 the adsorption is maximum, 
hence the photo degradation is found to be maximum. At pH >8, the malachite green dye may not be maintained  

in its cationic form due to high concentration of OH- ions in the aqueous dye solution. Consequently, the 
electrostatic repulsion increases between the MG dye and negatively charged catalyst surface. As a result the 
photodegradation slowly decreases from pH 8 to 11. 

 

4.4. Effect of dosage of photo catalyst: 

 In photodegradation process, one of the important parameters of decolourizing of dye solution is dosage of the 
photocatalyst. To avoid splurge of costly catalyst and attain the maximum absorption of photons optimization of the 
catalyst dosage is important. For this, dosage amount is varied from 10 mg to 80 mg taken in 100 ml of 10 ppm  MG 
dye at pH 8 with contact time 120 minutes. The degradation of MG is shown in figure 8(e). 
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                                        Figure 8(e): Effect of dosage of catalyst on photo degradation 

 From the graph it can be concluded that, by increasing dosage of catalyst from 10 mg to 80 mg in 100 ml dye 
solution, the % photodegradation of the MG dye shows an increasing trend up to 30 mg. This is because the increase 
in amount of catalyst up to 30 mg would increase the number of reactive sites that produce more reactive species 
[16]. On further increase of catalyst dosage, % photodegradation of MG dye decreases because the catalyst particles 
form more turbid suspensions at higher loadings, which increase the scattering of the solar light and reduce the 
penetration of light into the reaction mixture. 

CONCLUSION 

An ecologically safe method is projected in this report to synthesize Ag-Ni hybrid nanomaterials from Andrographis 
Paniculata leaf extract. From UV-VIS spectral analysis it is confirmed that the particles are in nanoscale as per the 
positions of the Surface Plasmon Resonance (SPR) bands. FTIR data confirms the presence of secondary 
metabolites of phyto molecules that act as the bio reducing and capping agents of the formed nanoparticles.  Results 
of XRD, SEM and TEM analyses proved that Ag-Ni HNM s are in spherical morphology and cubic crystalline 
structure with size between 20-100 nm. The photocatalytic activity of these nanomaterials is examined under 
sunlight for degradation of MG dye which is an environmental pollutant. The % photodegradation of MG dye 
changes with parameters such as contact time, concentration of MG dye, pH and photocatalyst dosage. From this 
research study on bimetallic Ag-Ni HNM s synthesized from Andrographis Paniculata leaf extract, the optimum 
conditions found in the degradation of MG dye is pH 8, weight of catalyst 30 mg, dye concentration of 10 ppm and 
contact time of 120 minutes. A maximum photodegradation of 82% is obtained under these optimum conditions. 
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ABSTRACT 

Objective: The main objective of this present study is to conduct an experiment to analyze the variation of protonation-deprotonation equilibria 
with regards to the dielectric constants of an organic medium, influence of errors on protonation constants and effect of pH on the percentage of 
species. 

Methods: The present investigation was carried out by using pH meter at a temperature of 303 K and ionic strength of 0.16 mol dm-3 in Dimethyl 
sulfoxide (DMSO)-water mixtures. The processing of data was done by using Gran plot titration. The advanced principles of mathematics and fuzzy 
logic have been employed to correlate chemical problems, known as chemometrics. To obtain best-fit chemical models, a modelling strategy such as 
SCPHD is used and a computer program MINIQUAD 75 is also employed for the refinement of results. 

Results: In the present study, we found the influence of dielectric constants of a medium Dimethyl sulfoxide (DMSO)-water on protonation 
constants of 5-Sulfosalicylic acid and 5-Hydroxysalicylic acid has been studied. The species distribution diagrams were presented and understood 
the effect of pH on the percentage of species. The obtained skewness values are ranging from 0.11-0.36 and–0.56-0.38, for 5-Sulfosalicylic acid (5-
SSA) and 5-Hydroxysalicylic acid (5-HSA), respectively, which describes the distribution curves are right skewed and left skewed. The kurtosis 
values are ranging from 2.12-3.56, which indicates the peak of the distribution curve exhibits both platykurtic and leptokurtic pattern. The changes 
in the concentrations of some influential parameters such as log F, acid, alkali, volume of titrands, ligand causes variation of stability constants and 
the order of the effect of influential parameters on stability constants are as alkali>acid>ligand>volume of titrand>log F.  

Conclusion: It is observed that the significant influence of co-solvent Dimethyl sulfoxide (DMSO)-Water mixtures on the protonation constants of 
ligands also studied how some factors such as changes in concentrations of ligand, acid, base log F and volume of the solution have influence on the 
protonation constants.  

Keywords: Acid-base equilibria, 5-Sulfosalicylic acid, 5-Hydroxysalicylic acid, Dimethyl sulfoxide, Protonation constant and dielectric constant 
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INTRODUCTION 

The solubility and the bioavailability of a drug affect the therapeutic 
efficacy of the drug when released from its dosage form. Solubility is 
one of the major parameters to attain the desired plasma drug 
concentration. The poor solubility of the drug may result in limited 
absorption, further leading to the decrease in bioavailability [1]. 
Measurement of drug concentration in biological fluids, such as 
blood or urine, following drug administration, is considered a direct 
and efficient method for the determination of systemic drug 
bioavailability [2]. Drug disposition means the change in the position 
of drug molecules after administration into the system. As per the 
pharmacological view: Drug is a substance which can cause positive 
or negative effect to the system. But in actual, a drug is a chemical 
substance comprised with a definite chemical structure when a 
chemical substance goes into a system which itself is governed by 
the pH-partition hypothesis. The disposition of drug molecules 
involves administration, distribution, metabolism, excretion and 
toxicity (ADMET) [3]; every drug has its beneficial pharmacological 
activity as well as unavoidable side effects [4]. Drug discovery is a 
method and time-thorough process which is aimed at developing 
new drug candidates [5]. 

Salicylic acid derivatives like 5-SSA and 5-HSA have numerous 
applications in drug designing [6-9]. The dielectric constant is a 
macroscopic property which plays a significant role in the solution 
properties of the reaction medium. It is a useful technique in 
characterizing molecular ordering in solutions and the value of the 
dielectric constant is strongly related to the chemical structure of a 
molecule and to its intermolecular interactions. The dielectric 
constant is one of the characteristics of liquid. The proton-ligand and 
metal-ligand stability constants are strongly affected by the 
dielectric constant of the medium because of the fact that at least 

one of the constituents is charged and the other is either changed or 
has a dipole. Variations in the relative strengths of acids and bases 
with changing solvents should be a function of the charge, the radius 
of the ion and the dielectric constants of the medium. DMSO is most 
commonly used in biochemistry. It is a polar solvent can dissolve 
many compounds in it, which property makes DMSO to have a 
number of applications in drug designing and synthesis [10].  

The speciation analysis of harmful and necessary metal ion complexes 
helps clarify the role of biologically active site cavities and drug residue 
interacting with the metal ion. Number of studies has been performed on 
chemical speciation in aqueous media under the same conditions as in 
natural systems. These are used as models for the systems that exist in 
natural water and biofluids. Nevertheless, Biosystems are linked to low 
dielectric mediums of varying magnitudes, and metabolic reactions are 
carried out in rigid compartments. The binary mixtures of dipolar 
aprotic and protic solvents have current interest in biological, chemical, 
pharmaceutical, technological and laboratory applications because 
mixed solvents manifest physicochemical properties as compared to 
those of pure constituents of the mixture amongst the physicochemical 
properties, dielectric constant of the mixed solvents, which is sensitive to 
molecular interactions specially H-bond formation, enhances or controls 
most of the applications, and hence precise the dielectric 
characterization is important. The study of chemical speciation plays a 
very important role to understand nutrition, human biology and 
toxicology, which will also helpful to understand the nature of an 
element in the sample [11]. One of the most important parameter in 
pharmaceutical is acid dissociation constants, ionization of functional 
groups with respective to pH; they are very useful in understanding the 
properties of new drug substances.  

The present study deals with the dissociation and salvation processes in 
solutions of drugs and is important to elucidate the connection between 
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chemical ability and biological activity; salicylates are used as food 
preservatives. In addition, salicylic acid and its derivatives have been 
widely used in medicine and analytical chemistry. This medium has been 
chosen to study the acid-base equilibria to mimic the physiological 
conditions where the concept of equivalent solution dielectric constant 
for active site cavities of protein or drug is applicable. In the present 
investigation, we have studied the protonation constants of both the 
ligands 5-SSA and 5-HSA in various mixtures of DMSO-water and to 
study the effect of dielectric constants on protonation constants through 
acid-base titrations. Speciation profoundly influences both the toxicity 
and bioavailability of an element. The data obtained would be useful to 
those who are working in biomedicine.  

MATERIALS AND METHODS 

The chemicals required to carry out this present investigation is 5-
SSA (TCI, India) and 5-HSA (TCI, India). Both the ligand solutions 
were prepared for 0.05M; this is done by dissolving the substance in 
distilled water. The dissolution of the ligand substances can be 
increased by adding little amount of hydrochloric acid (Qualigens, 
India); here, the acid concentration maintains the ligand solution at 
0.05M. The ionic strength of the system was maintained at 0.16 mol 
L-1 using pure sodium chloride (Qualigens, India). Carbonate-free 
sodium hydroxide (Qualigens, India) solution and hydrochloric acid 

solutions are prepared for acid-base titrations by maintaining their 
concentrations at 0.4 mol L-1 and 0.2 mol L-1, respectively.  

Alkalimetric titrations 

An Equiptronics-made EQ614 A model pH meter was used to carry 
out the titrations in the present study. Before using the instrument, 
it was calibrated by using two standard solutions i.e. Borax and 
Potassium hydrogen phthalate, all the titrations are carried out at 
303.0 K. The electrode was calibrated by keeping it the percentage 
of DMSO-water mixtures in which the study has to be carried out, 
the process is call the equilibrium process of the electrode. The 
process of keeping electrode in the DMSO-water mixtures has to be 
continued to all the mixtures under which the study was done. For 
better results from the electrode, the equilibrium process has to be 
done by allowing the electrode at least a week days before the 
titration. The data were analyzed using a one-way classification in 
order to determine the errors [12, 13]. The method Gran plot is used 
to calculate the concentrations of base and acid [14, 15]. The acid-
base titrations are carried out at various compositions of DMSO-
water mixtures; in the present investigation, the DSMO-Water 
mixtures are having the composition of 0.0-60.0% v/v, The amounts 
of 5-SSA and 5-HSA in the titrands ranging from 0.25-0, 50 mmol. 
The total initial concentrations of ingredients are given in table 1. 

  

Table 1: Total initial concentrations of ingredients (in mmol) in proton-ligand titrations 

DMSO% (v/v) TL0 
5-SSA 5-HSA 

0.0 0.2499 0.2449 
0.3748 0.3673 
0.4998 0.4898 

10 0.2493 0.2493 
0.3740 0.3740 
0.4987 0.4987 

20 0.2445 0.2488 
0.3667 0.3732 
0.4890 0.4977 

30 0.2442 0.2510 
0.3663 0.3765 
0.4885 0.5021 

40 0.2505 0.2483 
0.3757 0.3724 
0.5010 0.4966 

50 0.2494 0.2437 
0.3667 0.3656 
0.4989 0.4875 

60 0.2439 0.2499 
0.3659 0.3748 
0.4879 0.4998 

 

Modeling strategy 

One of the best computer programs like SCPHD is used in the 
present study to determine the stability constant values [16] and 
correction factor, and also another computer program MINIQUAD75 
has been employed to refine the obtained data [17, 18]. In the 
present study, we studied the influence of various compositions of 
DMSO-water mixtures on the protonation constant values.  

RESULTS AND DISCUSSION 

In generally the biochemical processes will occurs at a pH 7.0, i.e. 
neutral medium. The physiological pH is 7.2 to 7.4. Normal 
biochemical processes occur in aqueous solutions at about neutral 
pH. Physiological pH is about 7.2 to 7.4. The relation between 
secondary formation function and equilibrium constants can be 
understood with the equation below. 

 

Where β011 = K1H and β012 = K1H * K2H and FHi is the free hydrogen ion 
concentration. It is very useful to study the dimeric species and 
equilibria using secondary formation functions. The formation 

functions/can be defined as one mole of ligand and it is bounded 
with the average number of protons, one mole of ligand, which 
consumes the average number of moles of alkali (a). The number of 
dissociable protons of the ligand, total concentration, total acid 
concentration and the concentration of hydroxide ions can be 
calculated using a computer program called SCPHD, which is used in 
our present study. The equation employed to calculate the above 
said can be given as . It is very 
clear that there should be an overlap in a curve drawn between
versus pH, which indicates that the absence of formation of dimeric 
species. The overlapping of curves are observed in the case of the 5-
SSA and 5-HSA, it confirms that there are no dimeric species are 
formed (fig. 1). A computer program MINIQUAD75 has been 
employed to simulate all the titration curves. 

The half-integral values for the two ligands are 0.5 and 1.0, which 
says that both ligands have two protonation-deprotonation 
equilibria in the pH range of the present investigation. The number 
of associable and dissociable protons of a ligand can be understood 
with help of fig. 2, which is plotted between and pH, where a number 
of associable protons. From the fig. 2, it is confirmed that the two 
ligands has 3 dissociable protons as the maximum value of a is+3 for 
both ligands. 
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Fig. 1: Plots of nH /versus pH in 30% v/v DMSO-water mixture: (A) 5-SSA and (B) 5-HSA, (□) 0.25 (○) 0.38 (∆) 0.50 mmol 
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Fig. 2: Variation of a with pH in 40% v/v DMSO-water mixture: (A) 5-SSA (B) 5-HAS 
 

The statistical parameters were calculated in the present study for the 
best-fit models; the calculated parameters, such as formation 
constants log βi, Ucorr, skewness, kurtosis, R-Factor and Chi-square, 
were present in the table 2. The standard deviation values for log β are 
very low, which indicates the experimental data represents the model.  

Residual analysis 

The statistical data obtained in the present study are smaller than 
the tabular values. The χ2 values are ranging from 1.21-6.88 and 
skewness values are ranging from-0.56-0.36 for 5-SSA and 5-HSA. 
The kurtosis values obtained in the present investigation for both 5-
SSA and 5-HSA shows platykurtic. The obtained R-factor values also 
suggest that the present model is acceptable. 

Effect of systematic errors in concentrations on best fit model  

Effect of errors in the concentrations of acid, base, ligand is very 
useful as they show deviations in the protonation constant values 
but MINIQUAD75 does not have an in-built provision for the 
assessment of errors. To obtain a best fit chemical model, a critical 
evaluation has to be done by introducing pessimistic errors in the 
ingredients and checked for the variation in the protonation 
constant vales along with standard deviation. The changes in the 
protonation constants of both ligands are presented in the below 
table 3. It is observed that there are errors in their constants majorly 
due to change in the concentrations of acid and alkali; the rest of the 
ingredients shows very less influence. 

  

Table 2: Best-fit chemical models of acido-basic equilibria of 5-SSA and 5-HSA in DMSO-water mixtures 

% v/v DMSO Log β1(SD) Log β2(SD) NP Ucorr Skewness Kurtosis χ2 R-Factor 
5-Sulfosalicylic acid (pH range 1.70-11.30) 
0.00 10.92(2) 13.23(1) 91 7.65 0.14 3.03 6.66 0.0166 
10.0 10.86(1) 13.35(1) 82 21.52 0.11 2.68 8.91 0.0421 
20.0 10.89(2) 13.70(3) 79 36.17 0.16 3.01 7.65 0.0256 
30.0 10.72(3) 13.85(2) 69 42.24 0.18 2.97 5.45 0.0102 
40.0 10.68(5) 13.91(4) 65 17.89 0.36 2.86 1.21 0.0213 
50.0 10.54(2) 13.82(5) 58 57.14 0.16 2.64 2.35 0.0547 
60.0 10.66(2) 14.02(78) 45 46.72 0.31 2.12 1.86 0.0279 
5-Hydroxysalicylic acid (pH range 1.70-11.30) 
0.00 10.23(1) 13.05(1) 135 6.53 -0.56 2.90 6.88 0.0110 
10.0 9.80(1) 12.89(2) 89 11.59 0.38 3.12 5.42 0.0679 
20.0 9.69(4) 12.82(4) 75 29.12 -0.14 2.89 3.19 0.0456 
30.0 9.70(3) 13.02(5) 67 38.61 -0.16 3.34 3.98 0.0278 
40.0 9.57(1) 12.93(6) 58 66.14 0.24 2.78 2.81 0.0156 
50.0 9.50(2) 12.98(6) 49 54.98 0.09 3.46 7.24 0.0118 
60.0 9.52(1) 13.23(4) 38 47.09 0.26 2.57 2.76 0.0135 

Ucorr= U/(NP-m) X 108; NP = Number of points; SD = Standard deviation 
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Table 3: Effect of errors in influential parameters on the protonation constants in 10% v/v DMSO-water mixture 

Ingredient   % Error  Log βmlh (SD) 
5-SSA 5-HSA 

 0 LH2- LH2- LH3 LH2- 
10.86(1) 13.35(1) 9.80(1) 12.89(2) 

Alkali +5 11.01(2) 14.01(1) 10.01(1) 13.12(2) 
 +2 10.98(2) 13.78(1) 10.17(1) 13.29(2) 
 -5 11.14(1) 13.96(1) 10.15(1) 13.35(2) 
 -2 11.24(1) 13.01(1) 10.21(1) 13.10(2) 
Acid +5 11.75(1) 13.89(1) 10.20(1) 13.21(2) 
 +2 11.56(2) 13.90(1) 10.35(1) 13.19(2) 
 -5 11.23(1) 14.01(1) 10.15(1) 13.46(2) 
 -2 10.37(1) 14.14(1) 10.68(1) 13.37(2) 
Ligand +5 10.75(1) 13.11(1) 9.89(1) 12.82(2) 
 +2 10.69(1) 13.47(1) 9.70(1) 12.79(2) 
 -5 10.79(1) 13.52(1) 9.85(1) 12.95(2) 
 -2 10.59(1) 13.58(1) 9.78(1) 12.91(2) 
Log F +5 10.82(1) 13.41(1) 9.86(1) 12.86(2) 
 +2 10.73(1) 13.56(1) 9.88(1) 12.81(2) 
 -5 10.71(1) 13.25(1) 9.78(1) 12.92(2) 
 -2 10.75(1) 13.38(1) 9.89(1) 12.94(2) 
Volume +5 10.79(2) 13.53(1) 9.89(1) 12.79(2) 
 +2 10.74(1) 13.55(1) 9.87(1) 12.83(2) 
 -5 10.89(1) 13.29(1) 9.76(1) 12.86(2) 
 -2 10.81(2) 13.30(1) 9.81(1) 12.93(2) 
 

Effect of the dielectric constant of the medium  

The dielectric constant is an important property of any solvent; the 
polarity of the solvent affects the stability constants. The dielectric 
constant of a solvent and the electrostatic forces between ions and 
solution directly shows their impact on acid and base strength 

characteristics. According to previous [19, 20] studies and Born's 
[21, 22] equation, electrostatic contacts affect the dielectric constant 
of the system. The effect of dielectric constants on stability constants 
can be observed in fig. 3. The linear variation in the protonation 
constants of 5-SSA and 5-HSA shows the dominance of electrostatic 
interactions.
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Fig. 3: Variation of stepwise protonation constants (log K) with reciprocal of dielectric constants in DMSO-water mixture, (A) 5-SSA, and 
(B) 5-HSA (■) log K1 (●) log K2 

 

Distribution diagrams 

The typical distribution plots produced by DISPLOT [23-27], 5-
Sulfosalicylic acid has three dissociable protons, one among three 
has low protonation constant value and will dissociate at a pH 
lower than 2.0 and unable to see due to the glass membrane 
electrode sensitivity, the existence of the ligand will be as LH2-,LH2-

, and L3-. In the same way 5-Hydroxysalicylic acid has three 
dissociable protons, one among the three has high protonation 
constant and will dissociate at a pH 12.0, this range of pH makes 
the glass electrode unable to detect the protonation as the 
sensitivity is high at the pH. The existence of 5-HSA will be as LH3 

at low pH and LH2- and LH2-.  

From fig. 4(A), it is observed that the ligand 5-SSA in the form of as 
LH2-shows 98% of species up to the pH 2.0, as the pH is increasing the 
deprotonation of LH2-takes place and the percentage of species slowly 
falling down and possess very less percentage of species at the pH 8.0. 

Percentage of species of LH2-starts increasing with pH and exhibits 
98% of species at the pH 7.0. As the pH is increasing further, the 
percentage of species falling down and produce very less percentage 
at the pH 11.0. The other form of 5-SSA ligand i.e. L3- increases with pH 
and possess high percentage of species at a pH 11.0. 

Now, the LH3 form of 5-HSA possess high percentage of species at a 
pH 2.0 and the percentage starts falling down with respective to 
increase in the pH. The LH2- form of 5-HSA possess maximum 
percentage of species at pH 7.0 and the percentage gradually 
decreasing with increase in the pH. Another form of the ligand i.e. 
LH2-gradually increases with increases with increase in the pH and 
exhibits highest percentage of species at pH 11.0. This is observed in 
the fig. 4(B). The effect of pH on the percentage of species of both 
ligands was studied in between the pH range 1.7-11.5. 

The protonation-deprotonationequilibria of both the ligands 5-SSA 
and 5-HSA were shown in the fig. 5. 
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Fig. 4: Species distribution diagrams of (A) 5-SSA and (B) 5-HSA in 20% v/v DMSO-water mixture 
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Fig. 5: Protonation-deprotonation equilibria of 5-SSA (A) and 5-HSA (B) 

 

CONCLUSION 

The half-integral values of both ligands confirm that they have three 
dissociable protons, 5-SSA has three dissociable protons and exists 
as LH2-, LH2- and L3- and 5-HSA has three dissociable protons and 
they exist as LH3, LH2- and LH2. The kurtosis values says that the 
system possess platykurtic. The skewness values of both the ligands 
ranging from 0.56-0.36 and the χ2 values are ranging from 1.21-
6.88. The curve drawn between/versus pH indicates the absence of 
dimeric species. The changes in the concentration of alkali and acid 
shows major influence on protonation constants of both the ligands 
than the other ingredients such as ligand, log F and volume. The 
linear variation in the protonation constants of 5-SSA and 5-HSA due 
to the effect of dielectric constants of DMSO-water mixtures shows 
the dominance of electrostatic forces.  
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ABSTRACT 
An eco-friendly green strategy is presented for the synthesis of Ag-Ni hybrid nanoparticles taking a medicinal plant, Aerva 
lanata for phytoreduction of the precursor salt solutions. The synthesized nanoparticles are characterized by instrumental 
techniques such as UV-Visible, FTIR, EDX, FESEM and HRTEM. These particles are found to possess significant 
antibacterial efficacy against both Gram-positive and Gram-negative bacteria based on investigation by Well Diffusion 
method.  
 

Keywords: Hybrid nanoparticles (HNPs), Aerva lanata (AL), Gram-positive bacteria, Gram-negative bacteria, minimum 
inhibitory concentration (MIC).
 

1. INTRODUCTION  
Nanotechnology involves the manipulation of materials 
having one of the dimensions in the range of 0.1-100 nm 
[1]. It has its applicability in different fields like biology, 
chemistry, physics, engineering and medicine [2]. There 
are two types of methods generally adopted for 
fabricating nanomaterials; top-down methods and 
bottom-up methods. In top down method we transform 
material progressively from bulk substrate until the 
desired nanomaterial is obtained. Bottom-up strategies 
are employed starting from the atomic or molecular 
precursors and by gradually assembling it until the 
preferred structure is formed [3]. 
Remarkable expansion of nanotechnology has spread out 
its applications in biomedical sciences, nutrition, energy 
sciences, nanobiotechnology, cosmetics, mechanics, 
optics, chemical industries and drug-gene delivery [4]. 
Alloying of two different metals in nanosize may enhance 
the characteristics of their corresponding monometallic 
nanoparticles. These hybrid nanoparticles show greater 
stability and catalytic activity than monometallic 
nanoparticles [5]. Generally nanometals are synthesized 
by physical or chemical reduction methods which are 
hazardous and expensive.  
In contrast, plant mediated green methods are eco-
friendly, cheaper and benign for the synthesis of 

nanometals. Secondary metabolites present in plant 
extract will act as bio-reducing and capping agents for the 
resulted nanoparticles [6].  
Antibacterial agents are very important in the textile 
industry, water disinfection, medicine, and food 
packaging. Organic compounds used for disinfection have 
notable disadvantages including toxicity to the human 
body and therefore the interest in inorganic nanoparticles 
has increased as they are benign to greater extent [7]. 
Nanoparticles are increasingly used to target bacteria as 
an alternative to antibiotics [8]. Traditional methods like 
herbal extracts used to the synthesize nanometal particles 
have shown extensive consent in medicine. These 
synthesized nanometal particles have great bactericidal 
activity than bulk metals because of its adsorption at 
bacterial surface. Metals like silver, copper, gold, nickel 
etc., in the nanodimensions are hypothesized to be able 
to participate in sub-cellular reactions as their size is 
comparable to biological molecules. Bimetallic 
nanoparticles composed of two different metals have 
drawn a greater interest than the monometallic 
nanopaticles due to the properties differ from pure 
elemental particles include unique size dependent, 
optical, electronic, thermal, catalytic and biological 
effects [9].  Plant mediated green synthesized HNPs have 
increased attention towards their antimicrobial properties 
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as they contain bioactive phytochemicals as stabilizing and 
capping agents. 
In this present study, an effortless and robust green 
method is reported for the synthesis of Ag-Ni hybrid 
nanoparticles (HNPs) by using leaf extract of Aerva lanata 
as a reducing and capping agent. The synthesized HNPs 
are studied for their antibacterial activity against Gram-
positive, Gram- negative bacteria.  
 
2. EXPERIMENTAL  
2.1. Materials 
Chemical reagents used (silver nitrate and nickel nitrate) 
in this study were of analytical grade. Deionized water 
was used to clean glassware, to prepare chemical 
solutions and for experimental procedure. Fresh leaves of 
Aerva lanata were collected from agricultural lands in 
Nellimarla village, Vizianagaram district, Andhra Pradesh 
state, India. 
 
2.2. Preparation of Aerva lanata leaf extract 
Hundred g of fresh leaves are weighed and thoroughly 
washed with running tap water to remove detritus on 
surface of leaves followed by deionized water to get rid 
of other contaminants from leaves and dried up under 
shade for 10 days. These leaves are cut into tiny pieces 
and made homogenized powder by using home blender. 
The procured powder is placed in refrigerator at 5°C 
which is kept in an air tight container. Now 200mL 
deionised water was taken in 500mL beaker and to this 
10 g stored powder was added. The contents in the 
beaker were heated for 20 minutes at 60°C with 
occasional stirring with glass rod and then cooled to 
acquire room temperature. The cooled concoction was 
filtered twice with Whatman No.1 filter paper and 
reserved in refrigerator at 5°C. The extract was taken as 
leaf extract throughout the experiment. 
 
2.3. Synthesis of Ag-Ni bimetallic nanoparticles 
Equimolar (25 mM) concentrations of silver nitrate and 
nickel nitrate aqueous solutions were prepared separately 
in 100 mL volumetric flasks by dissolving 0.4246 g, 
0.7267 g weight of AgNO3 and Ni(NO3)2  in deionized 
water respectively. Synthesis of Ag-Ni HNPs was done 
by taking 100 mL of AgNO3 solution in a 500 mL beaker, 
to this 90 mL of leaf extract, 100 mL of Ni(NO3)2 

solution were added drop wise in simultaneous addition 
process. After this addition the beaker was placed on a 
magnetic stirrer for continuous agitation.  This mixture 
was stirred at 70°C for 70 minutes at pH 8 on magnetic 

stirrer. Synthesized HNPs were separated out by doing 
centrifugation at 5000 rpm for 40 minutes. The obtained 
HNPs were washed with deionized water twice to 
remove unwanted constituents and dried in oven at 80°C 
for two hours. The resultant HNPs particles were 
collected and used for characterization. 
 
2.4. Characterization 
Synthesized HNPs were characterized by various 
instrumental techniques. UV-Visible analysis shows the 
formation of HNPs by SPR band at band at around 439 
nm and FTIR spectrum of Ag-Ni HNPs exhibits major 
peak positions at 3212 cm-1, 3416 cm-1 and 3382 cm-

1which indicate the N-H stretching vibrations of amines 
and O-H stretching of hydroxyl groups of alcohols and 
phenols. Intense peak at 1642 cm-1 is due to C=O 
stretching of amide group. Very small peak at 601 cm-1 
indicates the presence of C-Cl group.  
From energy dispersive X-ray analysis (EDX), we can 
analyze all the elements present in the HNPs which 
indicate the existence of Ag and Ni which confirms the 
formation of Ag-Ni bimetallic nanoparticles. This is also 
supported by the EDX study which gives quantitative 
data of silver and nickel compositions in HNPs. By Field 
Emission Scanning electron microscopic (FESEM) images 
of Ag-Ni HNPs (Fig. 1), it can be clearly noted that the 
prepared Ag-Ni bimetallic nanoparticles are in the size 
range between 50 and 100 nm in diameter. 
 

 
 

Fig. 1: FESEM Image of HNPs 
 

HRTEM shows that Ag-Ni HNPs are figured with 
spherical morphology and crystalline structure below 100 
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nm in size. More specifically, the two metal nanospheres 
are shown and spotted adjacent to each other. It is also in 
strong agreement with the micrographs from FESEM 

analysis. Powder XRD analysis confirms that HNPs have 
FCC crystal structure (Fig. 2) with average particle 
diameter of 23.3 nm. 
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Fig. 2: XRD Image of HNPs 
 
3. INVESTIGATION OF ANTIBACTERIAL 

ACTIVITY 
3.1. Reagents and Materials 
The antibacterial study was performed using four 
bacterial strains i.e. Bacillus subtilis (MTCC211), 
Escherichia coli (MTCC443), Staphylococcus aureus 
(MTCC6908), Pseudomonas aeruginosa (MTCC2581). 
The cultures were procured from IMTECH, 
Chandigarh, India. 
 
3.2. Antimicrobial activity 
Antimicrobial activities of the compounds investigated 
are evaluated by agar-well diffusion method [10]. The 
standardized cultures of test bacteria are first evenly 
spread onto the surface of Mueller Hinton Agar plates 
using sterile cotton swabs. Five wells (6 mm diameter) 
were made in each plate with sterile cork borer. 
Twenty microlitres of the nanocompound and positive 
control were added in wells. Streptomycin (10 µg) was 
used as reference antibiotic. Diffusion of compounds, 
antibiotic and DMSO were allowed at room 
temperature for 1 h. All of the plates were then covered 
with lids and incubated at 37°C for 24 h. After 
incubation, plates were observed for zone of bacterial 

growth inhibition. The size of inhibition zones is 
measured and antimicrobial activity of the compounds is 
expressed in terms of the average diameter of inhibition 
zone in millimeters. Those compounds that are unable 
to exhibit inhibition zone (inhibition zone diameter less 
than 6 mm) are considered non-active. The compound 
is tested in triplicate with two independent experiments 
and the mean values of inhibition zone diameters are 
taken. 
 

4. RESULTS AND DISCUSSION 
Ag-Ni HNPs are studied for their antimicrobial activity 
against two gram positive bacteria and two gram 
negative bacteria. In case of gram positive bacteria, the 
test organisms are Staphylococcus aureus and Bacillus 
subtilis, the nanocompound shows significant 
antibacterial activity in all the four concentrations under 
study (Fig. 3). Ag-Ni HNPs demonstrate significant 
activity against the two selected gram positive bacteria, 
16 mm against S. aureus and 17 mm against B. subtilis at 
1 mg concentration. In case of gram negative bacteria, 
the test organisms were Pseudomonas aerugisona and 
Escherichia coli. The compound shows antibacterial 
activity against these two bacteria in all the four 
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concentrations studied (Fig. 4). Ag-Ni nanocompound 
demonstrates remarkable activity against the two 
selected gram positive bacteria, 15 mm against P. 

aeruginosa and 14 mm against E. coli at 1mg 
concentration.

 

Table 1: Antibacterial activities of nanocompound against gram positive bacteria 

Compound Name 

Zone of inhibition (mm) 
Gram positive 

(Staphylococcus aureus) 
Gram positive 
(Bacillus subtilis) 

1mg 0.75mg 0.5mg 0.25mg 1mg 0.75mg 0.5mg 0.25mg 
Ag Ni 16 13 11 9 17 14 12 10 

Streptomycin 29 31 
 

Table 2: Antibacterial activities of nanocompound against gram negative bacteria 

Compound 
Name 

Zone of inhibition (mm) 
Gram negative 

(Pseudomonas aerugisona) 
Gram negative 
(Escherichia coli) 

1mg 0.75mg 0.5mg 0.25mg 1mg 0.75mg 0.5mg 0.25mg 
Ag Ni 15 10 8 8 14 13 12 10 

Streptomycin 26 27 

 

                        
 

Fig. 3: Antibacterial activities of HNPs against gram positive bacteria 
 

                        
 

Fig. 4: Antibacterial activities of HNPs against gram negative bacteria
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5. CONCLUSION 
These findings demonstrate that green synthesized Ag-
Ni hybrid nanoparticles are found to possess moderate 
anti bacterial activity against gram positive bacteria 
(Bacillus subtilis and Staphylococcus aureus) and gram 
negative bacteria (Escherichia coli and Pseudomonas 
aeruginosa)  respectively. This antimicrobial activity of 
nanoparticles is attributed to the capped plant secondary 
metabolites that are present on their surface. With the 
future expansion of this present work in mind, 
considering the evolution of new drug resistant strains, 
the synthesized HNPs may be administered against those 
strains and they may be also examined and reported in 
the future. The future research may be directed for the 
genetic manipulation of plants to increase the metal 
tolerance and metal accumulation ability. 
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ABSTRACT

Eu3?-activated magnesium aluminate phosphors were successfully synthesized

by nitrate–citrate gel combustion method and thermally treated at 650, 750, 850,

and 950oC. The powder X-ray diffraction pattern showed that all MgAl2O4:-

xEu3? (0 B x B 0.10) samples exhibit crystallized cubic phase of spinel structure

with space group Fd-3 m. The Debye–Scherrer equation is used to estimate

average crystallite size values and are found to be 8.5–12.1 nm, that are also

confirmed by high-resolution transmission electron microscopy (HRTEM)

images. TGA–DTG results suggest that the maximum decomposition of the

precursors were observed below 600oC. Accordingly, the decomposition tem-

perature was taken 650oC and above. The functional groups of the powder

samples were determined by FTIR. Energy levels were characterized, and the

band gap energy (Eg) has been calculated using UV–Vis absorption spec-

troscopy and found to be in the range of 5.08–5.19 eV. The FESEM images shows

that the nanoparticles are agglomerated and are in nonuniform spherical shape

with reduced average particle size from 27 ± 4.1 to 24.1 ± 3.3 nm. Further, the

elemental composition of the as-prepared samples was analyzed by using

energy-dispersive X-ray spectra (EDAX). The photoluminescent property of

MgAl2O4:xEu3? samples was investigated using room-temperature emission

spectroscopy. These phosphors show different emissions of Eu3? corresponding

to 5D0?
7FJ=1,2,3,4 transitions which lie in the wavelength range from 590 to
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703 nm. The red emission transition 5D0?
7F2 (DJ = 2) centered at 612 nm has

been known to be hypersensitive, strong, and more intense of all samples. The

PL emission intensity increases up to 4 mol% Eu3? concentration and then

decreases due to the process of concentration quenching. The chromaticity color

coordinates were obtained from the luminescence emission spectrum. The

temperature-dependent luminescence property of MgAl2O4:4%Eu3? phosphor

has also been discussed. These results showed that MgAl2O4:xEu3? could be a

prominent material for the production of artificial red light in red LEDs.

1 Introduction

Spinel oxides with the formula AB2O4, where A and

B are divalent and trivalent cations, respectively,

were effectively used as electric, magnetic, catalysis,

ceramic, chemical, electronic, and optical materials

[1]. They have also been acted as a stable host for

persistent luminescence when rare-earth (RE)/tran-

sition-metal ions are incorporated into the host lattice

[2].

Magnesium Aluminate spinel (MAS) with chemi-

cal formula MgAl2O4, where Mg2? divalent metal

cation normally occupies a tetrahedral site and Al3?

trivalent metal cations occupy the octahedral sites of

a cubic packed crystal [3] have the cubic space group

Fd-3 m. MgAl2O4 spinel is a ternary oxide with face

center cubic structure (fcc) is one of the most

important optically transparent materials that exhibit

excellent properties such as high melting point, low

thermal expansion coefficient, high mechanical

strength, low density, high chemical resistance to

both acidic and basic slags, relatively low dielectric

loss, high thermal shock resistance, wide optical band

gap, moderate refractive index, good poisson’s ratio,

excellent hot strength, high resistance to changes in

the environment, resistance to slag corrosion, and

excellent catalytic properties [4–8]. MAS has been

widely employed in many industrial applications

including color display, humidity sensors [9], tune-

able solid-state lasers, refractory materials [10], lamp

industry, catalyst supports [11], and transparent

ceramics [12].

MgAl2O4 spinel doped with RE ions have been

employed in luminescent and picture tube applica-

tions and this incorporation enhances the emission

efficiency of the phosphor materials. MgAl2O4 has

also been used as host material for glow phosphors

doped with Mn2? [13], Ti4? [14], Nd3? [15], Dy3? [16],

Mn2?, Cr3? [17], Er3?, Yb3? [18], Ti4?, Mn2? [19],

Gd3? [20], Eu2? [21], Tb3? [22], Eu3?, Dy3? [23], and

Sm3? [24]. Several preparative methods have been

used for the synthesis of spinel nanophosphors

including solid-state reaction method [25], co-pre-

cipitation, spray-drying, microwave-assisted

hydrothermal method, sol-gel synthesis, molten salt

process, nebulized spray pyrolysis (NSP) [26],

solvothermal method, polyol method, aqueous wet

chemical method, and combustion methods [20]. In

the present investigation, we have reported the syn-

thesis of Eu3?-doped magnesium aluminate spinel’s

(MgAl2O4:xEu3?, 0 B x B 0.10) by citrate–nitrate gel

combustion method [18]. This preparation technique

has been chosen because, it can produce a homoge-

nous product in a short amount of time, offers low

temperature initiation, excellent particle size distri-

bution, less cost effective, high purity, and good

morphological control. We have been investigated

the influence of Eu3? doping concentration on

structural from powder X-ray diffraction (XRD),

optical from UV–Vis, spectroscopic from FTIR,

microstructural from FESEM, elemental composition

from EDAX, morphological from HRTEM, and

luminescent properties from emission spectra. The

valence mismatch between Mg2? and Eu3? and their

difference in size can be manifested by broad emis-

sion bands [15].

In this paper, we also demonstrated the MgAl2O4

spinel as an active host material for the luminescence

as well as for the energy transfer to doped Eu3? ions

in the application of high efficiency phosphors for red

LEDs. Eu3?-activated MgAl2O4 is reported to be

synthesized using a simple citrate–nitrate gel com-

bustion method, which is considered as an active

phosphor material for the development of pure red

LEDs in optoelectronic applications. I. Omkaram

et al. have already been investigated the photolumi-

nescence study on MgAl2O4:Eu3? phosphor in the

literature [25] and the incorporated Eu3? ion is

  955 Page 2 of 17 J Mater Sci: Mater Electron          (2023) 34:955 



observed to emit red color in the emission spectrum.

However, the study of the effect of high annealing

temperature on the photoluminescence emission of

MgAl2O4:4%Eu3? has not been investigated in the

literature to the best of our knowledge. The main

objective of the present work is to study the optical

properties of the as-synthesized pure and Eu3?-

doped MgAl2O4 samples as a function of Eu3? dop-

ing concentration (2, 4, 6, 8, and 10 mol%) and their

temperature-dependent photoluminescence investi-

gations for optimal concentration (4 mol% Eu3?) at

progressively high annealing temperatures (650, 750,

850, and 950oC). The observed emission channels and

CIE color coordinates of MgAl2O4:xEu3? phosphor

materials were also reported in detail.

2 Experimental section

2.1 Sample synthesis

Figure 1 shows the synthesis of Eu3?-doped MgAl2-

O4 powders. All analytical grade reagent chemicals

were purchased and used without further purifica-

tion in this experimental study. The precursors used

for the synthesis are listed in Table 1. Citrate–nitrate

gel combustion process was employed to prepare the

bare and Eu3?-doped MgAl2O4 nanophosphors using

magnesium nitrate hexahydrate [Mg(NO3)2�6H2O],

aluminum nitrate nonahydrate [Al(NO3)3�9H2O], and

Citric Acid [C6H8O7.H2O] as starting materials. Metal

nitrates were added as oxidizers and citric acid was

used as a chelating agent. Each material was weighed

by using a high precision (0.0001 g) balance. The

procedure used to prepare Eu3?-doped MgAl2O4

nanophosphors as follows: Stoichiometric amounts of

Al(NO3)3�9H2O and Mg(NO3)2�6H2O and Citric Acid

(C6H8O7.H2O) were dissolved in deionized water (D.

W.) and subsequent sonication as well as mixing at

ambient temperature for 1 h to obtain transparent

solution. In addition, Eu2O3 is dissolved in dilute

HNO3 to prepare homogeneous solution, which is

slowly added to the above resultant solution. Subse-

quently, the final precursor solution was placed into

glass containers and introduced onto a Magnetic

stirrer at 120 oC until the formation of a brown resin

as a burnt ash product. After that the above product

was transferred into a silica crucible and calcined in a

muffle furnace at 650, 750, 850, and 950oC for 12 h in

air atmosphere to obtain Eu3?-doped MgAl2O4

phosphors. The mole concentration of the activator

Eu3? ion varied as 0.02, 0.04, 0.06, 0.08, and 0.10 from

an appropriate stoichiometric ratio.

Calcination at 650, 750,
850, and 950°C for 12 h

Grinding

Mg(NO3)2.6H2O +
Distilled Water

Burnt ash / Brown resinproduct

Nitrate – Citrate solution

Gel

Al(NO3)3.9H2O +
Distilled Water

Eu2O3 & HNO3 solution

MgAl2O4:xEu3+ nanophosphors

Distilled Water

Mixing and sonication
at R.T. for 1 h

Stirring and heating at 80°C
for 1 h

Heating at 120 °C on hot plate

Grinding

C6H8O7.H2O +
Fig. 1 Flowchart of the

synthesis procedure of

MgAl2O4:xEu
3?

nanophosphors by nitrate–

citrate gel combustion method
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2.2 Sample characterization

The phase purity and crystallinity of Eu3?-doped

MgAl2O4 phosphors were examined by powder

X-ray diffraction measurements using PANalytical

X’pert Pro diffractometer, CuKa radiation (K = 1.5406

Å) with a nickel filter. For XRD analysis, data were

collected at a scan rate of 1o/min with a 0.02o step

size for 2h from 10o to 80o. Thermal gravimetric

analysis of the precursors was performed using TG–

DTA analyzer (NETZSCH STA 409) in the range

temperature 35–950oC with SiC as heating element.

FTIR spectra were recorded using PerkinElmer

Spectrometer, Frontier using KBr as a reference after

calcinations in the wavenumber range

4000–400 cm-1. UV–visible diffuse reflectance spectra

(DRS) were performed in an Agilent Cary 5000 UV–

Vis NIR spectrometer with an attached diffuse

reflectance accessory in the wavelength range of

200–800 nm to estimate the energy band gap of the

samples. Field emission scanning electron micro-

scope (FESEM, Hitachi S-4800) was used to examine

surface morphology of the prepared nanophosphors.

High-resolution transmission electron microscopy

(HRTEM) images were made using JEOL JEM 2100 to

investigate the crystalline structure of the samples.

The Photoluminescence (PL) studies have been car-

ried out using a Horiba Flurolog-3 spectrofluorome-

ter (450 W Xenon lamp). All the measurements were

performed at room temperature. The chromaticity

color coordinates of the samples were recorded

according to the Commission Internationale de

l’Eclairage (CIE) by using Spectra Lux Software v.2.0

Beta.

3 Results and discussion

3.1 Powder X-Ray diffraction (XRD)
studies

The phase purity and crystal structure of the

undoped and Eu3?-doped MgAl2O4 nanophosphors

prepared by nitrate–citrate gel combustion were

analyzed using the powder X-ray diffraction data.

The PXRD patterns of the MgAl2O4:xEu3? (0 B x

B 0.10) powders are shown in Fig. 2a. All the

observed diffraction peaks of the samples have been

indexed to the pure cubic phase of MgAl2O4 of space

group: O7
h (Fd-3 m) with the spinel-type structure

which is well comparable with the standard pattern

[JCPDS # 21-1152] [23]. No additional peaks were

detected for the doped MgAl2O4 up to 10 mol% of

Eu3? doping level indicates that the Eu elements are

homogeneously mixed and may be well doped into

the MgAl2O4 lattice. The higher intensities of peaks of

annealed samples with narrower width suggest a

complete formation of highly crystallized the spinel

structure. The average crystallite size of the Eu3?-

doped MgAl2O4 nanoparticles was calculated using

the Scherrer formula:

D ¼ Kk
b 2hð Þ cos h ; ð1Þ

where k is the wavelength of the incident X-rays

(1.5406Å), h is the diffraction angle, b(2h) being the

full width at half maximum (FWHM) of the observed

diffraction peak in radians, K is 0.9, and D is the

average diameter of the crystallite, respectively [22].

The prepared samples show several diffraction peaks

have been indexed to (111), (220), (311), (400), (422),

(511), (440), (531), (620), and (533) miller planes of

high and moderate intensities as shown in Fig. 2a.

The average crystalline size (D) of MgAl2O4:xEu3?

was estimated from the X-ray line broadening and is

reduced from 12.1 to 8.5 nm by the incorporation of

Table 1 Primary chemicals used for synthesis of Eu3?-doped MgAl2O4 powders

Chemical name Chemical formula Molecular Weight (g/mol) Purity Manufacturer

Magnesium nitrate hexahydrate Mg(NO3)2�6H2O 256.41 99.0% Fisher Scientific

Aluminum nitrate nonahydrate Al(NO3)3�9H2O 375.13 98.0% Fisher Scientific

Citric Acid C6H8O7 192.12 99.5% Fisher Scientific

Europium(III) oxide Eu2O3 351.93 99.9% Sigma-Aldrich
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Eu3? from 0.0 to 0.10 revealing the presence of

nanosized particles in the grown phosphors. Fig-

ure 2b shows that the XRD peak intensities were

slightly decreased with an increase of Eu3? doping

content, which indicates reduced crystallinity [27].

The reduced crystallinity is consistent with the

decreased crystalline sizes of MgAl2O4:xEu3? phos-

phors evaluated from the peak widths using Debye–

Scherrer equation.

Figure 3 shows the variation of the microstructural

parameters, the lattice constant (a), the crystallite size

(D), dislocation density (d), and microstrain (e) with

Eu3? concentration. The overall increase in the dis-

location density and microstrain with increasing

Eu3? content is attributed to either (i) due to the

creation of some stresses and strains caused by the

incorporation of Eu element into the MgAl2O4 crystal

lattice or (ii) due to increased grain boundaries

(Fig. 3b) [13]. Figure 3a shows the variation of the

lattice parameter and the crystallite size (D) with the

addition of Eu3?. The lattice constant and crystallite

size that relatively decreased with increasing Eu3?

doping concentration may be attributed to the lattice

distortion caused by the difference in ionic radius

between Eu3? (1.07 Å) and Mg2? (0.78Å) and it

indicates that Eu3? is successfully incorporated into

host lattice and occupy Mg2? tetrahedral sites.

Figure 3d demonstrates the variation of unit cell

volume of MgAl2O4:xEu3? as a function of Eu3?

content.

The cation–anion bond lengths at octahedral and

tetrahedral sites are denoted with dAl – O and dMg – O,

respectively. The bond distances of Mg–O and Al–O

are defined as [28]

dMg�o ¼
ffiffiffiffiffi

3a
p

u� 1=4ð Þ ð2Þ

dAl�O ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu� 5=8Þ2 þ 2ðu� 3=5Þ2Þ
q

; ð3Þ

where a is the lattice parameter and u is the posi-

tional parameter of the oxygen atoms referred to the

origin at -43 m in the space group of Fd-3 m. The

bond lengths of Mg–O and Al–O decrease with

increasing the Eu3? doping concentration in an

approximated linear fashion (Fig. 3c). The two bond

lengths cross each other, with Al–O larger than Mg–O

at concentrations lower than 6 mol% Eu3? and vice

versa [29, 30]. Close to this concentration, Al–O and

Mg–O bond lengths become equal in the spinel

structure.
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3.2 Thermogravimetric analysis (TGA)

Decomposition of basic combustion-gel product was

analyzed by plotting percentage weight against

temperature (TGA curve), while the origins of

exothermic/endothermic peaks were studied by

DTA [31]. The stability/decomposition of MgAl2-

O4:10 mol% Eu3? precursor compound have been

done on Thermogravimetric analysis upto 950 �C in

the presence of N2 gas (Fig. 4). In the initial stage, the

weight loss of 8.06 wt% below the temperature of

170 �C (peak at 102 �C) is due to the evaporation of

physically adsorbed water. The second weight loss of

17.04 wt% occurs ın the range of 180–325 �C with

peak at 265 �C, due to the release of nitrogen and

oxygen. Further, in the third stage, the weight loss of

20.45 wt% observed in the temperature range of

330-440oC (peak at 390 oC) can be attributed to the

removal of CO2 and residual organic moieties. A

small peak at 480oC with a slight weight loss likely

belongs to the incomplete crystallization [32]. From

TGA–DTG results, no apparent weight loss occurs

above 550–600oC. This indicates and confirms that the

stable MgAl2O4 spinel phase is formed above 600 �C
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[33, 34]. Hence, the calcination temperature of the as-

prepared sample was taken as 600oC or above.

3.3 Fourier transform infrared (FTIR)
spectroscopic studies

Figure 5 shows the FTIR spectra recorded in the

range 4000–500 cm-1 of MgAl2O4:xEu3? powders. A

strong broad band centered about 3465 cm-1 is

associated with O–H stretching vibrations (symmet-

ric & anti-symmetric) of molecular water adsorbed in

the structure [24]. The characteristic band centered at

2345 cm-1 is corresponding to the atmospheric car-

bon dioxide (CO2) absorption on metallic cations [35].

The peaks between 750 and 1200 cm-1 are due to O–

H bending mode. Vibration bands present around

690 and 514 cm-1 are related to the inorganic net-

work and their characteristic band peaks become

much sharper with increasing doping concentration

of Eu3?. These peaks are attributed to the presence of

AlO6 groups and lattice vibration of Mg–O stretching.

AlO6 groups building up the MgAl2O4 phosphors,

which is the only crystalline phase present as it was

anticipated from the XRD studies of the calcined

powders [16]. The vibration band at 1553 cm-1 can be

assigned to H–O–H deformation bending mode. The

absorption peak at 1382 cm-l may be derived from

the existence of nitrate [36]. The absorption peaks at

1170–980 cm-1 in the pure sample are assigned to the

vibration of hydroxyl-metal (Mg or Al) bands [37, 38].

The shape of the absorption bands does not change

and their areas and intensities are reduced in Eu3?-

doped samples. FTIR spectra confirmed the forma-

tion of pure MgAl2O4 with no other secondary phase

or additional impurities. The broad to weak band

around 690 cm-1 is related to the vibration frequency

of Al3? in octahedral site of AlO6
3- groups due to the

microstructure changes by the substitution of Eu3?

into host lattice (Table 2).

3.4 UV–visible diffuse reflectance
spectroscopy

The absorption characteristics of undoped and Eu3?-

doped MgAl2O4 phosphors have been studied using

the UV–Vis absorption spectroscopy. Figure 6(a) rep-

resents the absorption spectra of MgAl2O4:xEu3?

(0 B x B 0.10) samples, which shows three absorp-

tion bands situated around 215, 250, and 370 nm. The

absorption peak centered at 215 nm may be assigned

to emerge from band-to-band absorption of the un-

substituted material [13]. The strong absorption

bands located at 250 nm can be associated to origi-

nate from O2-(2p) ? Al3?(3d) charge transfer due to

the electron’s excitations from the valence band to

conduction band in the host crystal lattice. The

absorption band around 370 nm in the doped sam-

ples is arising from the characteristic transition of

Eu3? ions [39, 40]. It can be clearly observed that the

intensity of absorption peak at 250 nm is increased

with increasing Eu3? content. This is attributed to the

fact that the Eu3? changing the occupational site by

replacing the Mg2? instead of Al3? in the host

material [27]. Moreover, the peak centered at 250 nm

is blue shifted in the absorption spectra with

increasing Eu3? doping concentration in Eu3?-acti-

vated MgAl2O4 phosphors, which indicates the

enhanced band gap (Eg) values of Eu3?-doped

MgAl2O4. The UV–Vis absorption studies indicate

and suggest that the variation in Eu3? doping content

controls the Eu3? occupational site (Mg2? and Al3?)

in the host lattice and it also affects the absorption.

The band gap energies of pure and Eu3?-doped

MgAl2O4 nanoparticles were evaluated by well-

known Tauc’s relation:

ahm ¼ A hm � Eg

� �n
; ð4Þ

where h is the Planck’s constant, A is a constant, Eg is

the band gap energy (in eV), a is the absorption
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Fig. 5 Fourier transform infrared (FTIR) spectra of

MgAl2O4:xEu
3? phosphors at 950oC for 12 h [ (a) x = 0.00,

(b) x = 0.02, (c) x = 0.04, (d) x = 0.06, (e) x = 0.08, and

(f) x = 0.10]
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coefficient, m is the incident photons frequency, and n

equals to � for direct allowed transitions. The direct

band gap Eg was estimated by extrapolating the lin-

ear fitted region to [ahm]2 = 0 in the tauc plot of [ahm]2

versus hm for absorption measurements, for MgAl2O4

as it is a direct band gap material. The band gap

energy estimated from tauc’s plot is 5.14 eV for pure

MgAl2O4 and for Eu3?-doped MgAl2O4, the Eg is

increasing from 5.08 to 5.19 eV as shown in Fig. 6b

[41, 42]. So, a quantum size effect is correlated for

Eu3?-doped MgAl2O4, where the band gap increases

and crystallite size decreases with Eu3? doping con-

centration. The absorption measurements suggest

that varying the Eu3? doping concentration regulates

the band gap energy (Table 3).

3.5 FESEM analysis

The structure and the particle morphology of the

synthesized nanopowders have been analyzed by

Field emission scanning electron microscopy

(FESEM) images. The magnified FESEM micrographs

Fig. 6 a UV–Visible absorption spectra of MgAl2O4:xEu
3? phosphors at 950oC for 12 h; and b Tauc’s plots of (ahm)2 vs. hm of

MgAl2O4:xEu
3? phosphors with increase in Eu3? concentrations (The inset shows Tauc’s plot of Host material)

Table 3 The band gap energy values of MgAl2O4:xEu
3?

nanophosphors calculated by Tauc’s plot

S. No. Concentration

of Eu3?
Direct band gap

energy Eg (eV)

Average crystallite

size (nm)

1 0.0 5.14 12.1

2 0.02 5.08 11.3

3 0.04 5.11 10.1

4 0.06 5.15 9.9

5 0.08 5.17 9.5

6 0.10 5.19 8.5

Table 2 FTIR peaks and their assignments of the Eu3?-doped MgAl2O4.

Eu3? Conc.

(x)

Peak position of the assignment (cm-1)

AlO6

group

Vibration mode of

nitrate

H–O–H bending

vibration

Absorption of atmospheric CO2 on metallic

cations

O–H

stretching

0.00 513 693 1384 1524 – 3665

0.02 511 690 1385 1555 2343 3463

0.04 532 750 1385 1541 2345 3465

0.06 534 732 1385 1538 2347 3466

0.08 528 702 1384 1532 2346 3469

0.10 568 812 1384 1528 2351 3468
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of the pure, 2%, 6%, and 10% Eu3?-substituted

MgAl2O4 spinel phosphor nanoparticles are shown in

Fig. 7(a–d). These images clearly show that most of

the nanoparticles exhibited spherical shape with

variable particle sizes. The average particle diameter

of the as-prepared materials is expressed in mean

size ± SD nm. The average sizes of pure, 2%, 6%, and

10% Eu3?-doped MgAl2O4 NPs were estimated as

27 ± 4.1 nm, 25.9 ± 5.3 nm, 25 ± 3.8 nm, and

24.1 ± 3.3 nm, respectively (Fig. 8(a–d)). So, the

estimated average particle size of the spherical like

shaped particles decreases with increasing Eu3?

doping concentration [43]. It is also evidenced from

the FESEM images that the incorporation of Eu3?

cations in MgAl2O4 lattice did not alter the particle

morphology of the phosphor particles significantly.

FESEM micrographs at higher magnification illus-

trate that the grains of the prepared samples are

agglomerated with several nanoparticles, shown in

Fig. 7(a–d). Further it has been observed that the as-

synthesized samples demonstrate the porous nature,

which is attributed to the evolution of various gases

during the process of gel combustion at high tem-

peratures [44, 45].

3.6 EDAX spectroscopy

The energy-dispersive X-ray spectroscopy (EDAX) and

associated element ratios for pure and 10% Eu3?-doped

MgAl2O4 powders are presented in Fig. 9(a–b). Pure

MgAl2O4 and MgAl2O4:10% Eu3?phases are determined

to have the weight ratio of Mg:Al:O = 4.73:17.63:77.65

and Eu:Mg:Al:O = 10.94:12.40:28.51:48.15, respectively.

The EDAX data demonstrate that the atomic ratios of

the elements are very close to their stoichiometric

amounts [46]. The successful substitution of Eu3? in

MgAl2O4 crystals was also confirmed by EDAX analy-

sis, as is shown in spectra (Fig. 9b). Figure 9(c) repre-

sents the histogram of MgAl2O4:xEu3? samples in

weight%. The possible peaks that are presented are

associated to the above elements, while the extra peaks

in the spectrum may be attributed to gold and carbon

tape, which were added during coating for the EDAX

spectroscopic analysis [43].

Fig. 7 FESEM images of prepared MgAl2O4:xEu
3? phosphors at different magnifications. a pure b x = 0.02 (c) x = 0.06 d x = 0.10
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3.7 HRTEM with SAED analysis

The microstructure of the host and 10% Eu3?-doped

MgAl2O4 nanopowder samples were examined by

HRTEM as shown in Fig. 10. HRTEM images in

Fig. 10a, d demonstrate that the particles within the

as-synthesized samples are composed of several

nanosized crystallites of spherical shape and the

average crystallite size is found to be 12.1 ± 2.4 nm,

and 11.4 ± 2.8 nm for host and 10% Eu3?-doped

MgAl2O4 NPs, respectively (Fig. 11), in agreement to

the XRD crystallite sizes presented in Fig. 3(a) [27].

The obtained rings in selected area electron diffrac-

tion (SAED) pattern of host and 10% Eu3?-doped

samples are illustrated in Fig. 10c, f, and have been

indexed perfectly to highly crystalline pure cubic

phase of the spinel structure, which agrees well with

the XRD results [47]. The interplanar distance

between the adjacent planes was estimated to be 4.63

Fig. 10 TEM images of pure

MgAl2O4 nanoparticles

calcined at 950 �C for 12 h;

a low-magnification TEM,

b HRTEM, and c SAED

spectrum and TEM images of

MgAl2O4:10%Eu3?

nanoparticles calcined at

950 �C for 12 h; (d) low-

magnification TEM,

e HRTEM, and f SAED

spectrum
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Å for undoped MgAl2O4 and 4.72 Å for MgAl2-

O4:10%Eu3? from HRTEM images, which corre-

sponds to (111) lattice plane (Fig. 10b, e).

3.8 Photoluminescence property studies

The photoluminescence emission spectrum of the

MgAl2O4:xEu3? nanophosphors annealed at 950 oC

for 12 h, excited at 545 nm wavelength which exhi-

bits four distinguishable peaks in the region of

580–740 nm is shown in Fig. 13a. These peaks are

assigned to 5D0?
7FJ (J = 1, 2, 3, and 4) emission

transitions, indicating the presence of Eu3? ions in

the MgAl2O4 host matrix and are named as 5D0?
7F1,

5D0?
7F2, 5D0?

7F3, and 5D0?
7F4 are observed

around 590, 612, 654, and 703 nm, respectively [48].

From Fig. 13a, the hypersensitive 5D0?
7F2 (DJ = 2)

transition peak centered around 612 nm is the most

intense for all the samples of Eu3? ion arising due to

the shielding effect of 4f electrons by 5s and 5p

electrons in the outermost shells of the europium ion

[25]. It is obvious that the 5D0?
7F1 lines correspond

to a magnetic dipole transition which will not change

the crystal field strength around the Eu3? ions and is

independent of the symmetry. However, the 5D0?
7F2

lines that correspond to forced electric dipole transi-

tions are hypersensitive and its emission intensity is

highly dependent on site occupied by Eu3? ions in

the host lattice [49]. If the host matrix like MgAl2O4 is

without inversion symmetry, the strong emission due

to electrical dipole transition corresponding to

612 nm peak will appear and dominate in intensity

when Eu3? ions occupy noninversion symmetric

Mg2? sites of host lattice [50]. It is evident that the

relative peak intensity of the emission spectra of

Eu3?-doped MgAl2O4 nanophosphor depends on the

concentration of Eu3? (Fig. 13a). The transition
5D0?

7F2 (612 nm) red emission intensity is much

stronger than that of the 5D0?
7F1 (590 nm) orange

emission. The energy level diagram of Eu3? ion in

MgAl2O4 is shown in Fig. 12.

In pure MgAl2O4, an energy band gap is created

between the valence band (formed by O2-) and the

conduction band (formed by Mg2? and Al3?). The

excitation process may take place in two ways, either

by transferring the valence band electrons to the

charge transfer band (CTB) or by jumping to the

higher levels of Eu3?. Under the excitation at 545 nm,

the Eu3? ions are excited from the ground state of 7F0

to higher excited state [51]. After excitation, the

excited Eu3? ions (due to charge transfer) come to the
5D0 state by nonradiative process. This process con-

tinues till 5D0 energy level gets populated. Then the
5D0 level is responsible for the fluorescence and it can

make 4 transitions to the lower energy levels [27].

These four transitions correspond to four peaks in the

PL emission spectra at 590 nm, 612 nm, 654 nm, and

703 nm. From Fig. 13(a), by increasing the Eu3?

content, the emission intensity of 5D0?
7F2 transition

first reached to a maximum value at x = 0.04 from

x = 0.02 and then decreased with an increase of Eu3?

concentration (x = 0.06, x = 0.08, and x = 0.10) due to

a concentration quenching [25]. The phenomena of

concentration quenching are ascribed due to energy

transfer between (i) Eu3? to Eu3?, (ii) defect to Eu3?,

and (iii) Multiphonon-assisted electron–phonon
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coupling. Hence, the dependence of luminescence

intensity on the doping concentration of Eu3? was

studied and in MgAl2O4 the optimum content of

Eu3? was evaluated. This concentration dependence

of emission intensity for the forced electric dipole

transition of 5D0-
7F2 at 612 nm is shown in

Fig. 13(b). The type of energy transfer between the

neighboring Eu3? ions and the nature of quenching

process can be identified by evaluating the relative or

critical distance. According to Blasse’s formula, the

critical distance (Rc) can be expressed as

Rc ¼ 2
3V

ð4pCoNÞ

� �ð1=3Þ
; ð5Þ

where N is the number of host cations in the unit cell

of the host matrix, Co is the concentration of the

activator Eu3? ions, and V is the volume of the unit

cell. For optimum concentration of Co = 0.04, the

measured Rc value between Eu3? and Eu3? is 10.2 Å,

which is greater than the standard value of 5 Å for

the rare-earth ions indicating that the type of inter-

action mechanism involved in the energy transfer is

via a multipole–multipole interaction process and is

the major cause of concentration quenching. More-

over, the variation of relative or critical distance

between the Eu3? ions in MgAl2O4:xEu3? phosphor

with the Eu3? doping concentration is shown in

Fig. 14. It can be observed that the relative distance
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(Rc) is decreased gradually with increasing Eu3?

doping concentration [52].

The similar results of microstructure, morphology,

and photoluminescence of MgAl2O4:Eu3? red-emit-

ting phosphors have been reported by C. Wenisch

et al. [49]. Moreover, the PL emission results show

that the Eu3? ion was observed to be an isolated

luminescence center and presented an intense red

emission at 612 nm assigned to the 5D0?
7F2 transi-

tion with maximum intensity in MgAl2O4:xEu3?

phosphors. The optimum Eu3? doping concentration

was obtained to be 4% for the best luminescence

process, eventually MgAl2O4:4%Eu3? was chosen for

the temperature-dependent PL emission study. Sev-

eral researchers reported the optimum Eu3? concen-

tration in the range of 1 to 2 mol%. Also, the

annealing process plays an important role in the

successful substitution of Eu3? ions into the MgAl2O4

host matrix and consequently influences its lumi-

nescent properties. So, the temperature-dependent

PL analysis for MgAl2O4 with optimum doping

concentration of Eu3? were studied. The PL emission

spectrum of 4% Eu3?-doped MgAl2O4 sample

annealed progressively at 650, 750, 850, and 950oC for

12 h recorded in the wavelength range from 580 to

740 nm excited at 545 nm is shown in Fig. 15a. It

exhibits four 5D0?
7F1, 5D0?

7F2, 5D0?
7F3, and

5D0?
7F4 transitions arising from the Eu3? ion with

the 5D0?
7F2 dominant transition. From Fig. 15a of PL

spectra, it is evident that the relative intensities of all

the transitions were increased with increasing

temperature for MgAl2O4:4%Eu3? sample. This is

due to the fact that the Eu3? ions can be transferred

more rapidly and successfully into the MgAl2O4 host

lattice during thermal diffusion process as homoge-

neous purity phase. If the phosphor is thermally

heated, the divalent europium ion oxidizes to Eu3?

state as the temperature increased and thereby cre-

ating more luminescent centers on the surface.

Moreover, the energy transfer to the Eu3? emission

centers from the host turns into more significant as

the material is treated at higher temperatures. The

presence 5D0?
7F2 transition as more intense peak

assigned to 612 nm of Eu3? ions indicates that there

will be no center of symmetry around Eu3? ion in

MgAl2O4 sample heated at 950oC when recorded

under excitation at 545 nm [53]. Temperature

dependence of the photoluminescence intensity of

the forced electric dipole transition 5D0-
7F2 of

MgAl2O4:xEu3? at optimum concentration

(x = 4%Eu3?) was analyzed and confirmed at excita-

tion wavelength 545 nm (Fig. 15b).

3.9 CIE diagram

Figure 16 shows the Commission International de

I’Eclairage (CIE) 1931 chromaticity diagram of

MgAl2O4:xEu3? nanophosphors calcined at 950 oC

for 12 h. The perception of the color purity will be

analyzed from the CIE chromaticity diagram with the

help of emission color coordinates of the luminescent

material. The CIE chromaticity color coordinates of

the nanophosphors samples can be estimated by

using three numbers (X, Y, Z) known as tristimulus

colorimetry system from the emission spectra under

the excitation at 545 nm wavelength [54]. The (x, y)

color coordinates were evaluated based on emission

spectra and found to lie in red region of CIE diagram

(Fig. 16). Correlated color temperature (CCT) is

another important parameter to assess the

nanophosphor performance, which specifies the color

appearance of light emitted was derived by CIE color

coordinates [40, 55]. CCT is calculated by trans-

forming the (x, y) coordinates of the light source to

(u0, v0). The CIE chromatic coordinates, CCT, (x,

y) and color rendering index (CRI) of Eu3?-doped

MgAl2O4 samples are illustrated in Table 4.

On doping with Eu3?, as there is no obvious

change observed in the spectral profile of the CIE

diagram, the color coordinates demonstrate that the
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as-prepared MgAl2O4:xEu3? nanophosphors emit

intense bright red light (Fig. 16). The CIE diagram of

4% Eu3?-doped MgAl2O4 at 950 oC presents CIE

color coordinates of x = 0.6582 and y = 0.3415 show-

ing the maximum intensity which are in good

agreement with National Television System Com-

mittee (NTSC) red color coordinates (0.67, 0.33). This

color tunability of the host lattice by changing the

concentration of Eu3? (2–10 mol%) is attributed to the

possible energy transfer between the energy levels of

activator (Eu3?) ions. The calculated CCT values

were found to be 2553.588–2618.01 K (\ 5000 K),

which is regarded as a cool red light. Thus, the

observed high PL brightness along with excellent

CCT value indicates that these phosphors can be

highly useful in red LEDs for the production of arti-

ficial in red light and in solid-state display as well as

other optical device applications [35, 56].
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Fig. 16 CIE Chromaticity color coordinates diagram from

emission spectra excited at 545 nm of MgAl2O4:xEu
3?

nanophosphors calcined at 950 oC for 12 h

Table 4 CIE chromaticity

color coordinates of Eu3?-

doped MgAl2O4

nanophosphors calcined at

950oC for 12 h

Sample Concentration

(mol %)

Color coordinates u0 v0 CCT (K) CRI

x y

MgAl2O4:xEu
3? 2 0.6592 0.3405 0.4570 0.5313 2609.364 22

4 0.6582 0.3415 0.4552 0.5316 2568.382 24

6 0.6579 0.3419 0.4540 0.5316 2553.588 24

8 0.6590 0.3401 0.4574 0.5311 2618.01 23

10 0.6579 0.3411 0.4556 0.5314 2575.439 24

J Mater Sci: Mater Electron          (2023) 34:955 Page 15 of 17   955 



4 Conclusions

In summary, synthesis of undoped and Eu3?-doped

MgAl2O4 red-emitting nanophosphors with different

Eu3? doping concentrations have been achieved by the

nitrate–citrate gel combustion route, which is a simple

and cost-effective chemical process. The powder XRD

pattern shows that Eu3? is successfully doped in the

host crystal lattice. The average crystallite size of

nanophosphors decreased from 12.1 to 8.5 nm with

increasing Eu3? doping content. The TGA combined

with DTG results showed that single-phase MgAl2O4:-

xEu3? spinel begins to form at around 600 �C. Vibration

bands of the as-prepared samples corresponding to the

presence of AlO6 groups in FTIR spectra are related to

the inorganic network. The band gap energy of the host

and Eu3?-doped phosphors was estimated from the

UV–Vis spectra using Tauc’s plot and is found to vary

between 5.08 and 5.19 eV due to ionic exchange, indi-

cating that Eg depends on Eu3? content. The charge

transfer O2-?Al3? transition as a result of the excitation

of electrons into the conduction band of MgAl2O4 lar-

gely influence the absorption band at 250 nm. The

FESEM studies showed the relatively spherical mor-

phology of the agglomerated nanoparticles with aver-

age particle size* 30 nm and successful substitution of

Eu3? in MgAl2O4 host lattice, which was also confirmed

by EDAX analysis. The HRTEM images demonstrated

that the obtained MgAl2O4:xEu3? powders are in

nanometer dimensions with average crystallite size

11.4 ± 2.8–12.1 ± 2.4 nm. The hypersensitive 5D0?
7F2

(DJ = 2) transition at 612 nm is attributed to the well-

known red emission Eu3? electric dipole transition

(EDT) and is most intense. The process of quantum

quenching is observed in MgAl2O4:xEu3? and the

optimum value of doping concentration is obtained to

be 4 mol% Eu3? from the emission spectra. Moreover,

the improved photoluminescence intensity of MgAl2-

O4:4%Eu3? sample at progressively high temperatures

has also been characterized. The as-prepared MgAl2-

O4:xEu3? phosphor material shows bright red emission

along with good CCT values, which make it useful as an

important phosphor for red emission LED applications.
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H I G H L I G H T S  

• Undoped and Na-doped CuO nano-powders were synthesized by coprecipitation method. 
• XRD, FESEM and HRTEM were used to analyse the structural properties and surface morphology of the nano-powders. 
• The influence of Na doping on the optical parameters of the nano-powders was investigated. 
• The antibacterial activity of the nano-powders was tested against Gram-negative and Gram-positive bacteria. 
• The highest antifungal activity was achieved against Candida albicans.  
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A B S T R A C T   

In this article, we present a novel coprecipitation technique for synthesizing pure and sodium-doped CuO (Cu1- 

xNaxO) nano powders with different sodium concentrations (x = 0, 0.01, 0.02, 0.04, 0.06, 0.08, and 0.10). The 
structural properties of the samples were analysed using powder X-ray diffraction (PXRD), which revealed an 
average crystallite size of 12.48–10.50 nm. The bonding nature of the Cu1-xNaxO samples was described by 
Fourier transform infrared (FTIR) spectroscopy. The UV–Visible spectroscopic analysis showed a band gap en
ergy of 1.240–1.456 eV and a refractive index that decreased with an increase in Na doping concentration. Field 
emission scanning electron microscopy images revealed the spherical, flower-shaped, and flake-like morphol
ogies of the nanoparticles, which had sizes ranging from 42.45 ± 5.49–33.98 ± 4.32 nm. Energy-dispersive X-ray 
spectroscopy and elemental mapping were used to confirm the purity of the samples and the presence of Cu, O, 
and Na elements in the Cu1-xNaxO samples. High-resolution transmission electron microscopy photomicrographs 
confirmed that the samples were polycrystalline and the nanoparticles exhibited nucleation with lattice spacing, 
as shown by selected-area electron diffraction patterns. Furthermore, the Cu1-xNaxO nano powders exhibited 
efficient antibacterial and antifungal activities. The antibacterial activity was tested against major bacterial 
strains, and the highest inhibition zones were observed to be 13.67 ± 1.11 mm (x = 0.06), 10.67 ± 0.94 mm (x 
= 0.10), 15 ± 1.11 mm (x = 0.10), and 9.25 ± 0.25 mm (x = 0.06) for P. aeruginosa, B. subtilis, S. aureus, and 
K. pneumonia, respectively. In addition, the antifungal activity of the Na-doped CuO nano powders was found to 
be enhanced against polymorphic fungus C. albicans and filamentous fungus A. niger with dopant concentration. 
These results suggest that Na-doped CuO NPs have potential applications in formulating new antifungal drugs 
and treating various life-threatening bacterial infections.   
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1. Introduction 

In the recent past the research on nanomaterials has drastically 
increased due to various features such as their unique chemical and 
physical properties [1]. Nanostructures are having dimensions in the 
nanoscale range and possess excellent efficiency towards bio-medicinal 
activity of various pathogens because of their high chemical steadiness, 
small particle size, and large surface to volume (S/V) ratio. 

Particularly metal oxide nanoparticles (NPs) have gained sufficient 
interest due to their wide range of applications in solar cells, sunscreens, 
gas censors, cosmetics, oxygen pumps, diesel fuels, and bottle coatings 
to block ultraviolet radiation [2–4]. Copper oxide (CuO) nanoparticles 
are among one of the most extensively attracted transition metal oxides 
because of their biomedical, antimicrobial, anticancer, antioxidant, and 
biocide applications [5,6]. CuO is a p-type semiconductor with optical 
band gap of 1.2 eV having unique photocatalytic, photovoltaic, mag
netic, and electrical properties [7]. These nanoparticles have been used 
for different applications such as lithium-ion batteries, near-infrared 
filters, super-capacitors, catalysis, spintronics, magnetic storage 
media, and nanofluids [8,9]. 

The fabricated CuO nanoparticles as reported in the literature have 
different morphologies, such as needle-like, cauliflower-like, shuttle- 
like, microspheres, rhombic crystal strips, ellipsoidal, sinter-like, rice- 
like, rod- like [10–14] etc. 

Further, the substitution of metal ions into CuO may affect the 
electrical, magnetic, and optical properties due to the modification of its 
electronic structure. Several researchers have reported the fabrication of 
successful doping or co-doping with transition/rare earth metals 
including Co [15], Tb [16], Mg, Zn, Ce [17], Ag [18], Ni [19], Fe [20], 
Mn [21], Mn/Co [22], La/Ni [23], and Fe/Co [24]. S. Janet Priscilla 
et al. reported the synthesis and characterization of sodium doped CuO 
NPs [25] and in another study, Hafsa Siddiqui et al. has reported the 
structural, optical, and electrical properties of Na-doped CuO nano
structures [26], but still found limited research reported on Na-doped 
CuO nanoparticles. Interestingly, sodium, an alkali metal, plays an 
excellent role in the growth process of various metal oxide nanoparticles 
and observed the improved results in different application [27]. How
ever, the detailed scientific investigation is still incomplete on optical, 
catalytic, structural, biological, and antimicrobial characterization of 
sodium-incorporated CuO NPs. Therefore, we reported in this work, the 
successful incorporate of sodium ions into CuO crystal lattice and 
rigorously studied the optical, structural, catalytic, morphological, 
antibacterial, and antifungal properties. 

Pure and doped CuO nanostructures have been prepared by various 
chemical and physical methods available such as sol–gel route [28], 
Sonochemical technique [29,30], hydrothermal [31], electrodeposition 
process [32], precipitation-pyrolysis method [33], ball-milling [34], 
microwave irradiation method [35], colloidal thermal [36], solid-state 
reaction technique [37], chemical vapor deposition [38], 
co-precipitation process [39], and thermal decomposition method [40], 
etc. Facile co-precipitation route is most accessible and one of the 
simplest methods for preparing the metal oxide (MO) nanoparticles 
[39]. The co-precipitation method is advantageous over others as this 
process allows us to obtain desired nanomaterials with high degree of 
crystallinity, excellent homogeneity of nucleation, high purity, small 
size with definite morphology, and possibility to create homogenous 
precipitation and it requires minimal energy, lower reaction time and 
moderate temperature. 

The sensitivity towards antimicrobial activity have become signifi
cant problem in healthcare and biomedical areas due to increasing 
various alarming pandemics attack these days. The treatment of these 
bacterial diseases and fungal infections have been studied using nano
technology as a potential alternative to the present traditional antibi
otics, which have certain restrictions associated to toxicity and exposure 
time [41,42]. The nanotechnology proposes appropriate solution to 
overcome such problems with the use of various nanomaterials that 

have a broad spectrum of size distributions, high surface to volume ratio, 
elemental compositions, surface charges, biocompatibility, greater sur
face to volume ratio, morphologies, and unique surface modification 
properties [43,44]. Specifically, doped metal oxide nanoparticles with 
tunable physicochemical properties and biological features such as su
perior antibacterial, and antifungal potentials, were attractive to be used 
as efficient antimicrobial tools to eradicate microbial infections 
[45–47]. However, still there is need to overcome a series of challenges 
with respect to better understanding of toxicity, process quality, bio
distribution, and long-term effect of chemically synthesized nano
materials to achieve accurate clinical translation. 

In present study, an attempt has been made to prepare undoped and 
sodium doped CuO (Cu1-xNaxO) nano-powders by co-precipitation 
method. The synthesized nano-size powders were characterized by 
using PXRD, FTIR, UV–Visible, FESEM, EDS, HRTEM and SAED ana
lyses. In addition, the obtained samples were screened for antibacterial 
activity studies by employing Gram(-ve) bacterial cultures Pseudomonas 
aeruginosa, Klebsiella pneumoniae, and Gram(+ve) bacteria Bacillus sub
tilis, Staphylococcus aureus using Disc diffusion method. Furthermore, the 
antifungal activities of Cu1-xNaxO nano-powders were evaluated against 
two fungal species Aspergillus niger and Candida albicans. 

2. Experimental section 

2.1. Chemicals used 

Copper(II) sulfate pentahydrate (CuSO4⋅5H2O) (≥98.00%), Deion
ized water (≥99.58%), Sodium Hydroxide Pellets (NaOH) (≥97.00%), 
and Sodium acetate anhydrous LR (CH3COONa) (≥99.00%) were used. 
All the materials are used without further purification. The materials 
used for the synthesis were listed in Table 1. 

2.2. Synthesis of Cu1-xNaxO nano-powders 

The pure copper oxide (CuO) nano-powders have been prepared by 
using the simplest facile co-precipitation approach. In the process, 
Copper(II) sulfate pentahydrate and sodium acetate were used as starting 
materials. For the synthesis of pure CuO, 24.96 g of CuSO4⋅5H2O is 
dissolved in 100 ml of distilled water and continuously stirred it for 1 h. 
Similarly, 4 g of NaOH pellet is dissolved using 100 ml of distilled water 
in a separate glass beaker and constantly stirred for 1 h. Thereafter, the 
NaOH solution is slowly added dropwise to CuSO4⋅5H2O solution at 
constant stirring rate for 3 h at 65 ◦C and as a result, precipitate solution 
was formed. This black precipitate solution is then centrifuged and 
washed many times repeatedly with ethanol and distilled water until the 
pH equals to 7. The solid precipitate precursor was dried at 90 ◦C in a hot 
air oven for 12 h and grinded using piston mortar. Subsequently, the 
dried samples are annealed at 450 ◦C in a muffle furnace at a heating 
rate of 2 ◦C/min for 3 h to obtain nano-sized pure CuO powders. The 
procedure involved in this approach is as follows: 

Table 1 
List of chemicals used with their purity and source used for synthesis of Na +

doped CuO (Cu1-xNaxO) powders.  

Precursor Chemical 
formula 

Molecular 
Weight (g/ 
mol) 

Purity (%) Source 

Copper(II) 
sulfate 
pentahydrate 

CuSO4⋅5H2O 249.68 98.0–102.0 Merck 
Specialities 
Private 
Limited 

Sodium acetate 
anhydrous LR 

CH3COONa 82.03 99.0 Molychem 

Sodium 
Hydroxide 
Pellets 

NaOH 40.00 97.0 Qualigens  
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CuSO4 + 2NaOH → Cu(OH)2 + Na2SO4 (aq) (1)  

Cu(OH)2 → Sintering → Pure CuO + H2O (2) 

For the synthesis of sodium doped copper(II) oxide nano-powders 
(Cu1-xNaxO), the stoichiometric aliquots of solutions of CuSO4⋅5H2O, 
Sodium acetate (CH3COONa) and NaOH have been prepared in 

individual glass beakers and utilized as starting precursor solutions. For 
Cu1-xNaxO (x = 0, 0.01, 0.02, 0.04, 0.06, 0.08 and 0.10), the same 
preparation procedure was followed as shown in Fig. 1. CH3COONa 
solution was adjoined completely into the CuSO4⋅5H2O solution by 
maintaining constant magnetic stirring at 65 ◦C for 3 h followed by the 
slow drop-wise addition of NaOH solution, resulted in the formation of 
homogeneous bluish mixture solution. The bluish coloured solution is 
then changed to a dark greenish coloured solution. This mixture solution 
has now undergone centrifuging and cleansing several times with 
ethanol and deionized water (1:1). Thereafter, the solid precursor was 
dehydrated at 90 ◦C in a vacuum oven for almost 12 h to eliminate 
moisture. Succeeding, the dehydrated sample was kept in a muffle 
furnace at 450 ◦C for 3 h to get a black coloured sodium doped CuO 
nano-powders and the obtained products kept for further 
characterizations. 

2.3. Characterization 

The powder X-ray Diffraction (PXRD) analysis was performed by 
PANalytical X’Pert PRO powder X-ray diffractometer using Cu Kα ra
diation in 20o to 80o range at normal temperature. The Fourier Trans
form Infra-Red (FT-IR) analysis was carried by using Thermo Nicolet 
380 FTIR spectrophotometer in the wavenumber range of 4000 cm− 1 – 
500 cm− 1. The UV–Visible absorption analysis was executed in the 
wavelength range of 200–800 nm by UV-DRS-spectrophotometer, 
Thermofisher Evaluation 220. With the help of Field Emission Scan
ning Electron Microscope ΣIGMA™ FESEM (CARL ZEISS NTS Ltd), the 
field emission scanning electron microscopy (FESEM) analysis was 
studied. Energy Dispersive X-ray Spectrometer Quantax 200 with X 
Flash® 6130 performed the Energy Dispersive X-ray Spectroscopy and 
elemental mapping studies. The High-Resolution Transmission Electron 
Microscopy (HRTEM) study was performed by JEOL-2100+ High- 
Resolution Transmission Electron Microscope. 

2.4. Antimicrobial activity test 

Copper oxide nanoparticles (CuO-NPs) exhibit the strong antimi
crobial activity against selective bacteria and fungi and they can be used 
as dynamic anti-bacterial agents as well as promising antifungal agents 
due to their high surface morphology [48]. The antimicrobial activity 
studies of the pure and Na doped CuO (1, 2, 4, 6, 8 & 10%) 
nano-powders were performed against four bacterial strains and two 

Fig. 1. The flow chart of sodium doped Copper oxide (Cu1-xNaxO) nano- 
powders synthesized by the Co-precipitation method. 

Fig. 2. (a) Comparison of powder x-ray diffraction (XRD) patterns of Cu1-xNaxO samples calcined at 450 ◦C for 3 h; and (b) Shift of the (200)/(111) peak towards the 
low diffraction angle. 
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fungal pathogens. The regular bacterial strains of Pseudomonas aerugi
nosa (Gram negative, MTCC ID - 424), Staphylococcus aureus (Gram 
positive, MTCC ID - 1430), Klebsiella pneumoniae (Gram negative, MTCC 
ID - 39), and Bacillus subtilis (Gram positive, MTCC ID - 441); while 
Aspergillus niger (MTCC ID - 281) and Candida albicans (MTCC ID - 183) 
fungi species were selected for this study. These bacterial and fungal 
strains were procured from the Microbial Type Culture Collection and 

Gene Bank (MTCC), Council of Scientific and Industrial Research (CSIR) 
- Institute of Microbial Technology (IMTECH), Sector – 39A, Chandigarh 
– 160036, India. The antimicrobial activities of Cu1-xNaxO samples were 
employed by the well-established Kirby–Bauer disk diffusion technique 
on potato dextrose agar media (for fungal strains) and nutrient agar 
media (for bacterial strains) and disc plates [49]. 

The disk diffusion test by the Kirby–Bauer process [50] was screened 
to evaluate the observed antimicrobial activities of sodium-doped CuO 
nanopowders. The potato dextrose agar (PDA) media and nutrient agar 
media used for the antifungal and antibacterial activities were sterilized 
by the application of autoclave at 15 lbs pressure and 121 ◦C tempera
ture for 15–20 min. To solidify the molten agar, the agar solution is 
poured into sterile circular glass Petri dishes. Then various fungi and 
bacteria were cultured separately 24 h in a broth and selected fungal and 
bacterial strains were uniformly introduced on a solidified dextrose agar 
media and nutrient agar in a glass Petri plates, respectively. Simulta
neously, the Whatman filter paper disks of about 6 mm were individu
ally coated with Na-doped CuO at the graded concentrations of 0 mg/ml, 
10 mg/ml, 20 mg/ml, and 30 mg/ml and carefully introduced on the 
culture. Moreover, the 0 mg/ml concentration was considered to be the 
control in the experiment. The plates with bacterial cultures were kept 
for incubation at 37 ◦C for 24 h and the agar plates having fungal strains 
were kept for incubation at 24 ◦C for 48 h, respectively [51]. All the 
antimicrobial applications were performed in a sterile laminar flow 
cabinet. The obvious inhibition zones observed around the well were 
measured, which shows the antimicrobial activity. 

When Na+ ions are incorporated into the CuO host, with an increase 
in doping concentration of Na+, the antimicrobial activity of Na-doped 
CuO NPs will be studied against selected pathogenic microorganisms 
including bacteria, and fungi in terms of zone of inhibition [8]. The zone 
of inhibition (ZoI) is the circular area observed around the antibiotic NPs 
on the disc where the microorganisms are unable to grow. The average 
value of zone of inhibition of as-prepared samples is measured using a 
ruler and is expressed as mean value ± SD in millimetres [10]. 

Fig. 3. Comparison (a) crystallite size between average Debye-Scherrer’s (DSch) and Size-Strain plot (SSP) method (DSSP), (b) dislocation density between average 
Debye-Scherrer’s (δavg.) and Size-Strain plot (SSP) method (δSSP), and (c) lattice strain among average Debye-Scherrer’s (εSch) and Size-Strain plot (SSP) method (εSSP) 
of Cu1-xNaxO nano-powders. 

Table 2 
The average values of crystallite size (D), dislocation density (δ), lattice strain 
(ε), X-ray density (ρx-ray), unit cell volume (v), and crystallite volume (V) of Cu1- 

xNaxO nano-powders, calculated according to Scherrer method.  

Na+

content 
(x) 

D (nm) δx10− 3 

(nm− 2) 
ε x 
10− 3 

ρx-ray 

(g/ 
cm3) 

v (Å3) V (nm3) 

0 12.4874 6.6059 2.8040 6.5535 80.6210 1947.2390 
0.01 11.3187 8.2367 3.1172 6.4915 80.9765 1450.0828 
0.02 11.2367 8.3287 3.1371 6.4655 80.8848 1418.8004 
0.04 11.0286 8.5061 3.1775 6.3819 81.1002 1341.3926 
0.06 10.6491 9.4876 3.3332 6.3343 80.8591 1207.6443 
0.08 11.9222 7.9139 3.0284 6.2283 81.3704 1694.6173 
0.10 10.5095 10.4578 3.4639 6.2091 80.7544 1160.7713  

Table 3 
The calculated values of monoclinic unit cell parameters (a, b, c, and β) of Cu1- 

xNaxO samples.  

Na+ content (x) Lattice constants Inter-axial angles 

a (Å) b (Å) c (Å) α (deg.) γ (deg.) β (deg.) 

0 4.6922 3.4167 5.1025 90 90 99.432 
0.01 4.7044 3.4207 5.1167 90 90 99.445 
0.02 4.7048 3.4178 5.1121 90 90 99.562 
0.04 4.7033 3.4204 5.1148 90 90 99.443 
0.06 4.6969 3.4145 5.1072 90 90 99.419 
0.08 4.7081 3.4265 5.1160 90 90 99.515 
0.10 4.6925 3.4102 5.1004 90 90 99.512  
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3. Results and discussion 

3.1. Powder X-ray diffraction (XRD) analysis 

The XRD pattern of the Cu1-xNaxO (0, 1, 2, 4, 6, 8, 10 mol% Na) 
powders calcined in an air atmosphere at 450 ◦C for 3 h are shown in 
Fig. 2(a). All the reflection peaks in the XRD pattern matched well with 
JCPDS card number 45-0937 of bulk CuO, with lattice parameters of a =
4.6837 Å, b = 3.4226 Å, c = 5.1288 Å and β (angle) = 99.5400o and 
space group C 2/c. The diffraction peaks of Cu0.99Na0.01O sample found 
at 32.41O, 35.54O, 38.77O, 48.82O, 53.53O, 58.33O, 61.59O, 66.23O, 
68.10O, 72.51O, and 75.23O obtained for the (− 110), (002), (200), 
(− 202), (020), (202), (− 113), (− 311), (113), (311) and (− 222) planes 
correspond to a monoclinic symmetry structure. There are no extra 
peaks relating to secondary phase were obtained for Cu1-xNaxO samples, 
indicating that the sodium ions are successfully substituted into the 
lattice site of Cu2+ without altering the CuO crystal structure. According 
to the XRD pattern, all the synthesized Cu1-xNaxO samples were poly
crystalline in nature. Also, the observed XRD intensity of the diffraction 
peaks decreases continuously up to x = 0.06, then strongly increased 

and is maximum at x = 0.08 for Na doped CuO with increasing Na 
doping concentration. This intensity variation may be attributed to the 
reduction in crystallinity of Cu1-xNaxO [22]. The effect of sodium con
centration on the mean crystallite size (D) of the ordered crystalline 
domains was estimated using the Debye-Scherrer formula [16]: 

D=
Kλ

βhkl cos θ
(3)  

in which, K is shape factor constant (equal to 0.9), βhkl is the peak width 
at FWHM (in radian), λ is the X-ray wavelength for Cu-target Kα radia
tion (1.5406 Å), and θ is the Bragg diffraction angle obtained from the 2θ 
value. 

As shown in Fig. 3(a), the mean crystallite size was decreased with an 
increase in the doping concentration of Na into CuO matrix except at x 
= 0.08, where the sodium atoms have trapped in the nonequilibrium 
position from the equilibrium position. This reduction in crystallite size 
demonstrates the decreasing crystallinity of Cu1-xNaxO samples and can 
be attributed to the lattice distortion of CuO due to the incorporation of 
Na. 

In addition, micro-structural parameters, such as the dislocation 
density (δ) and lattice-strain (ε) can be evaluated using the Wil
liamson–Smallman’s relation and Stokes–Wilson’s equation, respec
tively as: 

δ=
1

D2 (4)  

and ε= βhkl cos θ
4

(5) 

It can be evidenced from Fig. 3(b and c), that the dislocation density 
and the micro-strain increased constantly on Na doping in the CuO as a 
result of decreased crystallite size and increased lattice defects except at 
x = 0.08. The calculated structural parameters were demonstrated in 
Table 2. 

Fig. 4. The variation of (a) lattice parameters (a, b, and c); (b) unit cell volume and x-ray density; and (c) average FWHM and average crystallite volume of Cu1- 

xNaxO nano-powders with Na doping concentration (x). 

Table 4 
The Bragg’s angle (2θ), FWHM (βhkl), Crystallite size (D) and inter-planar dis
tance (d) of Cu1-xNaxO (x = 0–0.10) for (200) diffraction peak.  

Na+ Content 
(x) 

Bragg’s angle 
(2θ) (deg.) 

FWHM βhkl 

(deg.) 
D (nm) Inter planar 

distance (d) (Å) 

0 38.920 0.655 12.8643 2.3122 
0.01 38.901 0.7052 11.9471 2.3133 
0.02 38.876 0.7228 11.6548 2.3147 
0.04 38.821 0.6982 12.0643 2.3178 
0.06 38.811 0.7403 11.3769 2.3184 
0.08 38.768 0.6877 12.2470 2.3209 
0.10 38.759 0.7357 11.4464 2.3214  
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The lattice parameters a, b, and c of Cu1-xNaxO nano-powders were 
evaluated from the interplanar distances d200, d020, and d002 using the 
following relation for monoclinic crystal structure [52]: 

1
d2 =

1
sin2 β

(
h2

a2 +
k2 sin2 β

b2 +
l2

c2 −
2hl cos β

ac

)

in Å (6)  

where a ≠ b ≠ c, α = γ = 90O ≠ β and d is the interplanar spacing be
tween the atoms, α, β, and γ are the inter-axial angles, and h, k, l are the 
Miller indices of lattice planes. 

The lattice parameters (a, b, and c) and the inter-axial angle (β) ob
tained are listed in Table 3. The variation of estimated values of the 
lattice constants a, b, and c as a function of Na doping concentration is 
shown in Fig. 4(a). It can be observed that all the lattice parameters are 

Fig. 5. Linear fit plots of Size-Strain plot (SSP) method for calculating crystallite size (D), dislocation density (δ), and lattice strain (ε) of a pure CuO NPs, b–g Na- 
doped CuO NPs. 

Table 5 
The average values of crystallite size (D), dislocation density (δ), and lattice 
strain (ε) of Cu1-xNaxO nano-powders, calculated according to Size-strain plot 
(SSP) method.  

Na+ content (x) DSSP (nm) δSSP x 10− 3 (nm− 2) εSSP x 10− 2 

0 18.262 2.999 0.976 
0.01 17.660 3.206 1.409 
0.02 14.914 4.496 1.568 
0.04 14.005 5.098 1.955 
0.06 13.610 5.398 2.383 
0.08 13.323 5.634 2.043 
0.10 13.153 5.78 2.979  
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first increases and then strongly reduced except at x = 0.08 as the so
dium concentration increased. The lattice parameters a, b, and c were 
evaluated as 4.692, 3.416, and 5.102 Å for undoped CuO; and 4.692, 
3.410, and 5.100 Å for Cu0.90Na0.10O nano-powders, respectively. This 
characteristic behaviour is resulting from the tensile strain and stress 
developed by sodium dopants on the surface of CuO [20]. 

The crystallite volume (V), the unit cell volume (v), and the X-ray 
density (ρx-ray) were calculated using the following relations for 

monoclinic system as 

V=D3 in (nm)
3
, (7)  

v= abc sin β in
(
Å

3)
, (8)  

and ρx− ray =
ZMw

NAv
in

(
g
/

cm3), (9)  

where, Z is the number of atoms or molecules per unit cell, MW is the 
molecular weight, v is the volume of the unit cell, and NA is the 

Fig. 6. FTIR spectra of Cu1-xNaxO nano-powders for (a) pure, (b) 0.01, (c) 0.02, (d) 0.04, (e) 0.06, (f) 0.08, and (g) 0.10. Inset shows the magnified view of the 
stretching modes of Cu–O bond. 

Table 6 
FTIR peaks and their assignments of Cu1-xNaxO nano-powders (x = 0–0.10).  

Assignments Wavenumber (cm− 1) 

x = 0 x =
0.01 

x =
0.02 

x =
0.04 

x =
0.06 

x =
0.08 

x =
0.10 

O–H 
stretching 
mode 

3384 3397 3399 3340 3401 3410 3410 

C–H 
stretching 
vibration 

2880 2882 2882 2883.5 2883 2883 2885 

Na–O 
signature 

2336 2338 2337 2339 2339 2341 2341 

ν(C = O) 1642 1645 1645 1645 1648 1650 1650 
O–H 

stretching 
vibrations 

1485 1492 1493 1493 1495 1500 1500 

C–H 
stretching 
mode 

1365 1365 1360 1359.5 1359.5 1367 1367 

C–O 
stretching 
mode 

1119 1112 1113.5 1109.5 1117.5 1088 1083 

Cu–O 
stretching 
mode 

612 610 610 608 607 611 614 

Cu–O 
stretching 
vibration 

509 514 515 505 527 530 530  

Fig. 7. UV–Vis optical absorption of Cu1-xNaxO nano-powders for (a) pure, (b) 
0.01, (c) 0.02, (d) 0.04, (e) 0.06, (f) 0.08, and (g) 0.10. 
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Avogadro’s number. 
The observed reduction in x-ray volume density and the variation of 

unit cell volume with increasing Na doping concentration is shown in 
Fig. 4(b). This effect in x-ray density may be assigned to the reduced 
growth rate of CuO nanoparticles due to the decreasing adatom mobility 
in the host lattice over Na doping [53]. Fig. 4(c) shows the variation of 
average crystallite volume and average FWHM of Cu1-xNaxO as a func
tion of Na dopant concentration. Moreover, the unit cell volume of Na 
doped samples is enhanced compared to that of pure CuO with the 
addition of sodium as a consequence of the presence of the large number 
of surface atom dangling bonds [15]. 

The 2θ value, FWHM (βhkl), crystallite size, and inter-planar distance 
of Cu1-xNaxO for (200) diffraction plane was provided in Table 4. These 
results indicate that the (200) diffraction peak of Na-doped samples 
have shifted towards lower angles when compared with that of the 

undoped samples as seen in Fig. 2(b), which also confirms the successful 
incorporation of sodium into CuO matrix. This shift is due to the dif
ferences in the ionic radii of Cu2+ (0.73 nm) and Na+ (1.02 Å) and is 
attributed to the distortion of lattice parameters [54]. 

The average crystallite size (DSSP), and lattice strain (εSSP) were also 
analysed by the Size-Strain plot (SSP) method using the following 
relation [55]: 

(dhkl.βhkl.cos θ)2
=

kλ
D

(
d2

hkl.βhkl.cos θ
)
+

ε2

4
(10) 

From the linear fit of experimental data as shown in the Fig. 5 (a - g), 
the micro-strain (εSSP) was evaluated from the y-intercept, and the 
crystallite size (DSSP) was obtained from the slope. The values deter
mined for D, δ, and ε using SSP method were provided in Table 5. These 
D, δ, and ε values were almost similar to those values measured by 

Fig. 8. Tauc’s plot (direct band gap) of Cu1-xNaxO nano-powders for (a) pure, (b) 0.01, (c) 0.02, (d) 0.04, (e) 0.06, (f) 0.08, and (g) 0.10.  
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Debye – Scherrer method and their variation with Na doping concen
tration have shown in Fig. 3 (a – c). The values of crystallite size 
measured using SSP method was found to be reduced from 18.262 nm to 
13.153 nm which an increasing amount of Na dopant concentration. 
However, the micro-strain evaluated from the Debye-Scherrer relation 
and the SSP method presents a large variation due to the averaging 
variance in the particle size distribution. 

3.2. Fourier transform infrared spectrum (FTIR) analysis 

The Fourier transform infrared (FTIR) spectroscopy is a technique 
used to identify various functional groups present in the samples by 
analysing different vibrational bands. Fig. 6(a–g) shows the FTIR pattern 
under the wavenumber range 4000–500 cm− 1 of the pure and Na doped 
CuO nano-powders annealed at 450 ◦C for 3 h in the atmosphere of air. 

As shown in Fig. 6(b), the Cu0.99Na0.01O sample exhibits a broad 
vibrational band between 3600 and 3100 cm− 1 centred at 3400 cm− 1 

and a small absorption peak at 1492 cm− 1, which are attributed to the 
stretching vibrational modes of the hydroxyl group (-OH) [56]. The 
stretching modes of the vibration assigned to the C–H molecule was 
obtained at 2880 cm− 1 and 1364 cm− 1 [57]. The characteristic ab
sorption peaks at 1645 cm− 1 and 1112 cm− 1 were corresponding to the 
stretching vibrations of C = O and C–O, respectively [58]. The presence 
these molecules is attributed to the improper thermal decomposition of 
the acetate group. The vibrational modes of metal – oxygen bonds were 
basically observed below the wavenumber of 1000 cm− 1. Accordingly, 
the frequency stretching modes associated to Cu–O bond of Cu1-xNaxO 
samples have been obtained around 610 and 514 cm− 1 [59]. The 
signature of sodium may be confirmed by the sharp absorption peak of 
Na–O bond at 2340 cm− 1 in Na doped samples as compared to pure CuO 

Fig. 9. Indirect band gap energies of Cu1-xNaxO nano-powders for (a) pure, (b) 0.01, (c) 0.02, (d) 0.04, (e) 0.06, (f) 0.08, and (g) 0.10.  
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sample, in which it is not present [60]. Furthermore, no additional IR 
active vibrational peaks were obtained in the wavenumber range of 
605–660 cm− 1 confirming the non-existence of secondary phase, i.e., 
Cu2O phase [61]. It is also observed from the XRD results that the 
as-prepared nano-powders does not manifest the presence of cuprous 
oxide (Cu2O). Hence, the FTIR analysis shows that the Na is successfully 
substituted into CuO monoclinic crystal lattice. To analyse the doping 

effect of sodium, all the FTIR patterns of Cu1-xNaxO (x = 0, 0.01, 0.02, 0, 
04, 0.06, 0.08, and 0.10) nano-materials are plotted at the same scale for 
better comparison and the absorption peaks along with their assign
ments are tabulated in Table 6. The vibrational peaks of Cu1-xNaxO 
become sharper with increasing sodium doping content upto x = 0.04, 
then gradually decreases and appeared to be dull. Moreover, the 
vibrational peaks shifting towards the higher wavenumber (blue shifted) 
with an increase in doping concentration of sodium is observed may be 
due to smaller crystalline size of Na-doped CuO nano-powders in com
parison to that of pure CuO samples [62,63]. 

3.3. UV–visible analysis 

The UV–Visible absorption spectroscopy was used to analyse the 
bandgap energy (Eg) as well as the mode of electronic transitions. The 
absorption spectra of Cu1-xNaxO nano-powders in the region 200–800 
nm were shown in Fig. 7. A strong fundamental peak about 208 nm and 
an absorption edge at 304 nm were observed may be due to direct 
transition of electrons and surface plasmon resonance of metal oxide, 
respectively [64,65]. The fundamental absorption peak of the copreci
pitation synthesized Cu1-xNaxO nano-powders was shifted from 208.5 
nm to 205.5 nm with increasing sodium dopant concentration as shown 

Fig. 10. Calculated variation of (a) Indirect band gap (Eg); and (b) Refractive index (n) as a function of Na doping concentration in Cu1-xNaxO nano-powders.  

Table 7 
The estimated values of Optical bandgap energy (Eg) and the refractive index (n) 
of the polycrystalline Cu1-xNaxO samples.  

Na+

content 
(x) 

Eg (eV) Refractive index (n) 

Direct Indirect (108/ 
Eg)1/4 

4.084 - 
0.62 Eg 

ln 
(36.3/ 
Eg) 

[1+

(
A

B + Eg
)2]1/2 

0 
1.465 1.240 3.055 3.315 3.377 3.097 

0.01 1.510 1.380 2.974 3.228 3.27 3.016 
0.02 1.535 1.392 2.968 3.221 3.261 3.009 
0.04 1.605 1.415 2.956 3.207 3.245 2.996 
0.06 1.635 1.430 2.948 3.197 3.234 2.988 
0.08 1.700 1.435 2.945 3.194 3.231 2.985 
0.10 1.725 1.456 2.935 3.181 3.216 2.974  

Fig. 11. FESEM images of Cu1-xNaxO nano-powders; (a) x = 0, (b) x = 0.02, (c) x = 0.06, and (d) x = 0.10, respectively.  
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Fig. 12. Histogram representation (FESEM micrographs) of particle size distribution of Cu1-xNaxO nano-powders; (a) x = 0; (b) x = 0.02; (c) x = 0.06; and (d) x =
0.10, respectively. 

Fig. 13. The energy dispersive X-ray analysis (EDAX) spectra of Cu1-xNaxO nano-powders; (a) x = 0; (b) x = 0.02; (c) x = 0.06; and (d) x = 0.10, respectively, inset 
tables shows the elemental composition. (e) is the corresponding histogram representation in atomic percentage. 
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in Fig. 7. Hence, it can be clear that the optical properties of pure and 
sodium doped CuO samples were largely depends on the particle crys
tallite size and doping concentration of Na [66]. The direct/indirect 
bandgap energy (Eg) value is estimated by the Tauc’s equation [67] as 

(αhν)r
=A

(
hν – Eg

)
(11)  

where, α is optical absorption coefficient (cm− 1), hν is photon energy 
(eV), A is the energy independent constant related to the material, r is an 
exponent is equal to 2 for a direct electronic transition and ½ for an 
indirect electronic transition, and Eg is the bandgap energy (eV). The 
indirect and direct bandgap (Eg) can be calculated by extrapolating the 
linear portion of the curve to the photon energy axis. The plots of (αhν)2 

versus hν and (αhν)1/2 versus hν of as-synthesized samples were given in 
Figs. 8 and 9, used to evaluate the direct and indirect Eg values, 
respectively. The indirect optical band gap (Eg) energy values of Cu1- 

xNaxO nano-powders obtained are in the range of 1.240–1.456 eV, 
which were higher as compared to the band gap value of bulk CuO (1.2 
eV in bulk) confirms the quantum confinement effect. Further, the 
measured band gap value increases with increasing sodium doping 
concentration as depicted in Fig. 10(a). This characteristic variation of 
Cu1-xNaxO semiconducting materials is mainly due to the trapping of 
free charge carriers, and lattice deformation due to the strain caused by 
surface defects [53,68]. Therefore, the blue shift in the band gap energy 
makes the Na doped CuO samples ideal for the applications of semi
conductor devices including photo-detectors, photovoltaic cells, and 

Fig. 14. (a) EDAX element layered image of pure CuO, and (b - c) elemental mapping for O, and Cu respectively; (d) EDAX element layered image of Cu0.90Na0.10O, 
(e - g) elemental mapping images for O, Cu and Na respectively. 
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photo-amplifiers [16]. The indirect/direct Eg values obtained were listed 
in Table 7. The values of direct energy band gap of Cu1-xNaxO are found 
to be 1.465–1.725 eV, which are in close agreement with the reported 
values of 1.34–1.50 eV by Anu et al. [15] in the literature. 

The optical refractive index (n) of semiconductor nanomaterials was 
estimated from the above calculated bandgap energy (Eg) values using 
four distinct atomic models, named as Ravindra et al. [69], Ravindra and 
Gupta [70,71], Reddy et al. [72], and Herve and Vandamme [52] by 

using the following relations: 

n4. Eg = 108 (12)  

n= 4.084 – 0.62 Eg (13)  

Eg . en = 36.3 (14)  

Fig. 15. TEM bright-field images of the as-synthesized (a) pure CuO and (d) Cu0.90Na0.10O NPs; and (b, e) are the corresponding HRTEM micrographs, respectively; 
(c, f) are the typical corresponding selective area electron diffraction (SAED) patterns, respectively; (g, h) are the corresponding range of histograms with the Gauss 
fitting curve for evaluating the average crystallite size and its distribution, respectively. 
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n=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

[
A

Eg + B

]2
√

(15)  

where the values of numerical constants A and B are 13.6 and 3.4 eV, 
respectively. 

Fig. 10 (b) shows that the estimated refractive index (n) is larger than 
2 and it was found to decrease with increasing Na doping concentration. 
The refractive index (n) values obtained at band gap region are in the 
range of 3.055–2.935, 3.315–3.181, 3.377–3.216, and 3.097–2.974 ac
cording to the four models, Ravindra et al., Ravindra and Gupta, Reddy 
et al., and Herve and Vandamme respectively. Hence it was evident that, 
pure CuO and Cu0.99Na0.01O have high refractive index, while lower 
value of refractive index corresponds to Cu0.90Na0.10O (Table 7). All the 
four atomic models show a similar fashion. Generally, the refractive 
index is used to measure the transparency of a semiconductor optical 
material to the incident radiation. Therefore, these results depict the Na 
doped CuO samples have been used as integrated optoelectronic devices 
and photovoltaic cells. 

3.4. Field emission scanning electron microscopy (FESEM) analysis 

The size, shape and surface morphology of the as-prepared Cu1- 

xNaxO nano-powders annealed at 450 ◦C for 3 h were examined using 
FESEM. The FESEM images of pure and selected Na doped CuO materials 
were presented in Fig. 11(a–d) shows irregular spherical morphology of 
the particles. The values of mean particle size were 42.45 ± 5.49, 41.17 
± 4.98, 38.97 ± 4.79, and 33.98 ± 4.32 nm for pure, 2, 6, and 10% Na- 
doped CuO, respectively estimated by using the particle distribution 
curves as shown in Fig. 12(a–d). Clearly, the average particle size 
observed by FESEM micrographs is slightly larger in comparison with 
XRD and HRTEM and is due to the self-aggregation of many nano
particles [18]. Also, a slight variation in the particle size was observed in 
Na doped CuO NPs when compared with pure CuO NPs. Moreover, the 
small nuclear spherical particles are self-agglomerated into 
cauliflower-shaped structures and also align themselves in hierarchical 
growth to form closely oriented flake-like structures. The mean size of 
the composite nanocauliflowers and nanoflake-like structures depends 
on the Na doping concentration [24]. 

Fig. 16. Antibacterial activity of Cu1-xNaxO with different sodium concentrations against the bacterial strains (a - b) P. Aeruginosa, (c - d) B. subtilis, (e - f) S. aureus, 
and (g- h) K. pneumoniae. 
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3.5. Energy dispersive X-ray spectroscopy (EDAX) and mapping analysis 

The EDAX compositional analysis was performed to observe the 
purity and formation of Cu1-xNaxO nano-powder samples. The EDAX 
spectra is confirmed the presence of elements Cu K and O K alone in pure 
CuO; and Cu K, O K, and Na K in Na doped CuO samples (Fig. 13 (a) – 
(d)), which also reveals the successful incorporation of Na + at Cu2+

lattice sites in CuO crystal lattice [20]. The atomic ratios of Cu:O in pure 
CuO and Cu:O:Na in Na doped CuO were determined by the EDAX 
analysis revealed as histogram in Fig. 13(e). From Fig. 13(e), it was 
evident that the emission of sodium gradually increases with increasing 
sodium doping concentration in the as-prepared samples [19]. 

Moreover, the elemental mapping of each constituent element in the 
grown samples was studied by EDAX mapping measurements as depic
ted in Fig. 14 and it was observed that the Cu, O, and Na elements in 
Cu1-xNaxO samples are uniformly distributed in composition [26,73]. 
Hence the Na-related prominent peak in all the EDAX spectra (Fig. 13 
b–d) shows the occurrence of sodium atoms in the Cu1-xNaxO 
nanostructures. 

3.6. High resolution transmission electron microscopy (HRTEM) analysis 

Fig. 15 (a, b) shows the TEM and HR-TEM micrographs of pure CuO 
nano-powders synthesized using coprecipitation method. The inter
planar spacing between the adjacent lattice planes of pure CuO was 
obtained 2.783 nm which corresponds to (− 110) lattice plane. The 
SAED pattern of undoped CuO nanopowders was given in Fig. 15 (c), 
which shows bright and sharp spots as well as lattice planes showing 
poly-crystallite nature [54,65]. The observed SAED pattern clearly 
demonstrating the monoclinic crystal structure of pure CuO and the 
obtained HR-TEM results are in excellent agreement with PXRD pattern. 
The pure CuO nanopowders reveals agglomerated spherical and flakes 
like particles with mean particle size of ~14.15 ± 2.79 nm (Fig. 15 (g)). 

The TEM image of 10% Na-doped CuO (Cu0.90Na0.10O) sample 
(Fig. 15 (d)) depicts comparatively small particles of spherical and 
flakes-like structures. The TEM image also shows the formation of 
aggregated secondary particles from few primary nanoparticles, owing 
to their high surface areas and lower dimensions. The interplanar dis
tance estimated from HRTEM image (Fig. 15 (e)) was 2.581 nm, which 
shows the presence of (002) plane in Cu0.90Na0.10O. The lattice plane 
reflections observed from the corresponding SAED pattern (Fig. 15 (f)) 
of Cu0.90Na0.10O sample also reveals the monoclinic crystal structure. 
Fig. 15 (h) shows the histogram representation with Gauss fitting curve 
of Cu0.90Na0.10O NPs and the average particle size is found to be 13.52 
± 2.25 nm, which is compared with the XRD result [74,75]. 

Fig. 17. Histogram representation of antibacterial activity of the compounds 
towards the P. aeruginosa, B. subtilis, S. aureus and K. pneumoniae bacteria. The 
values are Mean ± SD (n = 4). *P < 0.0001 Compared to control (Pure CuO). 

Fig. 18. Antifungal activity of Cu1-xNaxO NPs with different sodium concentrations against the fungal strains (a - b) C. albicans, and (c - d) A. niger.  
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3.7. Antimicrobial activity 

The Antimicrobial activity of coprecipitation synthesized pure and 
Na substituted CuO NPs was tested by measuring the zone of inhibition 
(ZOI) with different Na doping concentrations (1, 2, 4, 6, 8, and 10%) 
against various bacterial and fungal strains. The antibacterial activity of 
Cu1-xNaxO samples is studied for two Gram positive bacterial strains 
(Bacillus subtilis, Staphylococcus aureus) and two Gram negative bacterial 
organisms (Pseudomonas aeruginosa, Klebsiella pneumoniae) by the zone 
of inhibition method, where the inhibition zone around each Petri dish is 
estimated in mm by using the meter ruler [50]. 

The inhibition of Cu1-xNaxO nanoparticles is demonstrated against 
various pathogenic bacteria as follows. The gram-negative bacteria cell 
has a thin wall of single layer peptidoglycan (PG) molecule, whereas the 
outer membrane of gram-positive bacteria cell is a thick wall having 
multi-layer peptidoglycans. As the peptidoglycan is negative charged, 
the presence of PG macromolecules produces an overall negative charge 
in both type of bacteria. However, due to a greater number of peptido
glycans, the gram-positive bacteria are more negatively charged than 
the gram-negative bacteria. Hence, there is an electrostatic attraction 
between CuO nanoparticles and bacteria cell walls because of positive 
charge of the CuO NPs [49]. This interaction of more positive Cu ions 
with negative peptidoglycan ions over the surface of bacteria will 
disrupt the outer membrane or cell wall. 

Fig. 16 shows the observed zone of inhibition around each disc of 
pure and Na doped CuO NPs over gram-positive bacteria species (Ba
cillus subtilis and Staphylococcus aureus); and gram-negative bacteria 
(Pseudomonas aeruginosa and Klebsiella pneumoniae). The results showed 
that, for gram positive bacteria, the inhibition zone is increased with 
increasing Na doping concentration, which is attributed to reduced 
crystallite size [48]. The as-synthesized NPs with large particle size 
demonstrated bacteriostatic effect, while those with small size showed 
bactericidal activity [4]. The highest radial diameter of the inhibitory 
zone observed for Cu0.90Na0.10O of B. subtilis and S. aureus was 10.67 ±
0.94 and 15 ± 1.11 mm, respectively (Fig. 17). Cu1-xNaxO NPs exhibited 
higher antibacterial activity against S. aureus than B. subtilis [76]. 
Interestingly, in case of gram-negative bacteria, the effect of Na+ doping 
content on the antibacterial activity of CuO NPs shows different results. 
Apparently, Cu0.94Na0.06O NPs presented the best antibacterial effect 
with observed maximum zone of inhibition 13.67 ± 1.11 and 9.25 ±
0.25 mm for P. aeruginosa and K. pneumonia, respectively (Fig. 17). 

When the Na+ doping concentration further enhanced beyond 6%, 
Na-doped CuO NPs exhibited decreased antibacterial activity [17]. It 
can be observed that, the zone of inhibition for all the as-grown NPs 
follows the sequence as S. aureus > P. aeruginosa > B. subtilis >
K. pneumoniae. This significant variation of antibacterial activity to
wards Gram-negative and Gram-positive bacteria may be assigned to the 
differences in their metabolism, net negative charge, cell structure, level 
of interaction of bacteria species with Cu1-xNaxO nanoparticles [15]. The 
superior antibacterial activity of Na doped CuO materials may also due 
to the synergetic interaction between sodium and ZnO nanoparticles as a 
result of the greater formation of reactive oxygen species (ROS) when 
compared to the individual materials. Thus, CuO NPs with addition of 
Na exhibited synergistic antibacterial activity against S. aureus and 
P. aeruginosa bacteria [59]. 

3.8. Antifungal activity 

The antifungal study of pure and Na-doped CuO nanoparticles were 
shown in Fig. 18. The as-prepared nanoparticles with different Na con
centrations were subjected to their antifungal activity against poly
morphic fungus C. albicans and filamentous fungus A. niger. The Cu1- 

xNaxO NPs presented higher antifungal activity against C. albicans with 
the maximum zone of inhibition of 8.5 ± 0.5 mm, followed by A. niger 
whose highest zone of inhibition was measured to be 7.5 ± 0.5 mm, 
respectively. The pure and Na-doped CuO NPs shows increased tendency 
of the zone of inhibition against A. niger except for 8% Na doping con
tent, where the crystallite size of the NPs is observed to be high (Fig. 19) 
[51]. Clearly, the antifungal activity of Cu1-xNaxO nanoparticles in
creases with an increase in the Na doping concentration and it is size 
dependent. Similarly, the pure and Na-graded CuO NPs shows active 
antifungal effect against the fungus C. albicans and the zone of inhibition 
is found to be increasing at lower Na doping content, but no significant 
change was observed in the zone of inhibition for high dopant concen
tration [20]. However, the highest antifungal activity against C. albicans 
was obtained for Cu0.90Na0.10O nanoparticles. At high doping concen
tration of Na, the metal ions liberated from Cu1-xNaxO nanoparticles 
may increase the antifungal effect by damaging the cell wall or mem
brane and will diffuse into cells [77,78]. Hence, Na doped CuO NPs 
showed profound antifungal activity against fungi C. albicans and 
A. niger [79]. 

4. Conclusion 

We have reported the synthesis of pure and sodium doped CuO 
cauliflower-shaped and flake-like nanostructures by a simple copreci
pitation route after thermal treatment at 450 ◦C for 3 h. The Cu1-xNaxO 
nano-powders with single phase was confirmed by XRD and SAED and 
present the monoclinic crystal structure. The band gap energy of Cu1- 

xNaxO materials is found to be increased and the refractive index, which 
is estimated based on the measured band gap energy, is reduced with 
increasing Na doping concentration. The existence of Na+ in CuO was 
evidenced from the Na–O absorption peak at 2340 cm− 1 in FTIR and 
sodium related peak in EDAX spectra. The FESEM and HR-TEM studies 
predicted that the irregular spherical NPs are agglomerated into nano 
cauliflower-shaped and flake-like structures alignment and the mean 
particle size changed according to Na doping concentration. The anti
bacterial studies of pure and Na doped CuO NPs confirmed an increased 
antibacterial activity against Gram positive (S. aureus and B. subtilis) 
bacterial strains except for x = 0.08, while Cu0.94Na0.06O NPs shows 
high antibacterial effect against Gram negative (P. aeruginosa and 
K. pneumonia) bacteria. The antifungal activity of Cu1-xNaxO NPs shows 
an increased zone of inhibition against fungus A. Niger, while the highest 
inhibitory zone against C. albicans is achieved for Cu0.90Na0.10O nano
particles. It is concluded that the resulted coprecipitation synthesized 
Cu1-xNaxO NPs showed significant antibacterial and high antifungal 
activities. Thus, the antimicrobial studies of pure and sodium doped CuO 

Fig. 19. Histogram representation of antifungal activity of the compounds to
wards the fungi C. albicans and A. niger. The values are Mean ± SD (n = 4). *P 
< 0.0001 Compared to control (Pure CuO). 
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NPs elicited their usage in future medical applications as promising 
antifungal drugs and the treatment of dangerous bacterial infections. 
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[11] D. Li, Y.H. Leung, A.B. Djurǐsić, Z.T. Liu, M.H. Xie, J. Gao, W.K. Chan, CuO 
nanostructures prepared by a chemical method, J. Cryst. Growth 282 (2005) 
105–111, https://doi.org/10.1016/j.jcrysgro.2005.04.090. 

[12] H. Zhu, C. Zhang, Y. Yin, Rapid synthesis of copper nanoparticles by sodium 
hypophosphite reduction in ethylene glycol under microwave irradiation, J. Cryst. 
Growth 270 (2004) 722–728, https://doi.org/10.1016/j.jcrysgro.2004.07.008. 

[13] H.T. Zhu, C.Y. Zhang, Y.M. Tang, J.X. Wang, Novel synthesis and thermal 
conductivity of CuO nanofluid, J. Phys. Chem. C 111 (2007) 1646–1650, https:// 
doi.org/10.1021/jp065926t. 

[14] B.R. Bade, S.R. Rondiya, Y.V. Hase, M.P. Nasane, S.B. Jathar, S.V. Barma, K. 
B. Kore, D.S. Nilegave, S.R. Jadkar, A.M. Funde, Hydrothermally synthesized CuO 
nanostructures and their application in humidity sensing, Pune, India, https://doi. 
org/10.1063/5.0043341, 2021. 

[15] Anu, N. Thakur, K. Kumar, K.K. Sharma, Application of Co-doped copper oxide 
nanoparticles against different multidrug resistance bacteria, Inorg. Nano-Metal 
Chem. 50 (2020) 933–943, https://doi.org/10.1080/24701556.2020.1728554. 

[16] L. Vimala Devi, S. Sellaiyan, T. Selvalakshmi, H.J. Zhang, A. Uedono, K. Sivaji, 
S. Sankar, Synthesis, defect characterization and photocatalytic degradation 
efficiency of Tb doped CuO nanoparticles, Adv. Powder Technol. 28 (2017) 
3026–3038, https://doi.org/10.1016/j.apt.2017.09.013. 

[17] Y. Lv, L. Li, P. Yin, T. Lei, Synthesis and evaluation of the structural and 
antibacterial properties of doped copper oxide, Dalton Trans. 49 (2020) 
4699–4709, https://doi.org/10.1039/D0DT00201A. 

[18] S. Iqbal, M. Javed, A. Bahadur, M.A. Qamar, M. Ahmad, M. Shoaib, M. Raheel, 
N. Ahmad, M.B. Akbar, H. Li, Controlled synthesis of Ag-doped CuO nanoparticles 
as a core with poly(acrylic acid) microgel shell for efficient removal of methylene 
blue under visible light, J. Mater. Sci. Mater. Electron. 31 (2020) 8423–8435, 
https://doi.org/10.1007/s10854-020-03377-9. 

[19] L.M. Dwivedi, N. Shukla, K. Baranwal, S. Gupta, S. Siddique, V. Singh, Gum Acacia 
modified Ni doped CuO nanoparticles: an excellent antibacterial material, 
J. Cluster Sci. 32 (2021) 209–219, https://doi.org/10.1007/s10876-020-01779-7. 

[20] A. Pugazhendhi, S.S. Kumar, M. Manikandan, M. Saravanan, Photocatalytic 
properties and antimicrobial efficacy of Fe doped CuO nanoparticles against the 
pathogenic bacteria and fungi, Microb. Pathog. 122 (2018) 84–89, https://doi.org/ 
10.1016/j.micpath.2018.06.016. 

[21] H. Zhu, F. Zhao, L. Pan, Y. Zhang, C. Fan, Y. Zhang, J.Q. Xiao, Structural and 
magnetic properties of Mn-doped CuO thin films, J. Appl. Phys. 101 (2007), 
09H111, https://doi.org/10.1063/1.2711711. 

[22] S.M. Yakout, A.M. El-Sayed, Structural, morphological and ferromagnetic 
properties of pure and (Mn, Co) codoped CuO nanostructures, J. Supercond. Nov. 
Magnetism 29 (2016) 2961–2968, https://doi.org/10.1007/s10948-016-3641-9. 

[23] H. Khmissi, A.M. El Sayed, M. Shaban, Structural, morphological, optical 
properties and wettability of spin-coated copper oxide; influences of film thickness, 
Ni, and (La, Ni) co-doping, J. Mater. Sci. 51 (2016) 5924–5938, https://doi.org/ 
10.1007/s10853-016-9894-7. 

[24] A.M. El Sayed, M. Shaban, Structural, optical and photocatalytic properties of Fe 
and (Co, Fe) co-doped copper oxide spin coated films, Spectrochim. Acta Mol. 
Biomol. Spectrosc. 149 (2015) 638–646, https://doi.org/10.1016/j. 
saa.2015.05.010. 

[25] S.J. Priscilla, K. Sivaji, L. Vimaladevi, in: Synthesis and Characterization of Na 
Doped Cupric Oxide (CuO) Nanoparticles, 2017, 050128, https://doi.org/ 
10.1063/1.4980361. Bhubaneswar, Odisha, India. 

[26] H. Siddiqui, M.R. Parra, M.S. Qureshi, M.M. Malik, F.Z. Haque, Studies of 
structural, optical, and electrical properties associated with defects in sodium- 
doped copper oxide (CuO/Na) nanostructures, J. Mater. Sci. 53 (2018) 8826–8843, 
https://doi.org/10.1007/s10853-018-2179-6. 

[27] A. Tabib, W. Bouslama, B. Sieber, A. Addad, H. Elhouichet, M. Ferid, 
R. Boukherroub, Structural and optical properties of Na doped ZnO nanocrystals: 
application to solar photocatalysis, Appl. Surf. Sci. 396 (2017) 1528–1538, https:// 
doi.org/10.1016/j.apsusc.2016.11.204. 

[28] N. Budiredla, A. Kumar, S. Thota, J. Kumar, Synthesis and optical characterization 
of Mg 1- x Ni x O nanostructures, Int. Sch. Res. Notices Nanomater. 2012 (2012) 
1–8, https://doi.org/10.5402/2012/865373. 

[29] N. Wongpisutpaisan, P. Charoonsuk, N. Vittayakorn, W. Pecharapa, Sonochemical 
synthesis and characterization of copper oxide nanoparticles, Energy Proc. 9 
(2011) 404–409, https://doi.org/10.1016/j.egypro.2011.09.044. 

[30] S. Anandan, G.-J. Lee, J.J. Wu, Sonochemical synthesis of CuO nanostructures with 
different morphology, Ultrason. Sonochem. 19 (2012) 682–686, https://doi.org/ 
10.1016/j.ultsonch.2011.08.009. 

[31] J. Gounder Thangamani, S.K. Khadheer Pasha, Hydrothermal synthesis of copper
( ׀׀ ) oxide-nanoparticles with highly enhanced BTEX gas sensing performance using 
chemiresistive sensor, Chemosphere 277 (2021), 130237, https://doi.org/ 
10.1016/j.chemosphere.2021.130237. 

[32] A.J. Yin, J. Li, W. Jian, A.J. Bennett, J.M. Xu, Fabrication of highly ordered 
metallic nanowire arrays by electrodeposition, Appl. Phys. Lett. 79 (2001) 
1039–1041, https://doi.org/10.1063/1.1389765. 

[33] H. Fan, L. Yang, W. Hua, X. Wu, Z. Wu, S. Xie, B. Zou, Controlled synthesis of 
monodispersed CuO nanocrystals, Nanotechnology 15 (2004) 37–42, https://doi. 
org/10.1088/0957-4484/15/1/007. 

[34] E. Ayoman, S.G. Hosseini, Synthesis of CuO nanopowders by high-energy ball- 
milling method and investigation of their catalytic activity on thermal 
decomposition of ammonium perchlorate particles, J. Therm. Anal. Calorim. 123 
(2016) 1213–1224, https://doi.org/10.1007/s10973-015-5059-1. 

[35] H. Wang, J.-Z. Xu, J.-J. Zhu, H.-Y. Chen, Preparation of CuO nanoparticles by 
microwave irradiation, J. Cryst. Growth 244 (2002) 88–94, https://doi.org/ 
10.1016/S0022-0248(02)01571-3. 

[36] D.I. Son, C.H. You, T.W. Kim, Structural, optical, and electronic properties of 
colloidal CuO nanoparticles formed by using a colloid-thermal synthesis process, 
Appl. Surf. Sci. 255 (2009) 8794–8797, https://doi.org/10.1016/j. 
apsusc.2009.06.056. 

[37] J.F. Xu, W. Ji, Z.X. Shen, S.H. Tang, X.R. Ye, D.Z. Jia, X.Q. Xin, Preparation and 
characterization of CuO nanocrystals, J. Solid State Chem. 147 (1999) 516–519, 
https://doi.org/10.1006/jssc.1999.8409. 

[38] D. Chua, S.B. Kim, K. Li, R. Gordon, Low temperature chemical vapor deposition of 
cuprous oxide thin films using a copper(I) amidinate precursor, ACS Appl. Energy 
Mater. 2 (2019) 7750–7756, https://doi.org/10.1021/acsaem.9b01683. 

[39] B. Nageswara Rao, P. Tirupathi Rao, K. Vasudha, Sk. Esub Basha, D.S.L. Prasanna, 
T. Bhushana Rao, K. Samatha, R.K. Ramachandra, Physiochemical characterization 
of sodium doped zinc oxide nano powder for antimicrobial applications, 
Spectrochim. Acta Mol. Biomol. Spectrosc. 291 (2023), 122297, https://doi.org/ 
10.1016/j.saa.2022.122297. 

[40] C. Xu, Y. Liu, G. Xu, G. Wang, Preparation and characterization of CuO nanorods by 
thermal decomposition of CuC2O4 precursor, Mater. Res. Bull. 37 (2002) 
2365–2372, https://doi.org/10.1016/S0025-5408(02)00848-6. 

[41] L.B. Truong, D. Medina-Cruz, J.J. Martinez-Sanmiguel, A. Soto-Mendoza, I. 
G. Esquivel-Lopez, Y. Perez, M. Saravanan, H. Barabadi, J.L. Cholula-Diaz, 
E. Mostafavi, Biogenic metal nanomaterials to combat antimicrobial resistance, in: 
Emerging Nanomaterials and Nano-Based Drug Delivery Approaches to Combat 

B. Nageswara Rao et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.matlet.2012.04.148
https://doi.org/10.1016/j.matlet.2012.04.148
https://doi.org/10.1016/j.matchemphys.2010.04.015
https://doi.org/10.1016/j.matlet.2010.05.044
https://doi.org/10.1080/01614940903048661
https://doi.org/10.1016/j.chemosphere.2015.03.078
https://doi.org/10.1016/j.chemosphere.2015.03.078
https://doi.org/10.1016/j.scitotenv.2012.09.065
https://doi.org/10.1016/j.scitotenv.2012.09.065
https://doi.org/10.1063/1.3574656
https://doi.org/10.1063/1.3574656
https://doi.org/10.1016/j.cclet.2014.07.014
https://doi.org/10.1016/j.cclet.2014.07.014
https://doi.org/10.1016/j.pmatsci.2013.09.003
https://doi.org/10.1016/j.pmatsci.2013.09.003
https://doi.org/10.9790/4861-17002015763
https://doi.org/10.1016/j.jcrysgro.2005.04.090
https://doi.org/10.1016/j.jcrysgro.2004.07.008
https://doi.org/10.1021/jp065926t
https://doi.org/10.1021/jp065926t
https://doi.org/10.1063/5.0043341
https://doi.org/10.1063/5.0043341
https://doi.org/10.1080/24701556.2020.1728554
https://doi.org/10.1016/j.apt.2017.09.013
https://doi.org/10.1039/D0DT00201A
https://doi.org/10.1007/s10854-020-03377-9
https://doi.org/10.1007/s10876-020-01779-7
https://doi.org/10.1016/j.micpath.2018.06.016
https://doi.org/10.1016/j.micpath.2018.06.016
https://doi.org/10.1063/1.2711711
https://doi.org/10.1007/s10948-016-3641-9
https://doi.org/10.1007/s10853-016-9894-7
https://doi.org/10.1007/s10853-016-9894-7
https://doi.org/10.1016/j.saa.2015.05.010
https://doi.org/10.1016/j.saa.2015.05.010
https://doi.org/10.1063/1.4980361
https://doi.org/10.1063/1.4980361
https://doi.org/10.1007/s10853-018-2179-6
https://doi.org/10.1016/j.apsusc.2016.11.204
https://doi.org/10.1016/j.apsusc.2016.11.204
https://doi.org/10.5402/2012/865373
https://doi.org/10.1016/j.egypro.2011.09.044
https://doi.org/10.1016/j.ultsonch.2011.08.009
https://doi.org/10.1016/j.ultsonch.2011.08.009
https://doi.org/10.1016/j.chemosphere.2021.130237
https://doi.org/10.1016/j.chemosphere.2021.130237
https://doi.org/10.1063/1.1389765
https://doi.org/10.1088/0957-4484/15/1/007
https://doi.org/10.1088/0957-4484/15/1/007
https://doi.org/10.1007/s10973-015-5059-1
https://doi.org/10.1016/S0022-0248(02)01571-3
https://doi.org/10.1016/S0022-0248(02)01571-3
https://doi.org/10.1016/j.apsusc.2009.06.056
https://doi.org/10.1016/j.apsusc.2009.06.056
https://doi.org/10.1006/jssc.1999.8409
https://doi.org/10.1021/acsaem.9b01683
https://doi.org/10.1016/j.saa.2022.122297
https://doi.org/10.1016/j.saa.2022.122297
https://doi.org/10.1016/S0025-5408(02)00848-6


Materials Chemistry and Physics 308 (2023) 128174

18

Antimicrobial Resistance, Elsevier, 2022, pp. 261–304, https://doi.org/10.1016/ 
B978-0-323-90792-7.00011-7. 

[42] A. Benko, K. Reczynska-Kolman, D. Medina-Cruz, J.L. Cholula-Diaz, C. O’Connell, 
L.B. Truong, L. Mart’nez, P. Kazimierczak, A. Przekora, S. Wilk, H. Barabadi, 
Y. Huttel, J.M. García-Martín, E. Pamula, T.J. Webster, Nanomaterials to aid 
wound healing and infection control, in: Antimicrobial Activity of Nanoparticles, 
Elsevier, 2023, pp. 19–67, https://doi.org/10.1016/B978-0-12-821637-8.00002-X. 

[43] E. Mostafavi, A. Zarepour, H. Barabadi, A. Zarrabi, L.B. Truong, D. Medina-Cruz, 
Antineoplastic activity of biogenic silver and gold nanoparticles to combat 
leukemia: beginning a new era in cancer theragnostic, Biotechnol. Rep. 34 (2022), 
e00714, https://doi.org/10.1016/j.btre.2022.e00714. 

[44] I. Virmani, C. Sasi, E. Priyadarshini, R. Kumar, S.K. Sharma, G.P. Singh, R. 
B. Pachwarya, R. Paulraj, H. Barabadi, M. Saravanan, R. Meena, Comparative 
anticancer potential of biologically and chemically synthesized gold nanoparticles, 
J. Cluster Sci. 31 (2020) 867–876, https://doi.org/10.1007/s10876-019-01695-5. 

[45] S. Wilk, A. Przekora, P. Kazimierczak, D. Medina-Cruz, L. Martinez, C. O’Connell, 
L.B. Truong, K. Reczynska-Kolman, H. Barabadi, J.L. Cholula-Diaz, E. Pamula, 
Y. Huttel, J.M. García-Martín, T.J. Webster, A. Benko, Nanocomposite scaffolds 
and coatings for wound healing and infection control, in: Antimicrobial Activity of 
Nanoparticles, Elsevier, 2023, pp. 69–99, https://doi.org/10.1016/B978-0-12- 
821637-8.00007-9. 

[46] H. Barabadi, K. Jounaki, E. Pishgahzadeh, H. Morad, N. Bozorgchami, H. Vahidi, 
Bioengineered metal-based antimicrobial nanomaterials for surface coatings, in: 
Antiviral and Antimicrobial Smart Coatings, Elsevier, 2023, pp. 489–539, https:// 
doi.org/10.1016/B978-0-323-99291-6.00012-8. 

[47] A. Vernet-Crua, D.M. Cruz, E. Mostafavi, L.B. Truong, H. Barabadi, J.L. Cholula- 
Diaz, G. Guisbiers, T.J. Webster, Green-synthesized metallic nanoparticles for 
antimicrobial applications, in: Nanomedicine, Elsevier, 2023, pp. 297–338, 
https://doi.org/10.1016/B978-0-12-818627-5.00014-2. 

[48] J. Pasquet, Y. Chevalier, J. Pelletier, E. Couval, D. Bouvier, M.-A. Bolzinger, The 
contribution of zinc ions to the antimicrobial activity of zinc oxide, Colloids Surf. A 
Physicochem. Eng. Asp. 457 (2014) 263–274, https://doi.org/10.1016/j. 
colsurfa.2014.05.057. 

[49] M.S. Usman, M.E. El Zowalaty, K. Shameli, N. Zainuddin, M. Salama, N.A. Ibrahim, 
Synthesis, characterization, and antimicrobial properties of copper nanoparticles, 
Int. J. Nanomed. 8 (2013) 4467–4479, https://doi.org/10.2147/IJN.S50837. 

[50] A.W. Bauer, W.M. Kirby, J.C. Sherris, M. Turck, Antibiotic susceptibility testing by 
a standardized single disk method, Am. J. Clin. Pathol. 45 (1966) 493–496. 

[51] J. Ramyadevi, K. Jeyasubramanian, A. Marikani, G. Rajakumar, A.A. Rahuman, 
Synthesis and antimicrobial activity of copper nanoparticles, Mater. Lett. 71 (2012) 
114–116, https://doi.org/10.1016/j.matlet.2011.12.055. 

[52] M.H. Babu, J. Podder, Bond length controlling opto-structural properties of Mn 
doped CuO thin films: an experimental and theoretical study, Mater. Sci. Semicond. 
Process. 129 (2021), 105798, https://doi.org/10.1016/j.mssp.2021.105798. 

[53] D.E. Navarro-Lopez, R. Garcia-Varela, O. Ceballos-Sanchez, A. Sanchez-Martinez, 
G. Sanchez-Ante, K. Corona-Romero, D.A. Buentello-Montoya, A. Elias-Zuniga, E. 
R. Lopez-Mena, Effective antimicrobial activity of ZnO and Yb-doped ZnO 
nanoparticles against Staphylococcus aureus and Escherichia coli, Mater. Sci. Eng. 
C 123 (2021), 112004, https://doi.org/10.1016/j.msec.2021.112004. 

[54] R. H R, S. M S, P. S, C.R. Ravikumara, N. H P, D. N, Costus Pictus leaf extract 
mediated biosynthesis of Fe and Mg doped CuO nanoparticles: structural, 
electrochemical and antibacterial analysis, Mater. Res. Express 6 (2019) 1150e5, 
https://doi.org/10.1088/2053-1591/ab4f20. 

[55] A. Khorsand Zak, W.H. Abd. Majid, M.E. Abrishami, R. Yousefi, X-ray analysis of 
ZnO nanoparticles by williamson–hall and size–strain plot methods, Solid State Sci. 
13 (2011) 251–256, https://doi.org/10.1016/j.solidstatesciences.2010.11.024. 

[56] H. Mersian, M. Alizadeh, N. Hadi, Synthesis of zirconium doped copper oxide 
(CuO) nanoparticles by the pechini route and investigation of their structural and 
antibacterial properties, Ceram. Int. 44 (2018) 20399–20408, https://doi.org/ 
10.1016/j.ceramint.2018.08.033. 

[57] P. Mantecca, E. Moschini, P. Bonfanti, U. Fascio, I. Perelshtein, A. Lipovsky, 
G. Chirico, R. Bacchetta, L. Del Giacco, A. Colombo, A. Gedanken, Toxicity 
evaluation of a new Zn-doped CuO nanocomposite with highly effective 
antibacterial properties, Toxicol. Sci. 146 (2015) 16–30, https://doi.org/10.1093/ 
toxsci/kfv067. 

[58] D. Saravanakkumar, S. Sivaranjani, K. Kaviyarasu, A. Ayeshamariam, 
B. Ravikumar, S. Pandiarajan, C. Veeralakshmi, M. Jayachandran, M. Maaza, 
Synthesis and characterization of ZnO–CuO nanocomposites powder by modified 
perfume spray pyrolysis method and its antimicrobial investigation, 
J. Semiconduct. 39 (2018), 033001, https://doi.org/10.1088/1674-4926/39/3/ 
033001. 

[59] A. Azam, Size-dependent antimicrobial properties of CuO nanoparticles against 
Gram-positive and -negative bacterial strains, Int. J. Nanomed. (2012) 3527, 
https://doi.org/10.2147/IJN.S29020. 

[60] M. Mayakannan, S. Gopinath, S. Vetrivel, Synthesis and characterization of 
antibacterial activities nickel doped cobalt oxide nano particles, Mater. Chem. 
Phys. 242 (2020), 122282, https://doi.org/10.1016/j.matchemphys.2019.122282. 

[61] A.S. Ethiraj, D.J. Kang, Synthesis and characterization of CuO nanowires by a 
simple wet chemical method, Nanoscale Res. Lett. 7 (2012) 70, https://doi.org/ 
10.1186/1556-276X-7-70. 

[62] A. Ananth, S. Dharaneedharan, M.-S. Heo, Y.S. Mok, Copper oxide nanomaterials: 
synthesis, characterization and structure-specific antibacterial performance, Chem. 
Eng. J. 262 (2015) 179–188, https://doi.org/10.1016/j.cej.2014.09.083. 

[63] M.M. Ba-Abbad, A.A.H. Kadhum, A. Bakar Mohamad, M.S. Takriff, K. Sopian, The 
effect of process parameters on the size of ZnO nanoparticles synthesized via the 
sol–gel technique, J. Alloys Compd. 550 (2013) 63–70, https://doi.org/10.1016/j. 
jallcom.2012.09.076. 

[64] N.R. Dhineshbabu, V. Rajendran, N. Nithyavathy, R. Vetumperumal, Study of 
structural and optical properties of cupric oxide nanoparticles, Appl. Nanosci. 6 
(2016) 933–939, https://doi.org/10.1007/s13204-015-0499-2. 

[65] A. Muthuvel, M. Jothibas, C. Manoharan, Synthesis of copper oxide nanoparticles 
by chemical and biogenic methods: photocatalytic degradation and in vitro 
antioxidant activity, Nanotechnol. Environ. Eng. 5 (2020) 14, https://doi.org/ 
10.1007/s41204-020-00078-w. 

[66] E. Gharibshahi, E. Saion, Influence of dose on particle size and optical properties of 
colloidal platinum nanoparticles, Int. J. Mol. Sci. 13 (2012) 14723–14741, https:// 
doi.org/10.3390/ijms131114723. 

[67] A. Muthuvel, M. Jothibas, C. Manoharan, Effect of chemically synthesis compared 
to biosynthesized ZnO-NPs using Solanum nigrum leaf extract and their 
photocatalytic, antibacterial and in-vitro antioxidant activity, J. Environ. Chem. 
Eng. 8 (2020), 103705, https://doi.org/10.1016/j.jece.2020.103705. 

[68] A.S.A. Alsubaie, Characterization and optical studies of hydroxyethyl cellulose- 
copper oxide nanocomposites, J. Spectrosc. 2022 (2022) 1–9, https://doi.org/ 
10.1155/2022/8422803. 

[69] T.S. Moss, A relationship between the refractive index and the infra-red threshold 
of sensitivity for photoconductors, Proc. Phys. Soc. B 63 (1950) 167–176, https:// 
doi.org/10.1088/0370-1301/63/3/302. 

[70] V.P. Gupta, N.M. Ravindra, Comments on the moss formula, Phys. Status Solidi 100 
(1980) 715–719, https://doi.org/10.1002/pssb.2221000240. 
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ABSTRACT 
This article discusses the development and authentication of an isocratic mode stability-indicating RP-
HPLC method for belumosudil (BLSL) measurement in bulk, Rezurock tablets, and degraded Rezurock 
samples. The BLSL and its degradants were separated well at room temperature using a Phenyl C18 column.  
The isocratic mode mobile phase comprised of a combination of 0.1% triethylamine and pure acetonitrile 
(40:60 v/v) delivered by 1.0 mL/min flow, and 254 nm was used for monitoring the effluents. Studies on 
BLSL's stress-triggered degradation revealed no impact on the suggested method's accuracy as well as 
specificity. During degradation investigations, four BLSL degradants were generated. They were DPA-1 
(Rt – 0.734 min), DPA-2 (Rt – 0.785 min); DPO-3 (Rt - 1.749 min); DPW-4 (Rt- 1.082 min). The study 
also employed the LC-MS approach to characterize the generated four BLSL degradants. The DPA-
1 spectra scans had m/z 99.042, 194.110, 372.123 and 489.173 fragment ions, DPA-2 spectra scans 
had m/z 91.042, 166.115, 238.090 and 309.163 fragment ions, DPO-3 spectra scans had m/z 95.042, 
194.110, 254.085 and 353.153 fragment ions and DPW-4 spectra scans had m/z 95.042, 194.110, 263.109, 
337.158 and 454.204 fragment ions. Based on scans, the molecular weight, probable structure, and likely 
path for their formation were proposed.  
Keywords: Belumosudil, Stability, Degradation, HPLC, Degradants, Characterization, LC-MS. 

RASĀYAN J. Chem., Vol. 17, No. 2, 2024 
 

INTRODUCTION  
A systemic illness referred to as "graft-versus-host disease" develops when the recipient's bodily cells 
become targeted by the graft's immune cells, which recognize the host as nonself-cells.1 The major factor 
attributing to morbidity along with death following transplantation of hematopoietic stem cells is thought 
to be "graft-versus-host disease". This consequence will kill over 10% of subjects.2,3 Kadmon 
Pharmaceuticals has developed belumosudil (BLSL) to treat systemic sclerosis as well as chronic "graft-
versus-host disease". BLSL was very first approved in the United States in July 2021 for the therapy of 
chronic "graft-versus-host disease" illness in adults and also pediatric patients who were 12 years or older.4 

The production and sale of many health-related products depend heavily on quality assurance and control. 
These two procedures ensure that the quality standards for health-related products have been met.5 It is 
advised to carry out the quantitation of BLSL for quality control along with product development.  
Furthermore, assessing stability is a crucial step in developing of novel pharmacological medicines.  
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Verifying how a drug molecule’s or drug product's quality varies over time under the influence of numerous 
conditions, including light, humidity, acid, reducing agent, oxidizing agent, alkaline, and temperature, is 
the aim of stability testing.6,7 This makes it possible to decide on appropriate storage settings, times for 
retests, and shelf life. So far, just a single RP-HPLC has been established by Padmavathi and Sowmya to 
determine the BLSL amount in their formulations and bulk forms.8 Padmavathi and Sowmya utilized BDS 
C18 analytical column fixed at 30°C, phosphoric acid: acetonitrile (ratio 45:55 v/v) solvent mix with a 
stream rate of 1.0 mL/min as mobile phase, and 225.0 nm as detection and quantifying wavelength. BLSL 
retention time in the Padmavathi and Sowmya techniques was reported at 2.439 min.  Padmavathi and 
Sowmya's technique did not report peak purities for BLSL in degradation conditions, characterization of 
BLSL degradants, and BLSL degradation pathway. In alignment with ICH requirements, this paper details 
the development and authentication of an isocratic mode stability-indicating RP-HPLC technique for the 
measurement of BLSL in the presence of all its components of degradation. With the use of LC-MS 
analysis, the degradation products of BLSL were assessed, and a suggested degradation route was also 
included.              

EXPERIMENTAL 
Chemicals 
Sd Chemicals Ltd., (India) provided chromatography-mark acetonitrile and triethylamine. The same firm 
also provided high-quality analytical chemicals including peroxide, sodium hydroxide, and hydrochloric 
acid. The chromatography-marked water utilized in this investigation came from Milli Q (India). 
 
BLSL API and BLSL Formulation 
The supplier of BLSL API was BLD Pharma Tech Ltd (India). Rezurock tablet manufactured by Kadmon 
Pharmaceuticals (US) with a 200 mg per tablet label was employed in this research study. 
 

Mobile Phase 
The isocratic mode mobile phase comprised of a combination of 0.1% triethylamine and pure acetonitrile 
(40:60 v/v). The mobile phase was subjected to degassing over 10 min employing an ultrasonic sonicator 
ahead of being employed in the investigation. The membrane filter used for filtration of the mobile phase 
was of size 0.45 µm.  As a diluent, the same mixture of mobile phase solvents was deployed.  
 

BLSL Solutions 
To make the stock BLSL solution, 5 mg of BLSL API was put into a 10 mL volumetric flask along with a 
few volumes of diluent. The flask was well-shook before further diluent was added to arrive at a 500 µg/mL 
concentration. All BLSL assay procedure validation parameters were tested using the working BLSL 
solution at the necessary concentrations (50 µg/mL) which was prepared after stock BLSL solution (500 
µg/mL) had been diluted appropriately and well mixed. 
 

Tablet BLSL Solutions 
The mean weight of twenty BLSL tablets (Rezurock) was determined by weighing them. To make a finely 
ground powder, the tablets were blended in a dry, clean mortar. A precise amount of BLSL (5 mg) in the 
form of a finely powdered tablet was taken, dissolved in a minimal volume mobile phase, completely mixed, 
and agitated for 5 mins in a 10 mL volumetric flask. Up to 10 mL, of diluent solvent was added to produce 
a volume with 500 µg/mL concentrated tablet BLSL solution. Working tablet BLSL solution at the 
necessary concentration (50 µg/mL) for analysis was prepared after stock tablet BLSL solution (500 µg/mL) 
had been diluted appropriately and well mixed. 
 

General Procedure 
The "Waters Alliance" HPLC system, which has a quaternary pump and PDA detector, was used to develop 
and authenticate an isocratic mode stability-indicating RP-HPLC method for BLSL measurement. The 
BLSL and its degradants were separated well at room temperature using a Phenyl C18 column of length 
150 mm, identification of 4.6 mm and 3.5 μm particle-sized dimensions. A 10 μl BLSL sample quantity for 
injection was applied for each study.  An isocratic 1.0 mL/min input rate of the mobile phase was pumped 
through the phenyl column for the elution of BLSL and its degradants. Using the peak area response of 
BLSL measured at 254 nm wavelength, the BLSL assay was done. 
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BLSL Calibration Curve 
To create the BLSL calibration curve, several series of BLSL solutions were made appropriately by diluting 
stock BLSL solution (500 µg/mL) with diluent.  Six concentrations (12.5; 25.0; 37.5; 50.0; 62.5; and 75.0 
µg/mL) were selected with a concentration spanning 12.50–75.00 µg/mL. Every BLSL concentration 
solution was evaluated following the general procedure given. Peak area, as well as peak height of BLSL, 
were submitted for least squares regression calculations to assess BLSL linearity. The result was a 
calibration equation that included the Y-intercept, slope, plus correlation coefficient.  
 

Analysis of BLSL in Rezurock Tablets 
Working tablet Rezurock solution (50 µg/mL concentration) was evaluated following the general procedure 
given. Peak area, as well as peak height of BLSL, were obtained. These data allow for the evaluation of the 
BLSL content in the tablet. 
 

Mass Spectral Studies on BLSL 
The “Triple Quad TM 5600” LC-MS/MS System controlled using “Analyst” software was used for this. 
To determine the BLSL fragmentation patterning, mass spectrum measurements were performed in the 
positive electrospray ionization manner in the mass span of 0–800 Da. Using a syringe pump, BLSL was 
directly fed into the mass spectrometer at a quantity of 50 μg/mL in the diluent. The mass parameters for 
BLSL analysis were tweaked correctly to generate an exclusive molecular ion peak for BLSL. Nebulizer 
and auxiliary gas were both high-purity nitrogen. 
 

Degradation Studies 
The compelled degradation investigation of BLSL employed conditions including 30% H2O2 (oxidizing 
reagent), 1.0 N HCl (acid reagent), 30% sodium bisulfate (reducing reagent), 1.0 N NaOH (alkaline 
reagent), Milli Q water (hydrolytic reagent), UV light (photo condition), and temperature (thermal 
condition).9,10 1.0 mL volume of 30% H2O2, 1.0 N HCl, 30% sodium bisulfate, 1.0 N NaOH, and Milli Q 
water were applied to degrade tablet Rezurock powder (500 µg/mL BLSL). For 30 min the solutions 
(Rezurock powder + 7 mL diluent + 1.0 mL of degradation reagent) were refluxed at a fixed temperature 
of 60 °C. The solutions went through filtering and then the right volume of dilution (up to 10 mL) was 
made. With diluent, subsequently dilute 5 mL of the deteriorated solutions to produce 50 mL for the BLSL 
degradation analysis. Thermal degradation tests involved placing 50 mg of solid dry tablet Rezurock 
powder at 105 oC for a whole day (24 hr).  A 24-hour photolytic degradation investigation with solid dry 
tablet BLSL powder (50 mg) was conducted beneath UV light inside a photochamber. The thermal 
degradation BLSL solution and photodegradation BLSL solution for BLSL degradation analysis was made 
following protocol as told in the section “Tablet BLSL solutions”. Each of the stressed tablet Rezurock 
solutions was evaluated following the general procedure given. The BLSL assay of stressed samples was 
contrasted with the usual untreated BLSL.  
 

LC-MS Studies on Degradants 
The samples containing the degradants were submitted to LC-MS analysis with mass spectrum 
measurements performed in the positive electrospray ionization manner to better comprehend the structure 
of the degradants generated in the degradation scenarios that were carried out and also possible paths for 
degradant formation. Using LC-MS fragmentation investigation, each degradant's structural verification 
possible paths verification was ascertained. 
 

RESULTS AND DISCUSSION 
Optimization of BLSL Assay Conditions 
For column selection, two columns like Phenyl C18 column and the Aligent C18 column were investigated. 
Both columns have a length of 150 mm, identification of 4.6 mm, and 3.5 μm particle-sized dimensions. 
Several solvent combinations, such as 0.1% formic acid/acetonitrile and 0.1% trimethylamine/acetonitrile 
with differing ratios, have been explored regarding mobile phase optimization. With 0.1% formic acid and 
pure acetonitrile (20:80 v/v) and Aligent C18 column, a very low plate count (353) was obtained. Just 353 
plate counts and higher peak tailing (2.16) were obtained using the Aligent C18 column with 0.1% formic 
acid and pure acetonitrile (30:70 v/v). A peak with an RT of about 1.0 min was generated using pure 
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acetonitrile (30% vol) and 0.1% formic acid (70% vol) in an Aligent C18 column. A disturbing baseline, a 
low plate count (245), and higher tailing (2.40) resulted in 0.1% formic acid, pure acetonitrile (50:50 v/v), 
and a Phenyl C18 column. We got the same results when 0.1% formic acid: pure acetonitrile (20:80 v/v), 
and a Phenyl C18 column was used. The same solvent blend in 30:70 (v/v) and the Phenyl C18 column also 
produced a lower plate count (1187). When 0.1% triethylamine: pure acetonitrile (40:60 v/v) and Phenyl 
C18 column were used, we got a good peak shape (tailing value of 0.98) with satisfactory plate count (6500) 
and more peak area (3710254) for BLSL (Fig.-1). The flow rate of solvents in column and column 
temperature was kept at 1.0 mL/min and room temperature, respectively, throughout all trail tests.  
 

 
Fig.-1: BLSL Chromatogram using Phenyl C18 as the Preferred Column and 0.1% triethylamine:  Pure Acetonitrile 

(40:60 V/V) as the Ideal Mobile Phase 
 

The spectrum for BLSL dissolved in diluent was made. There were two determined λmax values for BLSL. 
One at 223.7 nm and the other at 292.4 nm. At 223.7 nm, BLSL had a greater response. Thus, 224 nm was 
chosen as the quantification wavelength.  

 

Method Validation 
Validated the newly established RP-HPLC BLSL assay procedure by adhering to ICH requirements.11 

 

System Suitability 
Six samples, each containing 50 µg/mL of BLSL, were evaluated following the aforementioned described 
“general procedure”. In this study, the BLSL peak displayed good symmetry (mean - 0.930; %RSD – 
0.130), with a satisfactory theoretical plate count (mean- 6575; %RSD – 0.545). BLSL retention time 
averaged 2.425 min, with a %RSD of 0.077. All parameters had RSDs substantially below 1%, signifying 
acceptable system suitability for BLSL analysis. 
 

Selectivity 
The “general procedure” given was followed for the assessment of the diluent blank, working BLSL 
solution (50 µg/mL), placebo, and tablet Rezurock solution (50 µg/mL). The chromatograms were assessed 
(Fig.-2). Without the intervention of the mobile phase and also excipients, the established “general 
procedure” demonstrated selectivity for BLSL analysis.  
 
Linearity 
Using the previously stated "general procedure," six concentrations (12.50, 25.00, 37.50, 50.00, 62.50, and 
75.00 µg/mL) of BLSL were analyzed to examine the linearity. Having a correlation coefficient value of 
0.9998, the linear equation for BLSL was Y = 74279.74 X + 16090.61. In this equation, ‘Y’ is the BLSL 
peak response, and ‘X’ is the specified working BLSL concentration in µg/mL. The strong correlation 
coefficient findings (>0.999) established the good linearity exhibited by the BLSL calibration graph. 
 

Sensitivity 
The following formulas were implemented to figure out both the LOD and LOQ for BLSL based on the 
slope and standard deviation measurements from the linearity: 
LOD = SD of BLSL area response/Slope of BLSL from linearity curve × 3.3  
LOQ = SD of BLSL area response /Slope of BLSL from linearity curve × 10  
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For BLSL, the LOD was 0.15 µg/mL and the LOQ was 0.50 µg/mL, demonstrating adequate sensitivity for 
BLSL analysis by the specified "general procedure". 
 

 

 
Fig.-2: Chromatograms Demonstrating Selectivity 

Precision 
System and method precisions for established “general procedure” were ensured by analyzing working 
BLSL solution (50 µg/mL) and BLSL spiked (50 µg/mL) Rezurock solution, respectively on the same day. 
By analyzing BLSL spiked (50 µg/mL) Rezurock solution (50 µg/mL) on a separate day employing an 
alternate operator and instrument, intermediate precision was verified. RSD (Table-1) is used for expressing 
the results. The findings demonstrated the great precision of the established “general procedure”, with a 
deviation of fewer than 2%. This substantial level of precision is apt for QC evaluations of BLSL in the 
final pharmaceutical tablet Rezurock formulation. 

 

Table-1: Precision Evaluation for BLSL Analysis 
Precision → System  Method  Intermediate  

Sample ↓ BLSL Area  BLSL assay (%) BLSL assay (%) 
Mean 3738668 100.1 100.5 

SD/RSD 21458.443/0.57 0.814/0.81 0.662/0.66 
 

Accuracy 
The implementation of accuracy involved producing three distinct tablet Rezurock samples that were spiked 
at 25 µg/mL, 50 µg/mL, and 75 µg/mL of BLSL. Three duplicates of each concentration solution were then 
injected followed by analysis using an established “general procedure”. As indicated by Table-2, the 
accuracy findings (% BLSL assay) for the tested range (25 µg/mL, 50 µg/mL, and 75 µg/mL) were 
determined to fall between the 98–102 percent acceptance standards. 

 

Table-2: Accuracy evaluation for BLSL analysis 
Tested level 

↓ 
 Quantity Added 

(µg/mL) 
Area Counts Quantity Found  

(µg/mL) 
% Quantity 
recovered  

50 %   

25 1835458 24.5 98.0 
25 1856471 24.8 99.2 
25 1869720 25.0 100.0 

100 %  
50 3752146 50.2 100.4 
50 3762148 50.3 100.6 
50 3726589 49.8 99.6 

150 %  
75 5563214 74.4 99.2 
75 5601529 74.9 99.9 
75 5598745 74.9 99.9 

Mean  99.6 
SD/RSD 0.551/0.55 

Robustness 
Robustness was investigated using planned little modifications, such as modest alterations to the mobile 
phase's composition and flow rate. The planned minor adjustments were carried out with a varied organic 
solvent proportion (acetonitrile) at 60% volume ± 5.0% volume and a flow speed of 1 mL/min ± 0.1 
mL/min. The RDS% values for the BLSL assay (%) were used to evaluate the outcomes of deliberate 
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modest alterations. As stated in Table 3, the RSD% was measured to have a value of < 2% in every instance. 
The findings demonstrated the great robustness of the established “general procedure”. 

 

Table-3: Robustness Evaluation for BLSL Analysis 

Flow plus 
(mL/min) 

Quantity for 
study 

(µg/mL) 

Area 
obtained  

% Assay 
evaluated  

Flow minus 
(mL/min) 

Quantity 
for study 
(µg/mL) 

Area 
obtained  

% Assay 
evaluated  

 
1.1 

50 3462279 100.3 
0.9 

 

50 3960105 99.6 
50 3454826 100.1 50 3974649 100.0 
50 3453007 100.0 50 3997997 100.6 

Mean  100.1 Mean  100.1 
SD/RSD 0.153/0.15 SD/RSD 0.500/0.50 

Acetonitrile 
proportion 

plus  

Quantity for 
study 

(µg/mL) 

Area 
obtained  

% Assay 
evaluated  

Acetonitrile 
proportion 

minus  

Quantity 
for study 
(µg/mL) 

Area 
obtained  

% Assay 
evaluated  

65%  
volume 

50 3520129 99.7 
55% volume  

50 3939870 98.7 
50 3511307 99.5 50 3940360 98.8 
50 3531989 100.1 50 3943200 98.8 

Mean  99.8 Mean  98.8 

SD/RSD 0.306/0.31 SD/RSD 0.058/0.06 
 

Degradation Studies 
The compelled degradation investigation on tablet Rezurock solution was carried out to ascertain the 
stability-indicating characteristics of the established “general procedure”. Additionally, to make it easier to 
confirm and separate the active ingredient under investigation, “BLSL”, from a variety of produced 
catalytic degradants. Additionally, this study offers details on BLSL’s stability under various degradation 
scenarios executed (Table-4). The order of BLSL was: thermal condition > photo condition > 30% sodium 
bisulphate > Milli Q water > 1.0 N NaOH > 1.0 N HCl > 30% H2O2. This indicates a considerable degree 
of oxidation labile behavior for BLSL. This information is intended to help makers of drug generic products 
and bulk drug molecules optimize key quality features to minimize considerable peroxide exposure 
throughout the BLSL production process. About the BLSL principal peak, which has peak threshold 
estimates higher than purity angle estimates (Table-4), the present approach gave us extremely detailed 
information on the resolution including the separation performance of the neighboring co-eluted peaks 
under all degradation scenarios executed (Fig.-3).   
 

Table-4: Robustness Evaluation for BLSL 

Stress applied ↓ 
Quantity for 

study 
(µg/mL) 

Area 
obtained 

Stability 
(%) 

observed 

Degradation 
(%) observed 

Angle of 
purity 

Threshold of 
purity 

Control 

50 µg/mL 

3742814 99.9 0.1 0.129 5.234 
Hydrolytic stress 3358216 89.7 10.3 1.359 5.152 

Alkali stress 3274723 87.4 12.6 0.149 5.217 
Thermal stress 3687540 98.5 1.5 1.371 5.168 
Peroxide stress 3169254 84.6 15.4 0.171 5.229 

Acid stress 3236528 86.4 13.6 0.164 5.261 
Reduction stress 3627451 96.9 3.1 0.182 5.253 

Photo stress 3655713 97.6 2.4 1.359 5.152 
 

MS Spectra of BLSL 
Five fragments in all were created from the BLSL, as Fig.-4 illustrates. The formula found for BLSL from 
mass studies was C26H24N6O2 and the experimental mass was 453.20. 
 

Characterization of Degradants Produced 
Upon treating BLSL with 1.0 N HCl (acid reagent), a single impurity (DPA-1) with a retention time scale 
of 0.734 min was generated. Through LC-MS spectral characterization (Fig.-5), the mass of DPA-1 was 
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determined to be (M+H)+ 489.1732, with a predicted molecular makeup of C26H25N6O2
+ and chemical name 

N-(1H-indazol-5-yl)-2-(3-(2-(isopropylamino)-2-oxoethoxy)phenyl)quinazolin-4-aminium. 
 

 
1.0 N HCl (acid reagent) induced BLSL degradation chromatogram 

 

 
1.0 N NaOH (alkaline reagent) induced BLSL degradation chromatogram 

 
30% H2O2 (oxidizing reagent) induced BLSL degradation chromatogram 

 
30% sodium bisulphate (reducing reagent) induced BLSL degradation chromatogram 
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Milli Q water (hydrolytic reagent) induced BLSL degradation chromatogram 

 
UV light (photo condition) induced BLSL degradation chromatogram 

 
Temperature (thermal condition) induced BLSL degradation chromatogram 
Fig.-3: Chromatograms of BLSL under all Degradation Scenarios Executed 

 

 
Fig.-4: BLSL Line Spectrum Obtained Through an MS Investigate 

 

Figure-6 shows a probable route for the generation of DPA-1 from BLSL in an environment that is acidic. 
Upon degradation treatment with 1.0 N NaOH (an alkaline reagent), BLSL yielded one impurity (DPA-2) 
with a retention duration of 0.785 min. Through LC-MS spectral characterization (Fig.-5), the mass of 
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DPA-2 was determined to be (M+H)+ 166.115, with a predicted molecular makeup of C10H15NO and 
chemical name N-(phenoxymethyl)propan-2-amine. Figure-6 illustrates a likely pathway for BLSL to 
produce DPA-2 in an alkaline environment. After BLSL was oxidized with peroxide, one impurity (DPO-
3) with a retention timescale of 1.749 min resulted. The mass of DPO-3 was ascertained to be (M+H)+ 
254.085 by LC-MS spectral analysis (Fig.-5), with an anticipated molecular composition of C14H11N3O2 
and chemical name 3-(4-(hydroxyamino)quinazolin-2-yl)phenol. Figure-6 illustrates a likely pathway for 
BLSL to produce DPO-3 in a peroxide environment.  Using Milli Q water treatment for hydrolysis, BLSL 
yielded an impurity (DPW-4) with a retention time scale of 1.082 min. The mass of DPW-4 was ascertained 
to be (M+H)+ 337.158 by LC-MS spectral analysis (Fig.-5), with an anticipated molecular composition of 
C19H20N4O2 and chemical name 2-(3-(4-aminoquinazolin-2-yl)phenoxy)-N-isopropylacetamide. A 
plausible route for BLSL to generate DPW-4 in a neutral environment is depicted in Fig.-6. 
 

 
Fig.-5: Mass Spectral DPA-1, DPA–2, DPO-3 and DPW-4 Scans 

 

 
Fig.-6: Formation Path for DPA-1, DPA–2, DPO-3 and DPW-4  

 

Method Applicability 
To verify the method's applicability, the suggested "general procedure" was used with Rezurock tablets. 
The manufacturer claimed that each Rezurock pill included 200 mg of pure BLSL. The computed content 
of the 197.60 mg pure BLSL/Rezurock tablet was 98.80% of the BLSL amount as stated by the 
manufacturer. With recoveries ranging from 98.26% to 99.34%, the suggested "general procedure" proved 
to be accurate regarding BLSL determination and was deemed acceptable. 
 

CONCLUSION 
The development and authentication of an isocratic mode stability-indicating RP-HPLC technique for the 
measurement of BLSL was described herein for the first time. By meeting acceptance requirements, the 
validation guidelines supported the proposed quantitative method's validity for BLSL quantitation and 
detection at lower content levels in bulk and Rezurock tablets. All stressed Rezurock samples were 
analyzed, and the results show that the recommended “general procedure” is capable of identifying every 
degradant that has been produced, indicating the method's capacity for stability. The way BLSL degraded 
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was investigated. The drug did not exhibit any impurity development, making it stable under reduction, 
thermal, and photolytic conditions. However, four BLSL degradants were formed, one each in acid (DPA-
1), base (DPA-2), oxidation (DPO-3), and neutral (DPW-4) stress conditions. Employed the LC-MS 
approach successfully to characterize the generated four BLSL degradants. 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• This article reported the synthesis of 
pure and Na doped zinc oxide nano 
powders (Zn1-xNaxO) through co- 
precipitation process. 

• Hexagonal wurtzite Zn1-xNaxO nano 
powders with high crystallinity and 
stability were confirmed by XRD. 

• The factors such as particle size and 
surface morphology were controlled 
with varying Na concentrations. 

• The absorption peaks of as-synthesized 
Zn0.99Na0.01O samples are recorded at 
196, 284 and 365 nm, respectively. 

• The as-prepared Zn1-xNaxO nano pow
ders were proved to be excellent anti
bacterial and antifungal agents.  

A R T I C L E  I N F O   

Keywords: 
ZnO NPs 
Semiconductors 
Optical properties 
Antibacterial activity 
Antifungal activity 

A B S T R A C T   

Zinc oxide (ZnO) is one of the semiconductor materials with unique antimicrobial properties towards various 
microorganisms. In this article, pure and Na doped ZnO nanopowders were synthesized by easiest and cost- 
effective co-precipitation process. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), ul
traviolet – visible (UV – Vis) spectroscopy, scanning electron microscopy (SEM), and Energy dispersive X-ray 
analysis (EDAX) techniques were used to characterize the particle size, surface morphology and chemical 
composition of prepared materials. The XRD analysis revealed that the samples exhibiting hexagonal wurtzite 
crystal structure with high crystallinity and the average crystallite size values increased from 23.51 to 28.118 
nm. The UV – Vis spectroscopy results exposed that the bandgap energy (Eg) of the samples with the values in the 
range of 3.068–3.301 eV. The SEM micrographs showed that the morphology of the of synthesized particles are 
hexagonal and spherical in nanometric size. The EDX spectra confirmed the elemental composition of Na, Zn and 
O in the crystal lattice and FTIR spectroscopic data proved the formation of functional groups and the presence of 
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chemical bonding at the ZnO interface. Antibacterial activity of pure and Na doped Zinc oxide nanoparticles 
against Gram-negative pathogens such as Escherichia coli, Pseudomonas aeruginosa & Klebsiella pneumoniae 
and Gram-positive pathogens such as Staphylococcus aureus reveal that the zone of inhibition increases with 
increasing Na concentration. The antifungal activity against Aspergillus and Candida was investigated. These 
results demonstrated that the pure and Na doped ZnO samples exhibit enhanced antibacterial and antifungal 
activity with increasing particle size in presence of visible light and they could be used as good antibacterial as 
well as antifungal agents.   

1. Introduction 

Semiconductor nanomaterials with large band gap have drawn much 
interest to the researchers in the field of electronics, optics, optoelec
tronics and photovoltaic cells. Amongst the various semiconductor 
nanoparticles discussed so far, Zinc Oxide is a II-VI group compound 
direct band gap semiconductor with Eg of 3.37 eV and has an exciton 
binding energy of 60 meV both at room temperature and crystallizes into 
hexagonal wurtzite structure. It has the ability to grow single crystals as 
well as high piezoelectricity and exhibit excellent photonic and elec
trochemical properties [1–3]. Due to these aspects of ZnO, it has been 
considered to be an important material for various applications ranging 
from optical sensors, UV laser diodes and nanotechnology-based devices 
such as plasma displays. Also, nano-powdered ZnO semiconductors have 
received broad attention because of its applications in the field of 
electrostatic dissipative coatings, transparent ulta-violet protection 
films, sensors, spintronic machinery, luminescence, optoelectronics, 
photocatalysis, varistors, laser technology, imaging, energy conversion, 
and communications to biotechnology etc. It is a unique material and 
has a diverse form of growth morphologies, such as nano-rods, nano- 
bars, nano-rings, nano-springs, stone shaped like nano-structures, nano- 
belts, nano-wires and nano-cages [4,5]. 

In recent times, much attention has been given on the synthesis 
process to produce pure and doped ZnO nanomaterials. ZnO is visible 
light transparent material and can be improved its conductivity by 
doping as the dopants have strong influence on the properties of ZnO 
such as the electrical, optical and optoelectronic properties. In addition, 
the average crystalline size (D), band gap (Eg) and optical properties of 
ZnO are improved by introducing dopants into Zinc Oxide matrix. The 
ZnO doped with various metals (Al, Co, Cd, Eu, Cu, Ni, Ag, Co) show 
improved properties, since these metals have ionic radius almost 
matches well with Zn2+ (0.74 Å) [6]. Over the last few years, many 
researchers reported the incorporation of second element into ZnO 
matrix leads to modify physical and chemical properties. Few of them 
reported are ZnO:Na [4], ZnO:Ga [5], ZnO:Al [6,7], ZnO:Cd [8], ZnO:Co 
[9], ZnO:Cr [10], ZnO:Cu [11], ZnO:Eu [12], ZnO:Fe [13], ZnO:In [14], 
ZnO:Li [15], ZnO:Mn, Fe [16], ZnO:Ni, Al [17], etc. Here, to obtain 
stable p-type ZnO semiconductor nanopowders, Column-IA (Li, Na, K) 
and Column-V (P, As, Sb) elements are needed to dope, since these el
ements acts as deep acceptors or interstitial donors that contribute p- 
type conductivity [3,18]. In the last few decades, a group of methods 
have been successfully used for the synthesis of pure and doped Zinc 
Oxide NPs, such as sol - gel, co-precipitation, solid state reaction 
method, thermal diffusion method and mild and simple solution 
method. 

During the past few years, many researchers have published their 
findings on antimicrobial activities of pure and doped zinc oxide 
nanomaterials and showing that these nanostructures are acted as 
powerful antibacterial and antifungal agents. According to our litera
ture, the antimicrobial activities of the Na doped ZnO (Zn1-xNaxO) to
wards various filamentous bacteria and fungi have been rarely reported. 
Four bacterial strains, Escherichia coli, Pseudomonas aeruginosa, 
Klebsiella pneumoniae and Staphylococcus aureus as well as two fungal 
pathogens, Aspergillus and Candida were used against pure and Na doped 
ZnO samples. However, to best of our knowledge, there is no study re
ported in the literature particularly for these selected bacterial and 

fungal strains. In the present paper, the research study demonstrates 
about synthesis of pure and Na doped ZnO nanoparticles by the simple, 
low cost and energy consumption effective co-precipitation method. We 
also studied the structural, morphological, optical, antibacterial, and 
antifungal properties of pure and Na doped ZnO samples [19,20]. 

2. Experimental 

2.1. Chemicals used 

Zinc acetate dihydrate [Zn(CH3COO)2⋅2H2O, SRL chem. 99.5%] was 
used as the starting material for ZnO. Sodium nitrate [NaNO3, Merck 
Ltd., 99.0%] was used as the source compound for doping with sodium. 
Sodium hydroxide pellets GR [NaOH, Loba Chemie, 98.0%] was used as 
an agent. All precursors are used without any further purification as they 
received. 

2.2. Synthesis of the samples 

ZnO nanostructures were successfully synthesized in an aqueous 
medium by taking zinc acetate dihydrate [Zn(CH3COO)2⋅2H2O] and 
sodium hydroxide [NaOH] in a stoichiometric ratio according to the 
following chemical reactions (1), (2) and the formed sodium salt 
CH3COONa has been removed by deionized water [21]: 

Zn(CH3COO)2.2H2O+NaOH→Zn(CH3COO)(OH)+CH3COONa(↓) (1)  

Zn(CH3COO) (OH)+NaOH→ZnO+CH3COONa(↓) +H2O (2) 

The washing process was repeated until the pH of the solution was 7. 
For the synthesis of pure and sodium doped ZnO nano powders, Zinc 
acetate dihydrate [Zn(CH3COO)2⋅2H2O], sodium nitrate [NaNO3] and 
sodium hydroxide [NaOH] were used as precursors. During the synthesis 
of pure and sodium doped ZnO nanoparticles the main parameters such 
as, particle size, morphology, chemical composition and crystalline 
structure must be controlled [22]. Sodium doped zinc oxide nano
structures have been prepared by co-precipitation process and the syn
thesis procedure was shown in the Fig. 1. In this synthesis process, 21.95 
g of Zn(CH3COO)2⋅2H2O was dissolved in 100 ml of distilled water in a 
glass beaker and stirred for 30 min using magnetic stirrer. After stirring 
at room temperature, an appropriate amount of sodium nitrate (NaNO3) 
solution was prepared and added it to Zn(CH3COO)2⋅2H2O solution. 
Subsequently, 8 g of NaOH solution was prepared by using 100 ml of 
deionized water in a separate glass beaker and stirred it for 10 min. Now, 
this NaOH solution was slowly added drop by drop to the Zn 
(CH3COO)2⋅2H2O and NaNO3 mixture solution under stirring condition. 
The suspension formed with the dropping of NaOH alkaline aqueous 
solution to the Zn(CH3COO)2⋅2H2O and NaNO3 mixture solution and it 
was magnetic stirred for two hours at the room temperature. Now, the 
liquid white gel was formed under normal air condition, and it was 
vacuum filtered using membrane filtration assembly. The solid white gel 
was formed after vacuum filtration; it was heated in oven at 95 ◦C for 5 h 
to get Na-doped ZnO as white nano powders. Different masses of Sodium 
nitrate were mixed with the mixture of Zinc acetate and NaOH to vary 
the doping percentage (Na/Na + Zn). 
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2.3. Instrumentation 

Zn1-xNaxO nanopowder samples were characterized by the powder 
XRD patterns recorded using a Bruker-D8 advance powder x-ray 
diffractometer with CuKα radiation and a graphite monochromator in 
the angle (2θ) range of 30–80◦. UV–Visible optical absorption studies for 
the optical transmission and absorption measurements were carried out 
for pure and Na doped ZnO nanopowders by Shimadzu UV-1601 spec
trometer in the wavelength range of 200–800 cm. Fourier transform 
infrared spectroscopy was performed to identify the functional groups, 
which in turn determines the molecular structure of the synthesized 
nanopowders recorded using Varian-660 FTIR spectrometer in the wave 
number range of 400–4000 cm− 1. Scanning Electron Microscope with 
High-resolution provides detailed surface data of powder samples, 
which includes morphological structures, topographical structures and 
compositional information. For the purpose of these measurements, the 
powers were ultrasonically dispersed in alcohol and the suspension was 
deposited on the sample holder. Energy dispersive X-ray spectroscopy 
for elemental composition of the as-prepared samples was investigated 
by using EDX analysis. 

2.4. Antimicrobial activity test 

ZnO nanoparticles were reported as a superior antimicrobial agents 
and the performance was size and shape-dependent for many nano
particles, the smaller the size the higher the activity due to their higher 
specific surface area [23]. However, the ZnO NPs shows strong inhibited 
fungal and bacterial growth at higher doping concentrations of Na. In 
the current paper, we reported four types of bacterial cultures and two 
standard fungal pathogens for Zn1-xNaxO nanopowders with increased 
sodium dopant concentrations (x = 0, 0.01, 0.02, 0.04, 0.06, 0.08, and 
0.10) for their antibacterial activity and antifungal effect, respectively. 
The bactericidal assay on one strain of Gram-positive Staphylococcus 
aureus and, three strain of Gram-negative bacteria Pseudomonas aeru
ginosa, Escherichia coli and Klebsiella pneumoniae was performed. In 
addition, the antifungal activities of as-synthesized samples towards the 
economically important fungi, Aspergillus and Candida have been 

studied. 
The Kirby–Bauer disk diffusion method [24] was employed for 

evaluating antimicrobial activity. For screening antibacterial, antifungal 
activity nutrient agar medium and potato dextrose agar medium were 
prepared and sterilized by using autoclave at 121 ◦C and 15 lbs pressure 
for 15 to 20 min. The molten agar was poured into sterile Petri plates and 
allowed to solidify [25]. The 24 hrs old actively growing selected bac
terial and fungal cultures were spread on solid nutrient agar plates and 
on PDA plates. Concurrently, sterilized Whatman filter paper disks of 
around 6–8 mm size were coated with the graded concentrations of Na- 
doped ZnO nanoparticle solution and carefully placed on the culture. 
The plates containing bacterial culture were incubated at 37 ◦C for 24 
hrs and fungal cultures were incubated at 24 ◦C for 48 hrs. 

The antimicrobial activity of the as-synthesized Zn1-xNaxO nano
powders against all pathogenic microorganisms was studied in terms of 
zone of inhibition [26]. The zone of inhibition is the area appeared 
around pure and Na-doped ZnO samples coated in the disk at each 
respective concentrations where the growth of the microorganisms was 
arrested by the pure and Na-doped ZnO nanopowders. The measurement 
of the zone of inhibition was expressed in mm [27]. 

3. Results and discussion 

3.1. XRD analysis 

Fig. 2 shows the XRD patterns of as-synthesized pure and Na doped 
ZnO nanopowders. The XRD spectra of grown Zn1-xNaxO samples show 
the various diffraction peaks corresponding to (100), (002), (101), 
(102), (110), (103), (200), (112), (201), (004) and (202) planes 
[28]. It is clear from XRD spectra line broadening; the co-precipitation 
synthesized powders are in nano-scale [6]. All the diffraction patterns 
of Zn1-xNaxO confirmed the formation of hexagonal wurtzite structure of 
Zinc Oxide (JCPDS # 36-1451) [29]. No signal of extra diffraction peaks 
could be detected in this range of XRD corresponding to the sodium and 
its compounds due to its doping, leading to the formation of high purity 
single phase nanopowder samples. It is observed that Na ions are well 
doped into the hexagonal wurtzite ZnO matrix [30]. 

The average crystallite size (D) of Na doped ZnO nanostructures were 
calculated by using Debye-Scherrer’s formula 

Fig. 1. Flow chart of the co-precipitation synthesis process of sodium doped 
zinc oxide nanopowders. 

Fig. 2. X-ray diffraction pattern of Zn1-xNaxO nanopowders, for × is equals to 
(a) 0, (b) 0.01, (c) 0.02, (d) 0.04, (e) 0.06, (f) 0.08 and (g) 0.10. 
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D(nm) =
Kλ

βcosθ
(3) 

where K is the constant with value 0.94, λ represents wavelength of 
the X-ray of CuKα radiation (0.154 nm), β is the full width at half 
maximum (FWHM) of the diffraction peak and θ is the Bragg’s angle and 
D is the crystallite size in nm. From the line broadening of XRD (Fig. 3a), 
it clearly indicates that the mean crystallite size is increases from 23.51 
to 28.11 nm with increasing Na doping concentration. 

The dislocation density (δ) is defined as a measure of the amount of 
defects and vacancies in the crystal, which can be calculated from the 
average crystallite size (D) using the formula, 

δ =
1

D2 (4) 

and the micro strain (ε) of the samples induced was determined by 

ε =
βcosθ

4
(5) 

respectively [31]. 
The calculated dislocation density and lattice strain both decreases 

with an increase in Na+ ions doping concentration (Fig. 3b) due to the 
local distortion of lattice. The lattice cell volume (v) and bond length in 
Zn – O of Zn1-xNaxO is increased up to × = 0.04, then slightly decreases 
and is minimum for × = 0.06 (Fig. 3a & c). The atom at × = 0.04 could 
be trapped and shifted from the non-equilibrium to the more equilib
rium position thereby releasing the lattice strain. Also, there was a slight 
shift in the diffraction peak positions of the Zn1-xNaxO samples. These 
diffraction peak shifts change the lattice parameters a and c. 

Table 1 shows how both the lattice parameters a and c change as a 
function of Na doping concentration. The lattice constants a and c were 
found to be 3.250 and 5.207 Å for pure ZnO; and 3.255 and 5.214 Å for 
Zn0.90Na0.10O samples, respectively (Fig. 3d). This variation of the lat
tice constants (a and c) and the lattice cell volume (v) is due to the 

following two aspects: (i) the size variation of the ionic radii of Zn2+

(0.74 Å) and Na+(1.02 Å) and (ii) Increase in free carriers causes 
deformation of the conduction band potential [32,33]. 

The comparison of structural parameters such as Bragg’s angle (2θ), 
FWHM (β), crystallite size (D) and inter-planar distance (d) of Zn1-xNaxO 
(x = 0.00–0.10) for (101) diffraction peak were provided in Table 2 and 
it is observed that the inter planar spacing (d) was slightly varying with 
increasing Na concentration. 

The bond length L (Å) of Zn – O is given by [34]: 

L =

[(
a2

3

)

+

(
1
2
− u

)2

c2

]1/2

(6) 

Where a and b are lattice parameters and u denote the positional 
parameter, which measures the amount of displacement of each atom w. 
r.t. next atom along the c – axis in the wurtzite hexagonal structure and 
is given by: 

u =
a2

3c2 + 0.25 (7) 

The reported bond length L (Å) value of Zn – O in the undoped ZnO 
unit cell viewed in a direction parallel to Zn2+ and O2– atoms was given 
1.9767 Å [35]. It can be observed that the calculated L(Å) values of as- 
prepared nanopowders matches well with the reported value and its 
variation with Na doping concentration is shown in Fig. 3a. 

The Williamson and Hall graphs (W – H graphs) are plotted between 
4 sinθ on X – axis and βhkl cosθ on Y – axis for preferred peaks of 
diffraction of Zn1-xNaxO nanoparticles are shown in Fig. 4. In W-H 
methodology, the average crystallite size (Davg) and the micro strain (ε) 
of the pure and Na-doped ZnO samples are calculated from the y- 
intercept and slope of linear plot [36]. The structural parameters Davg 
and ε values evaluated from W – H method are 40.78 nm and 0.00139 
for pure ZnO; and 34.75 nm and 0.000825 for Zn0.96Na0.04O samples, 

Fig. 3. The calculated structural parameters variations of Zn1-xNaxO nanopowders with Na doping concentration (a) Average crystallite size and Bond length; (b) 
Dislocation density and Micro strain; (c) c/a ratio and Unit cell volume; and (d) Lattice constants (a and c). 
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respectively. 

3.2. The UV–Vis optical absorption spectra 

UV–Visible absorption spectra are formed by suspending the as- 
prepared samples in deionized water for a long period of time at room 
temperature. Various optical absorption peaks were observed due to 
large exciton binding energy (60 mV) [6]. The UV–Vis optical absorp
tion pattern of Zn1-xNaxO nanopowders in the wavelength the range of 
200 – 800 nm are showed in Fig. 5. The absorption peaks of 
Zn0.99Na0.01O samples were recorded at 196, 284 and 365 nm, respec
tively and it is evident that all Na-doped ZnO samples shows excellent 
optical absorbance below the wavelength of 390 nm while a very small 
absorbance was found in the visible region. From the spectra it is 
obvious that Na doped ZnO strongly absorb around 370 nm compared to 
pure ZnO due to presence of sodium content [8]. These absorption peaks 
are due to the electronic transitions from deep level of valence band to 
conduction band. Due to the difference in the particle size and shape of 
Zn1-xNaxO samples, the UV–Vis absorption peak pattern was slightly 
varying with an increase in Na+ doping content [28]. 

The optical direct band gap of Zn1-xNaxO samples is determined by 

Tauc’s formula, 

(αhυ)n
= B

(
hυ − − Eg

)
(7) 

where, B is a constant of the material, hν is the incident photon 
energy in eV, h is Planck’s constant, Eg is the optical energy bandgap in 
eV, n is an exponent and n = 2/3, 1/3, 2 and 1/2 for direct forbidden, 
indirect forbidden, direct allowed and indirect allowed transitions 
respectively, and α is the absorption coefficient (in cm− 1) [31]. 

Plots of (αhν)2 vs photon energy (hν) of pure and Na doped ZnO 
samples are illustrated in Fig. 6. The direct allowed band gap energy (Eg) 
for which n = 2 is measured by the extrapolation of the linear portions of 
the curves on the X-axis as shown in the Fig. 6. Bulk form of ZnO has a 
direct gap of 3.15 eV. It can be noticed that the band gap measured in 
nano sized form is higher than the value of bulk ZnO as in the nano scale, 

Table 1 
The average crystallite size, lattice constants (a and c) and unit cell volume of the Zn1-xNaxO (x = 0–0.10) nano powders.  

Na doping 
concentration (x) 

Average crystallite size 
Davg (nm) 

Lattice 
Parameters 

c / a 
ratio 

Average Unit cell 
volume (Å3) 

Dislocation 
density (δ) 

Micro strain 
(ε) 

Bond Length L (Å) 
of Zn-O 

a = b 
(Å) 

c (Å) 

x = 0  23.510  3.249  5.208  1.6028  47.643 1.919E-03 15.046E-04  1.977 
x = 0.01  26.131  3.252  5.210  1.6021  47.718 1.527E-03 13.452E-04  1.979 
x = 0.02  26.196  3.255  5.233  1.6076  48.038 1.560E-03 13.549E-04  1.983 
x = 0.04  26.275  3.260  5.225  1.6024  48.118 1.634E-03 13.833E-04  1.984 
x = 0.06  27.051  3.251  5.208  1.6021  47.669 1.573E-03 13.463E-04  1.978 
x = 0.08  27.280  3.253  5.211  1.6018  47.781 1.523E-03 13.267E-04  1.979 
x = 0.10  28.119  3.253  5.211  1.6020  47.761 1.342E-03 12.583E-04  1.979  

Table 2 
The Bragg’s angle (2θ), FWHM (β), crystallite size (D) and inter-planar distance 
(d) of Zn1-xNaxO (x = 0–0.10) for (101) diffraction peak.  

Na doping 
Concentration (x) 

Bragg’s 
angle (2θ) 
(Deg) 

FWHM 
β (Deg) 

D 
(nm) 

Inter planar 
distance (d) (Å) 

x = 0  36.251  0.323  25.807  2.476 
x = 0.01  36.218  0.301  27.694  2.478 
x = 0.02  36.163  0.303  27.535  2.481 
x = 0.04  36.075  0.275  30.348  2.487 
x = 0.06  36.242  0.247  33.732  2.476 
x = 0.08  36.192  0.251  33.271  2.479 
x = 0.10  36.203  0.260  32.133  2.479  

Fig. 4. W-H plots of Zn1-xNaxO nanopowders; (a) × = 0 and (b) × = 0.04.  

200 300 400 500 600 700 800
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
bs

or
ba

nc
e 

(a
. u

.)

Wavelength (nm)

 a
 b
 c
 d
 e
 f
 g365 nm

284 nm

196 nm

Fig. 5. Optical absorption spectra of Zn1-xNaxO samples; (a) × = 0, (b) × =

0.01, (c) × = 0.02, (d) × = 0.04, (e) × = 0.06, (f) × = 0.08 and (g) × = 0.10. 
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the electronic levels become completely discrete in atoms and molecules 
of a semiconductor [37 –40]. 

Furthermore, the band gap energy (Eg) of the Na doped ZnO nano
powders increases up to × = 0.06 and reached maximum (3.289 eV), 
then slowdown and decreases as Na doping concentration increases as 
depicted in Fig. 7. This significant behaviour of Eg is due to the modi
fication of electronic structural of ZnO over Na sustitution. So, it is clear 

that the synthesized Zn1-xNaxO samples show the quantum-confinement 
effect. 

3.3. FTIR studies 

Fig. 8 represents the FTIR spectroscopic pattern of Zn1-xNaxO nano
powders, which showed various peaks at 3412, 2996, 2360, 1550, 1391, 

Fig. 6. Tauc plot of [αhν]2 versus photon energy (hν) to determine the band gap Eg of the as-prepared Zn1-xNaxO nanopowders; (a) × = 0, (b) × = 0.01, (c) × =

0.02, (d) × = 0.04, (e) × = 0.06, (f) × = 0.08 and (g) × = 0.10. 
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1018, 796, 633 and 425 cm− 1 for Zn0.90Na0.10O sample. The important 
functional groups such as ZnO, carboxylate (COO–) and hydroxyl (O–H) 
impurities can be seen. From the figure, the absorption band at 425 cm− 1 

is attributed to the Zn–O stretching vibration mode of phonons of the 
samples. The peaks around 633 cm− 1 attributed to the existence of Na in 
Zinc Oxide lattice [10]. The O–H stretching mode of vibration found 
around 3412 cm− 1, which is a confirmation of presence of hydroxyl 
groups and water molecule on the surface of ZnO nanoparticles. The 
small absorption peaks about 2360 and 2996 cm− 1 corresponds to C–H 
stretching vibration of alkane groups. C–O stretching modes of vibration 
corresponds to 1018 cm− 1 and the symmetric and asymmetric stretching 
mode of vibration bands due to C=O and carboxylate found at 1550 and 
1391 cm− 1, which is attributed to the Zinc Oxide nanopowders during 
co-precipitation synthesis [41]. This functional group appeared due to 
the non-uniform decomposition of the acetate group with mixed pre
cursor solution. The FTIR analysis indicates the successful formation of 
hexagonal wurtzite ZnO nanoparticles. Table 3 provided information 
about the peak positions, nature of the peak, and vibrational modes from 
FTIR spectroscopic data of molecules of Zn0.90Na0.10O. From the Fig. 8, 
the FT-IR data of synthesized Na doped ZnO samples are similar to that 
of the pure ZnO. The modes of vibrations are slightly changes due to 
mismatch between ionic radius of Na+ and Zn2+ which attributes the 
activation of defects and oxygen vacancies in the intrinsic host lattice of 
ZnO. So the red shift in the vibrational modes was caused by these 
activated impurities [42]. 

3.4. Scanning Electron microscopy (SEM) analysis 

Scanning Electron Microscopy (SEM) technique was used to examine 
the size, shape of the nanoparticles and surface morphology which in
cludes topographical, morphological structures and growth mechanism 
of the particles. Fig. 9(a–d) shows the SEM micrographs of undoped and 
Na doped ZnO samples. These images clearly indicate the formation of 
nanoparticles with average size in the order of nanometer scale exhib
iting hexagonal structure, which is also confirmed by XRD analysis. The 
morphology of Zn1-xNaxO nanopowders contain mixer of uniformly 
distributed rod-like and bar-like particles in its morphology [43]. The 
particle size increases with increasing Na doping concentration. As so
dium content increases, the shape of the particle’s is changing from rod- 
like to non-uniform shaped stone-like structures which showed the 
structural morphology largely depends on the doping concentration. In 
all cases, an agglomeration of nanoparticles was observed due to 
densification of dispersed particles. Particularly, Zn1-xNaxO samples 
consist of small number of stone-like and large number of rod / bar-like 
structures with the average diameters of around 375 nm and 273.5 nm, 
respectively. The crystallite sizes evaluated from the powder XRD cal
culations do not match well with the particle grain sizes obtained from 
SEM micrographs as the grains formed in the SEM images are the do
mains consists of aggregation of the nano-size crystallites (in the XRD) 
[11]. It can be seen that the powder XRD technique is more stringent 
method which leads to smaller sizes [44]. So, the substitution of Na 
influences changes in the shape, the crystallization and growth of ZnO 
nanoparticles and also causes an increase in the size of nanoparticles for 
higher concentration [45]. 

3.5. EDX spectroscopy 

The Energy Dispersive X-ray (EDX) data gives the information about 
the elemental composition in atomic and weight percentage terms of the 
pure and Na doped ZnO nanopowders. The EDX analysis of Zn1-xNaxO 
samples were shown in Fig. 10(a-b). From the EDX images, it clearly 
indicates that the intensity and amount of Na element in the as- 
synthesized samples increases with increasing Na doping concentra
tion. The peaks present in the EDX pattern may be related to Zn, Na and 
O only [30,41]. It can be evident that no other dispersive peaks were 
observed related to foreign elements and impurities, which provides the 
confirmation about the formation of single-phase sodium doped ZnO 
nanopowders [46]. Also, there are no independent peaks resulting from 
sodium and its compounds in the Zn1-xNaxOsamples indicating the 
complete dissolution of sodium into ZnO crystal lattice. 

EDX elemental analysis histogram depicts the number of different 
elements of Zn1-xNaxO nanopowders in weight percentage, as shown in 

Fig. 7. The calculated variation of energy band gap (Eg) of wurtzite Zn1-xNaxO 
nanopowders as a function of the Na doping concentration (x). 

Fig. 8. FTIR spectra of Zn1-xNaxO nanopowders; (a) × = 0, (b) × = 0.01, (c) 
× = 0.02, (d) × = 0.04, (e) × = 0.06, (f) × = 0.08 and (g) × = 0.10. 

Table 3 
FTIR spectroscopic data including absorption peaks and the corresponding 
functional groups of Zn0.90Na0.10O sample.  

S. 
No. 

Absorption peak position 
(cm¡1) 

Nature Bond/ Functional groups 

1 3412 Very 
strong 

–OH stretching mode 

2 2996  Weak  C–H stretching mode of 
alkane groups 

3 2360 Weak C–H stretching vibration 
mode 

4 1550 Very 
strong 

νs (C–O) + δ (OC = O) 

5    
6 1391 Very 

Strong 
νs (C–O) + δ (OC = O) 

7 1018 Strong νs (C–O) 
8 796 Weak C–C stretching 
9 633 Weak Existence of Na in ZnO lattice 
10 425 Strong ZnO stretching vibration  
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the Fig. 11. Clearly, the measured amounts of Zn and O elements are 
higher than that of the Na element in the as-synthesized samples. 

3.6. Antibacterial and antifungal activity 

The antibacterial activity of pure and graded concentrations of Na 
doped ZnO samples was tested using disk diffusion method against 
selected four different bacterial cultures namely Escherichia coli, 

Fig. 9. (a - d) SEM micrographs of Zn1-xNaxO nanopowders; (a) × = 0, (b) × = 0.02, (b) × = 0.06, and (d) × = 0.10.  

Fig. 10. EDX analysis of (a) Zn0.99Na0.01O and (b) Zn0.90Na0.10O samples.  

Fig. 11. Elemental analysis histogram representation in weight percentage of 
selected Zn1-xNaxO samples. 
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Pseudomonas aeruginosa, Klebsiella neumoniae and Staphylococcus aureus. 
The Inhibition zone around the graded sample in the disc was depicted 
in the Fig. 12 and the estimated values of Zone of Inhibition in mm are 
plotted as histogram (Fig. 13) [46]. The results showed that the pure and 
Na doped ZnO nanopowders exhibit excellent bacterial growth in the 
disc for all bacteria; E. coli, P. aeruginosa, K. neumoniae and S. aureus. It 
is noted that the dose dependent highest growth inhibitory zone was 
observed with the increased dopant concentrations of Na than pure ZnO 
and the superior zone of Inhibition was obtained for Zn0.90Na0.10O 
samples for all the bacterial strains. 

The Antifungal activity of pure and Na doped ZnO nanopowders was 
also studied with different Na concentrations against two fungi Candida 
and Aspergillus, respectively. In the case of Candida as shown in Fig. 14(a 
- b), the Inhibition zone is found to increase proportionally with 
increasing Na doping concentration and the highest Inhibition was 
observed at higher concentrations. No Inhibitory zone is obtained for 
control which is prepared using the stack without zinc oxide and tested 
in the disc. However, in the case of Aspergillus as depicted Fig. 14(c - d), 
the Zone of Inhibition is observed same at lower Na doping concentra
tions and obtained enhanced zone at higher concentrations. It can also 
be noted that, the increased Na dopant have shown more growth 
inhibitory effect against the fungal pathogens Candida and Aspergillus 
when compared to pure ZnO nanoparticles, which was evident in Fig. 15 
[47]. The present study reported a significant high growth inhibitory 

zone against pure ZnO [48,49]. The results were noticed as extremely 
significant and the values are Mean ± SD (n = 4). *P < 0.0001 
Compared to control (Pure ZnO). 

4. Conclusions 

In the present work, Zn1-xNaxO nanopowders have been successfully 
synthesized by a simple co-precipitation method. It was evident from 
XRD studies that the as-synthesized Zn1-xNaxO nanopowders exhibits 
hexagonal wurtzite structure and the average crystallite size determined 
by using the Scherrer formula increases and the calculated bond length L 
(Å) values were slightly varies with increase in Na-doping concentra
tion. The average diameter estimated by the SEM micrographs of the 
prepared samples also increases, which confirms the surface area 
reduction with Na content. The FTIR analysis shows the presence of 
precursors and the formation of functional ZnO and Na doped ZnO 
nanopowders. The results obtained from UV – Vis spectroscopic data 
shows the suffered band gap between 3.068 and 3.301 eV and affected 
optical absorption band with the presence of Na concentration. The 
energy dispersive X-ray study confirms the successful incorporation of 
Na in the ZnO lattice. Antibacterial study against the microorganisms E. 
coli, P. aeruginosa, K. pneumoniae and S. aureus reveals that the zone of 

Fig. 12. Antibacterial activity of pure and Na doped ZnO nanoparticles against 
standard human pathogenic bacteria (a-b: Klebsiella pneumoniae; c-d: Staphy
lococcus aureus; e-f: Pseudomonas aeruginosa; and g-h: Escherichia coli). 

Fig. 13. The Zone of inhibition of pure and Na doped ZnO nanoparticles 
against Bacterial cultures. The values are Mean ± SD (n = 4). *P < 0.0001 
Compared to control (Pure ZnO). 

Fig. 14. Potent antifungal activity of pure and Na doped ZnO nanoparticles 
against pathogenic fungi (a-b: Candida; and c-d: Aspergillus). 
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inhibition increases with increase in Na doping content. The antifungal 
study against the fungal pathogens Aspergillus and Candida shows that in 
case of Candida the inhibition zone increases with increase in Na con
centration but in case of Aspergillus the inhibition zone is remained same 
for all Na concentrations except at very high concentrations. This study 
concluded that the as-synthesized nano powders may be used as anti
bacterial agents and antifungal medication in pharmaceutical 
applications. 
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INTRODUCTION

Odevixibat (OVBT) is a reversible suppressor of sodium/
bile acid co-transporter [1] and used is an oral medical therapy
which redirects bile acids from the liver. In July 2021, the
European Union approved odevixibat for the medical manage-
ment of progressive familial intrahepatic cholestasis in children
who were 6-months aged and in August 2021, the USA app-
roved odevixibat for the therapy of pruritus in progressive
familial intrahepatic cholestasis children who were 3-months
aged [2,3]. Odevixibat successfully decreased pruritus and also
serum bile acids in kids with progressive familial intrahepatic
cholestasis and odevixibat seemed generally tolerated satisfac-
torily in them [4].

Pharmaceutical preparations and bulk pharmaceuticals
both benefit greatly from pharmaceutical analysis, which makes
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This investigation is concerned with development of HPLC technique that made use of a PDA sensor technology for the speedy assessment
of odevixibat (OVBT) for the quality control of both their commercially marketed formulations as well as bulk form. The ODS inertsil
column (4.6 mm, 5 µm, 250 mm), mobile phase set up by mixing 0.1% formic acid and acetonitrile in a 60:40 volumes, rate of flow of 1.0
mL/min and with detection using PDA at 223.7 nm was adopted for present procedure. Applying ICH specifications, the HPLC-based
OVBT assay strategy was validated successfully for linearity (5.00 to 30.00 µg/mL), sensitivity (LOD-0.60 µg/mL; LOQ-2.00 µg/mL),
precision (0.207-0.600% RSD), accuracy (98.9-100.8% assay) and robustness (0.53-1.16% RSD). Numerous stress degradations [acid,
alkaline, reduction, oxidation, thermal, hydrolysis and photolytic] have been applied to odevixibat. The odevixibat is reported to be prone
to instability in oxidative stress and more persistent during photo stress. The HPLC-based odevixibat assay approach could be implemented
in quality assurance labs for the quantitative measurement of odevixibat in routine and stability sample analysis of odevixibat bulk and
odevixibat capsule doses. Five degradants [OVBT-DP1 (acid stress), OVBT-DP2 (alkali stress), OVBT-DP3 (oxidative stress), OVBT-
DP4 (reduction stress) and OVBT-DP5 (heat stress)] were formed. By evaluating mass spectral data of five degradants obtained through
LC-MS approach, chemical structures of OVBT-DP1, OVBT-DP2, OVBT-DP3, OVBT-DP4 and OVBT-DP5 were elucidated. The
degradation possible mechanisms for all the five degradants formation are also suggested.
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it necessary for assurance of quality and quality management
[5,6]. Pharmaceutical analysis encompasses separating, identi-
fying and estimating the relative quantities of the sample’s
components. Human health underwent a revolution as a conse-
quence of the discovery and development of several novel drugs.
These medications are only going to fulfill their purpose if
they were provided in the right quantity and were free of con-
taminants [6]. Different chemical together with instrumental
techniques that are used in drug assessment have all been
developed over time in order to make medications function as
intended [7,8]. These medications need to be identified and
quantitated since impurities can form in them at different points
during production, transit and storage, making treatment dang-
erous [9,10]. Analytical tools and methodologies are crucial
in this regard. In order to more efficiently understand how
different molecules function within intricate combinations of
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molecules found in chemical and biological systems, HPLC
is utilized [11,12]. To ensure that every one of the components
are determined in liquid chromatography, choosing the right
kind of detection method is crucial. When a PDA is employed,
a wavelength range may be programmed, allowing for the
identification of every substance that absorb around this range
in a single assessment [13,14].

Ahmed et al. [15] devised an HPLC method that utilized
a UV sensor for determining odevixibat in pharmaceutical for-
mulations and pure form. The approach developed by Ahmed
et al. [15], however, fails to include reporting on peak purity
while stability investigations and on the characterization of
degradants.

The development of an HPLC technique that made use of
a PDA sensor technology for the speedy assessment of odevi-
xibat for the quality control of both their commercially marketed
formulations as well as bulk form was one of the key focuses
of the research. Numerous stress circumstances (acid, alkaline,
reduction, oxidation, thermal, hydrolysis and photolytic) have
been applied to investigate the forced degradation of HPLC-
based odevixibat assay. Utilizing LC-MS, the degradation
products generated pursuant to stress circumstances were chara-
cterized and a possible mechanism for their development was
also put forward.

EXPERIMENTAL

Reference sample drugs and formulations: Odevixibat
was supplied by Cadila Healthcare Ltd. (Ahmedabad, India).
In this study, Bylvay capsules with 400 µg per capsule label
from Alberto AB (Sweden) were utilized. The solvent, aceto-
nitrile (chromatography grade), while the other analytical grade
chemcials viz. disodium hydrogen phosphate, hydrochloric
acid, sodium hydroxide, hydrogen peroxide were procured
from Sd chemicals Ltd., India). The distilled water (chroma-
tography, Milli Q, India) was used in this study analysis.

Configuration of chromatography for odevixibat assay:
The HPLC type e-2695 series (Water Alliance) with PDA based
detector (Water Alliance) was used to accomplish the odevi-
xibat assay determination. The ODS inertsil column (4.6 mm,
5 µm, 250 mm,) was adopted to implement the current procedure.
The mobile phase was set up by mixing 0.1% formic acid and
acetonitrile in a 60:40 volumes ratio exactly with a average
rate of flow of 1.0 mL/min, with detection using PDA at 223.7
nm at room condition temperature and injecting volume equal
to 10 µL. After being degassed, the mobile phase prepared under-
went filtering making use of 0.45 µ membrane filter paper.

Configuration of mass spectrometer: Xevo TQ-XS (Waters
Alliance) triple quadrupole mass spectrometer was used to
accomplish the degradants characterization. The positive ion
ionization electrospray interfacing approach was put to use to
regulate the mass spectrometer. The investigation of odevixibat
degradation has been accomplished adopting the multiple
reactions monitoring technique. Following are the operational
parameters: 14 V and 5500 V of collision voltage energy and
ion spray voltage, respectively; 550 and 120-250 ºC of source
and drying gas temperatures, respectively; nitrogen as collision
gas with 5 mL/min flow stream; 40 V, 10 V and 7 V of potential

at decluster, entrance and exit, respectively; and dwell period
of 1.0 s.

Odevixibat solutions: An amount of odevixibat standard
equal to 20 mg/100 mL of acetonitrile was dissolved to obtain
stock odevixibat solution. The stock odevixibat solution was
serially gradient diluted using acetonitrile to produce the
standard odevixibat solution, which contained the subsequent
concentrations: 5.00, 10.00, 15.00, 20.00, 25.00 and 30.00
µg/mL, in order to make up the calibration odevixibat curve.

Calibration odevixibat curve: By evaluating standard
odevixibat solutions with six different odevixibat concentrations,
calibration graphs for odevixibat were established. Peak area
of odevixibat was sketched on the Y-axis while odevixibat theo-
retical concentration was plotted over the X-axis to get a calib-
ration odevixibat curve. The slope, intercept, correlation and
regression model equation for odevixibat was derived.

Analysis of odevixibat in Bylvay capsules: Ten Bylvay
(200 µg) capsules were emptied for odevixibat analysis. The
capsule material, equivalent to 10 mg of odevixibat, was
dissolved in 50 mL volumetric flask containing acetonitrile.
After placing them in the sonicator for 15 min, the contents
went through filtering via 0.45 µ membrane filter paper into
dry flasks and filled up with acetonitrile to an exact amount of
50 mL. Aliquots of the above-mentioned Bylvay capsule solution
were diluted with acetonitrile for generating Test Bylvay
capsule solutions, resulting in odevixibat concentrations of
20 µg/mL and subsequently 10 µL test Bylvay capsule solution
injected and analyzed HPLC-based odevixibat assay.

Stability studies: Numerous stress degradations (acid,
alkaline, reduction, oxidation, thermal, hydrolysis and photo-
lytic) have been applied to investigate the stability of odevixibat
[16].

Acid degradation: Bylvay capsule content was precisely
weighed at 67 mg (equal to 200 µg of odevixibat) into a 10
mL volumetric glass flask, to which 5 mL of acetonitrile was
added and the mixture was subsequently sonicated for 20 min.
The 1 mL of 1 N HCl was added and then left for 15 min. After
15 min, neutralized the solution through 1 mL of 1 N NaOH
addition before diluting the solution to volume (10 mL) with
acetonitrile and then mixed. In order to analyze the quantities
of odevixibat in this solution while its acid degradation products
were present, the solution was assessed through the HPLC-
based odevixibat assay.

Alkaline degradation: In this assay, Bylvay capsule content
(67 mg, equivalent to 200 µg of odevixibat) with 5 mL of aceto-
nitrile and sonicated for 20 min in a 10 mL volumetric glass
flask. The 1 mL of 1 N NaOH was added and then left for 15
min. After 15 min, the solution was neutralized using 1 mL of 1 N
HCl addition before diluting the solution with acetonitrile. The
components in volumetric glass flask were thoroughly shaked
before being evaluated for odevixibat remove.

Peroxide degradation: For this analysis, the Bylvay capsule
content (67 mg, equivalent to 200 µg of odevixibat) was freshly
dissolved employing 5 mL of acetonitrile and sonicated for
20 min. This solution was oxidized with 1 mL of 10% H2O2

before being set aside for 15 min and then the mixture was
adequately diluted with acetonitrile.
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Reduction degradation: Bylvay capsule content was
accurately weighed at 67 mg (200 µg of odevixibat) into a 10
mL volumetric glass flask, to which 5 mL of acetonitrile was
added and then the mixture was sonicated for 20 min. Now, 1
mL of 10% sodium bisulphite was added and left aside for 15
min and then diluted the solution with acetonitrile and shaked
the solution well.

Hydrolytic degradation: By mixing Bylvay capsule content
(67 mg, equivalent to 200 µg of odevixibat) with 5 mL of aceto-
nitrile, the solution was sonicated for 20 min and then 1 mL of
HPLC water was added and waited for 15 min. After 15 min,
the solution was diluted with acetonitrile.

Thermal degradation-procedure: The Bylvay capsule’s
contents (67 mg) were exposed for a duration of 6 h in oven at
105 ºC and then mixed with 5 mL of acetonitrile and finally
sonicated for 20 min. After that make up with acetonitrile to
the mark (10 mL).

Photolytic degradation: The Bylvay capsule’s contents (67
mg or 200 g of odevixibat) were exposed for a duration of 6 h in
sun light and then mixed with acetonitrile and sonicated for 20
min. After that make up with acetonitrile to the mark (10 mL).

RESULTS AND DISCUSSION

HPLC-based odevixibat assay optimization: The 200-
400 nm range of wavelength was investigated to establish the
odevixibat UV spectral characteristics. Two peaks (one at 223.7
nm and another at 292.4 nm) were observed after a quick scan
at this spectrum (Fig. 1). The sensitivity and peak area of odevi-
xibat were optimal at 223.7 nm, as a result, the same method
was chosen for the odevixibat analysis.

The trail experimentations to optimize mobile phase for
HPLC-based odevixibat assay were conducted using the ODS
inertsil column (4.6 mm, 5 µm, 250 mm) with an average rate
of flow of 1.0 mL/min, with detection using PDA at 223.7 nm
at room condition temperature and injecting volume equal to
10 µL. When mobile phase was set up by mixing 0.1% phosp-
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Fig. 1. UV spectrum of odevixibat

horic acid and acetonitrile in a 20:80 volumes ratio, good peak
for odevixibat was obtained, but column efficiency was least
(159 plate counts). Same combination (0.1% phosphoric acid
+ acetonitrile) in 40:60 volumes ratio produced unacceptable
odevixibat peak shape. Same combination (0.1% phosphoric
acid + acetonitrile) in equal volumes ratio also produced unacc-
eptable odevixibat peak shape with broadening effect. Now,
0.1% formic acid was implemented as buffer instead of 0.1%
phosphoric acid. The base line disturbance became apparent
when the mobile phase was made up by combining 0.1% formic
acid and acetonitrile in 50:50 volume ratios and 70:30 volume
ratios, respectively. The 0.1% formic acid and acetonitrile in a
60:40 volume ratio combination were obtained in a well-mannered
peak shape (tailing factor – 1.01), better sensitivity (peak area
– 2518100), acceptable column efficiency (plate count – 6671)
and with reasonable elution time (3.580 min) was obtained
(Fig. 2).

Validation: Applying ICH specifications, the HPLC based
odevixibat assay strategy was validated [17].

System suitability: Six evaluations of the working odevi-
xibat solution (20 µg/mL) were performed utilizing the HPLC-
based odevixibat assay strategy. To demonstrate that the system
as a whole worked well, the peak symmetry, the plate counts
and the elution times were determined as system suitability
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Fig. 2. HPLC chromatogram of odevixibat
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metrics. According to Table-1, the collected data remained within
the allowed constraints.

TABLE-1 
SYSTEM SUITABILITY FOR EVALUATION OF ODEVIXIBAT 

Sample Plate count Tailing factor Elution time 
OVBT 1 6675.0 1.01 3.580 
OVBT 2 6684.0 1.02 3.584 
OVBT 3 6657.0 1.04 3.582 
OVBT 4 6672.0 1.02 3.588 
OVBT 5 6663.0 1.05 3.587 
OVBT 6 6624.0 1.04 3.581 

Mean 6662.5 1.03 3.584 
SD/RSD 21.0784/0.3164 0.0155/1.5041 0.0033/0.0911 

 
Selectivity: By analyzing the working odevixibat solution

(20 µg/mL), the placebo, the test Bylvay capsule solution (20
µg/mL) and the blank mobile phase and selectivity of the
HPLC-based odevixibat assay was attained. The positive results
(Fig. 3) obtained from employing the HPLC assay approach
on the analyzed solutions indicate that the presence of additives
in capsules and components in the mobile phase does not have
any impact on the odevixibat evaluation.

Linearity: The linearity of the HPLC assay was assessed
by measuring the peak area of different concentrations (5.00,
10.00, 15.00, 20.00, 25.00 and 30.00 µg/mL) of odevixibat under
optimal conditions. Calibration curves were then developed to
establish the relationship between the peak area and the corres-
ponding quantities of odevixibat. The calibration curve (Fig. 4)
demonstrated an acceptable connection over the concentration
range of 5.00 to 30.00 µg/mL for odevixibat.

Sensitivity: The detection limit and quantification limit
for odevixibat were calculated by applying ICH specifications
(SD of odevixibat response/slope of odevixibat linearity curve
× 3.3 formula for detection limit and SD of odevixibat response/
slope of odevixibat × 10 formula for quantification limit). The
detection limit and quantification limit were 0.60 µg/mL  and
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Fig. 4. Linearity curve of odevixibat

2.00 µg/mL, respectively for odevixibat, which illustrated the
satisfactory sensitivity for HPLC assay.

Precision: Six assay assessments were executed on working
odevixibat solution (20 µg/mL, for system precision) and odevi-
xibat spiked Bylvay capsule solution (20 µg/mL, for method
precision) on the exact same day with one operator and also on
an alternate day (for intermediate precision) by another operator
on distinct apparatus employing the HPLC assay. Table-2 displays
the outcomes for precision that have been generated. The RSD
values of precision for the system, method and intermediate
were 0.207%, 0.600% and 0.440%, respectively. The relative
standard deviation (RSD) values for all precisions were found
to be below the pre-determined limit (> 2%), which demons-
trates the exceptional precision of the HPLC analysis.

Accuracy: The standard odevixibat was added to a Bylvay
capsule solution in triplicate at concentration spiking extents
of 50%, 100% as well as 150%. An evaluation of the average
recovery of three levels is presented in Table-3. The average
recovery for odevixibat was 99.8%, which falls within the
generally acceptable accuracy limit.

Robustness: Three samples of Bylvay capsule solutions
containing odevixibat (20 µg/mL) were injected while the flow
rate and acetonitrile proportion were changed. The odevixibat
percent assay was observed for evaluating the robustness of
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TABLE-2 
PRECISION STUDIES FOR EVALUATION OF ODEVIXIBAT 

Precision → System Method Intermediate 

Sample ↓ 
Odevixibat 

area 
Odevixibat  
assay (%) 

Odevixibat  
assay (%) 

OVBT 1 2518100 99.5 100.8 
OVBT 2 2512025 100.2 99.5 
OVBT 3 2512025 99.9 100.2 
OVBT 4 2516525 99.6 100.1 
OVBT 5 2518100 100.2 100.4 
OVBT 6 2526125 98.6 99.9 

Mean 2517150 99.7 100.2 
SD/RSD 5201.49/0.207 0.599/0.600 0.442/0.440 

 

TABLE-3 
ACCURACY STUDIES FOR EVALUATION OF ODEVIXIBAT 

Accuracy 
level 

Odevixibat 
added (mg) 

Odevixibat 
area counts 

Odevixibat 
quantity 

(mg) 

Odevixibat 
recovered 

(%) 
0.10 1257441 0.0999 99.9 
0.10 1263234 0.1004 100.4 

50% 
accuracy 

0.10 1249126 0.0992 99.2 
0.20 2535921 0.2015 100.8 
0.20 2526023 0.2007 100.4 

100% 
accuracy 

0.20 2507308 0.1992 99.6 
0.30 3772308 0.2997 99.9 
0.30 3761124 0.2988 99.6 

150% 
accuracy 

0.30 3733564 0.2967 98.9 
   Mean 99.8 
   SD/RSD 0.351/0.35 

 

the HPLC-based OVBT assay in terms of % RSD. According
to Table-4, the observed findings varied within the intended
limits (RSD < 2%), demonstrating that purposefully changing
the acetonitrile portion and flow rate parameters had no effect
on the odevixibat HPLC assay.

Application: The proposed HPLC method was utilized
to determine the odevixibat quantitatively and qualitatively in
Bylvay capsules. The precision, as evaluated by the relative
standard deviation (RSD%), was found to be 0.685%, whereas
the accuracy, determined by the recovery rate, was 100.6%.
The results indicated that the HPLC assay may be utilized to
correctly and precisely evaluate the odevixibat concentration
in Bylvay capsules.

Stability studies: The stability and degradation behavior
of odevixibat were investigated under various conditions inclu-
ding acid, alkaline, reduction, oxidation, thermal, hydrolysis,
and photolytic stress. These stress conditions were used to assess
the stability-indicating and specificity traits of the approach.
The extent of odevixibat degradation in all stress degradation
experiments was determined based on the amount of odevixibat
remaining in the directed stress degradations (Table-5).
According to Table-5, odevixibat demonstrated stability in the
specified order when subjected to various stress degradations.
The order of stress levels, from highest to lowest, is as follows:
photo stress > hydrolytic stress > heat stress > reduction stress
> acid stress > alkali stress > oxidation stress. Odevixibat is
susceptible to instability when exposed to oxidative stress and
has enhanced persistence when exposed to photo stress.

TABLE-4 
ROBUSTNESS STUDIES FOR EVALUATION OF ODEVIXIBAT  

Flow plus 
(mL/min) 

Odevixibat 
quantity 
(µg/mL) 

Odevixibat 
area 

Odevixibat 
assay (%) 

Flow minus 
(mL/min) 

Odevixibat 
quantity 
(µg/mL) 

Odevixibat 
area 

Odevixibat  
assay (%) 

1.1 20 2632709 99.4 0.9 20 2441736 100.6 
1.1 20 2608951 98.5 0.9 20 2438961 100.5 
1.1 20 2670654 100.8 0.9 20 2410764 99.3 

  Mean 99.6   Mean 100.1 
  SD/RSD 1.159/1.16   SD/RSD 0.723/0.72 

Acetonitrile 
proportion plus  

Odevixibat 
quantity 
(µg/mL) 

Odevixibat 
area 

Odevixibat 
assay (%) 

Acetonitrile 
proportion 

minus  

Odevixibat 
quantity 
(µg/mL) 

Odevixibat 
area 

Odevixibat 
assay (%) 

45 20 2771340 99.8 35 20 2222811 99.1 
45 20 2766851 99.6 35 20 2248629 100.3 
45 20 2795160 100.6 35 20 2239482 99.9 
  Mean 100.00   Mean 99.8 
  SD/RSD 0.529/0.53   SD/RSD 0.611/0.61 

 

TABLE-5 
STABILITY STUDIES FOR ODEVIXIBAT 

Stress applied Odevixibat 
quantity (µg/mL) 

Odevixibat 
peak area 

Odevixibat 
stability (%) 

Odevixibat 
degradation (%) 

Angle of purity for 
odevixibat peak 

Threshold of purity 
for odevixibat peak 

Control 20 2515530 100.00 0.0 0.293 4.061 
Acid stress 20 2224763 88.4 11.6 0.407 4.035 
Alkali stress 20 2202274 87.6 12.4 0.401 4.055 
Peroxide stress 20 2170715 86.3 13.7 0.473 4.054 
Reduction stress 20 2245289 89.3 10.7 0.422 4.065 
Thermal stress 20 2292177 91.1 8.9 0.485 4.062 
Photo stress 20 2451436 97.5 2.5 0.454 4.071 
Hydrolytic stress 20 2406401 95.7 4.3 0.425 4.057 
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Stability indicating trait and method’s specificity trait:
The designed HPLC method can separate odevixibat from every
single degradation products, as illustrated in Fig. 5. To determine
the purity of odevixibat peak, a diode-array analyzer and
Empower edition two software were utilized. The Empower
edition two software reported the peak purity for each spectrum
to be within an automatically determined thres-hold limit as
shown in Table-5. The results showed that the peak signal of
odevixibat at 3.57 min remained consistent under various stress
conditions (Fig. 6). The HPLC method yielded specific results
and can be utilized as a stability indicating approach to evaluate
odevixibat content in various materials, including stability
samples.

MS characterization: Odevixibat’s positive ESI-MS
reveals a significant [M+H]+ ion with m/z 188.997 (Fig. 7).

MS characterization of OVBT-DP1: Under acidic condi-
tions, the degradation product OVBT-DP1 has m/z at 296.958
[M+H]+ (Fig. 7); molecular formula of C9H9CIO5S2 was eluted

at 0.864 min. The OVBT-DP1 can be elucidated as 2-(5-
hydrosulfonyl-2-(methylthio)phenoxy)acetic hypochl-orous
anhydride derived from the odevixibat structure. The potential
degradation of odevixibat to OVBT-DP1 was suggested based
on the observed MS data (Fig. 8).

MS characterization of OVBT-DP2: Under alkaline cond-
itions, the degradation product OVBT-DP2 has m/z at 188.997
[M+H]+ (Fig. 7) having molecular formula of C7H8O2S2 and
was eluted at 1.219 min. The OVBT-DP2 structure was assigned
as 4-hydrosulfonyl phenyl(methyl)sulfane derived from the
odevixibat structure. The structure of OVBT-DP2 as shown in
(Fig. 9) is suggested on the basis of degradation mass data of
odevixibat.

MS characterization of OVBT-DP3: Under oxidative
stress conditions, the degradation product OVBT-DP3 has m/z
at 77.016 [M+H]+ (Fig. 7) having molecular formula of C4H4O3

and was eluted at 1.911 min. The OVBT-DP3 is assigned as 2-
hydroxy acetic hypochlorous anhydride which was derived

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

0.28

0.24

0.20

0.16

0.12

0.08

0.04

0

0.28

0.24

0.20

0.16

0.12

0.08

0.04

0

0.28

0.24

0.20

0.16

0.12

0.08

0.04

0

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0

A
U

A
U

A
U

A
U

A
U

A
U

A
U

A
U

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0  0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

min

min

min

min

min

min

min

min

Control

Acid degradation

Alkaline degradation

Oxidative degradation

Reduction degradation

Thermal degradation

Photo degradation

Hydrolytic degradation

 O
de

vi
xi

ba
t -

 3
.5

72
 O

d
ev

ix
ib

at
 -

 3
.5

80
 O

de
vi

xi
ba

t 
- 

3.
58

1
 O

de
vi

xi
b

at
 -

 3
.5

81

 O
de

vi
xi

ba
t -

 3
.5

89
 O

d
ev

ix
ib

at
 -

 3
.5

81
 O

de
vi

xi
ba

t 
- 

3.
57

0
 O

d
ev

ix
ib

at
 -

 3
.5

79

4.
08

7

0
.8

64

1.
2

19

1
.9

11

2
.8

1
9

Fig. 5. Chromatograms for odevixibat under different degradation conditions
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Fig. 6. Plots for peak purity of odevixibat in stress degradations

from the mass degradation spectral data of odevixibat (Fig.
10).

MS characterization of OVBT-DP4: The degraded product
OVBT-DP4 m/z at 571.1535 [M+H]+ (Fig. 7) having molecular
formula of C25H34-N2O7S3 was eluted at 4.067 min. The structure
of OVBT-DP4 is assigned as 2-((3,3-dibutyl-7-(methylthio)-1,1-
dioxido-5-phenyl-2,3,4,5-tetrahydrobenzo[f][1,2,5]thiadia-
zepin-8-yl)oxyl)-1-oxoethane-1-sulfonic acid] derived from
the odevixibat structure (Fig. 11).

MS characterization of OVBT-DP5: Upon thermal degra-
dation, the degraded product OVBT-DP5 exhibit m/z at 303.145
[M+H]+ (Fig. 7) having molecular formula of C17H22-N2OS was
eluted at 2.819 min. Based on the mass spectral data, the struc-
ture of OVBT-DP5 is assigned as sodium 2-(5-hydro-sulfonyl-
4-(methyl(phenyl)amino)-2-(methylthio)phenoxy)acetate
(Fig. 12) derived from the odevixibat structure.

Conclusion

An efficient and rapid high-performance liquid chromato-
graphy (HPLC) method was developed to quantify odevixibat
in capsule formulations. The proposed HPLC assay was valid-
iated in terms of selectivity, linearity, quantification limit,
precision, accuracy, robustness, specificity and detection limit.

The selectivity and stability of the HPLC method were proved
by its capacity to resolve the various degradation components,
including acid, alkaline, reduction, oxidation, thermal,
hydrolysis and photolytic components. The validated HPLC
method has successfully been analyzed odevixibat in capsule
dosages. The degradation products resulting from the acid stress
(OVBT-DP1), alkali stress (OVBT-DP2), oxidative stress (OVBT-
DP3), reduction stress (OVBT-DP4) and thermal stress (OVBT-
DP5) has been identified and their chemical composition and
possible formation pathways were determined using LC-MS
evaluations.
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