Biomass Conversion and Biorefinery
https://doi.org/10.1007/513399-024-05529-x

ORIGINAL ARTICLE q

Check for
updates

Biosynthesis of zirconia nanoparticles (ZrO,) by water
hyacinth: characterization and its photocatalytic dye degradation activity

Shivam Pandey’ - Jyoti Chaudhary' - Himani Sharma' - Shefali Pundir’ - Sarvesh Rustagi® - Sumira Malik -
Priyvart Choudhary*

Received: 7 July 2023 / Revised: 2 November 2023 / Accepted: 5 November 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

The green biogenic production of nanoparticles from natural sources is always desirable due to its minimal environmental
effect. In this study, the generation of ZrO, nanoparticles from the aqueous leaf extract of Eichhornia crassipes was the
major emphasis. It is a notable weed that poses a threat to aquatic life and the environment owing to its proclivity to cover
the whole water surface and is a major environmental hazard. Synthesized ZrO, nanoparticles were characterized by using
UV-visible, Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), and Scanning Electron Microscopy
(SEM). Characterization methods validated the creation of ZrO, nanoparticles. Narrow peaks with sharp edges indicated a
considerable rise in the zirconia nanoparticle’s crystalline index when XRD analysis was done on them. The nanoparticles
were then utilized for treating wastewater containing industrial dyes, i.e., Methyl Orange and Methylene Blue. The results
indicated maximum removal of COD, BOD, nitrate, and phosphate along with highest degradation of these industrial dyes.
The removal efficiency of 72.63% COD, 73.06% of BOD, 84.64% nitrate, and 90.30% phosphate was obtained in wastewater.
Moreover, the highest degradation of Methylene Blue and Methylene Orange was found at 40 ppm concentration using 0.02%
of ZrO, nanoparticles. This study shows that biogenically produced nanoparticles were found to possess a great degrading
capacity for treatment of Methyl Orange and Methylene Blue.

Keywords Nanoparticles - Zirconia nanoparticles - Water hyacinth - Aquatic weed - Wastewater treatment - Water
pollutants

1 Introduction dyeing wastewater [2]. Wastewater can inflict severe harm

to aquatic life, soil, and potable water. In addition, certain

The manufacture of textiles demands a substantial amount of
water and energy. After dyeing and finalizing their products,
factories produce a substantial quantity of polluted water
[1]. This water is exceedingly hazardous to humans due to
its vast quantity and composition. There are a variety of
environmental hazards related with the direct discharge of
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dyes and their waste products have the potential to be carci-
nogenic and toxic. Thus, the dyes must be extracted before
disposal. Biodegradation and ultrafiltration, as well as photo-
catalytic degradation, oxygenation, and adhesion, are among
the wastewater treatment approaches that have been investi-
gated. When it comes to treating these effluents containing
dyes, conventional adsorption is a very cost-effective and
low-cost technology [3].

Nanoparticles are nanotechnology’s droplets with dis-
tinct physical and chemical characteristics. Nanoparticles
are large-category substances composed of at least one
dimension less than 100 nm. When scientists recognized
that the morphology influences the physicochemical char-
acteristics of these chemicals, they realized the value of
these substances [4]. Nanomaterials are used in microbiol-
ogy, mechanics, the medical sector, a variety of health care
facilities, engineering domains, electronics, biotechnology,
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and science-related fields due to their most useful attribute,
a large specific surface area [5, 6]. Typically, the nanoparti-
cles are composed of three layers: the surface layer, the shell
layer, and the nanoparticle core. Due to their extraordinary
features, nanoparticles have attracted the attention of several
scientific fields. There are several traditional methods avail-
able, including physical and chemical procedures, for the
manufacture of nanometer-sized particles; however, green
synthesis of these particles has piqued the interest of many
since it lowers the use of carcinogenic and expensive chemi-
cals. Because plant extract may be utilized in place of toxic
chemicals in this process, it is considered an eco-friendly
low-cost alternative [7].

Water hyacinth, also known as Eichhornia crassipes, is
a free-floating aquatic weed native to South America. It has
been regarded as invasive across Africa and Asia since the
1990s [8]. The ideal conditions for water hyacinth growth
are waters that are rich in nitrogen, phosphorus, and potas-
sium and that are between 28 and 30 °C in temperature.
The water hyacinth grows at a very rapid rate in freshwater
under ideal circumstances [9]. Water hyacinth may blan-
ket lakes and wetlands, outcompete native aquatic species,
lower fish oxygen levels, create the ideal mosquito habitat,
control weeds, provide feed, produce biofuel, and purify
water. Aquatic invasive species put socioeconomic and
ecological systems in peril by encroaching on freshwater
environments. Almost all aquatic systems across the world
have been invaded by it. The environment and human health
suffer because of the water hyacinth’s tremendous growth
under ideal conditions. E. crassipes absorbs lead and cad-
mium and is extremely tolerant. It is ideal for biocleaning
environmental trash. It ferments quickly and produces meth-
ane biomass due to its highwater index [10]. Invasive water
hyacinth possesses antibacterial, antimicrobial, antiinflam-
matory, and antioxidant properties that might be valuable in
medicine and pharmaceuticals [11]. Water hyacinth has also
been used to remove chemicals, dissolved solids, biochemi-
cal oxygen demand, suspended particles, total solids, heavy
metals, turbidity, and nutrients from wastewater [12—14].

There has been a lot of study on degradation of dyes by
using chemical as well as green synthesized metal oxide
nanomaterials. Mannaa et al. [15] synthesized TiO, and
NiO nanoparticles for degrading brilliant green (BG)
while Hakam et al. [16] formed silica/bismuth composite
for degrading 100% Methylene Blue and brilliant green
in 180 min. Saleh et al. [17] also used nickel ferrites for
rhodamine dye that reached 99.7% in 90 min. Tayseer et al.
[18] used metal oxides of TiO, for eliminating MG and
Phenol within 45 to 60 min. Due to the environmental
harm of synthetic chemicals and the growing interest in
earth-friendly nanoparticles, non-harmful, clean, green,
and environmentally friendly synthesis is needed [19].
Plant extract reduces and stables nanoparticles, which
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may aid microbial synthesis because cell culture does not
need to be produced, maintained, or restored [20]. Pandey
et al. [21] utilized green stannous oxide nanoparticles to
remove nitrophenol and dyes. Chemical synthesis without
waste detoxification uses gentle pH, pressure, tempera-
ture, and environmentally friendly procedures [22]. Recent
ZrO,-NPs were synthesized from Lycopersicon esculentum
[23], Helianthus annuus seed [24], Curcuma longa tuber
extract [25], etc. extracts.

As per the literature survey, there are a very few
researches that have been found on the synthesis of zirco-
nia-derived nanoparticles by using aquatic weeds. Zirconia
nanoparticles were prepared by using methanolic extract
of leaves of water hyacinth and were further utilized to
treat organic dyes. The resultant catalysts were character-
ized by employing a variety of instruments. The photo-
catalytic activities of the generated catalysts were investi-
gated by studying their ability to degrade Methylene Blue
and Methyl Orange when exposed to visible light. The
reusability of the most effective catalyst was meticulously
investigated.

2 Materials and method
2.1 Chemical reagents

The chemicals Methylene Blue (MB), Methyl Orange
(MO), and zirconia dioxide were purchased from Sigma
Aldrich. All the other solvents, glassware, and appa-
ratus were taken from the Department of Chemistry at
Uttaranchal University, Dehradun, India. Water hyacinth
plant samples were gathered from the Assan Barrage near
Dakpathar on the Uttarakhand-Himachal border in India
(30°26'09"N, 77°39'09"E), as shown in Fig. 1. Deionized
water was further utilized for all the research work.

——

Fig. 1 Water hyacinth plant
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2.2 Synthesis of ZrO, nanoparticles

The samples (leaves) were carefully cleaned and dried before
being chopped into little pieces. The leaves were subjected
to extraction with methanol using the Soxhlet apparatus, fol-
lowed by evaporation on a hot plate for a duration of 10 to
15 min. In the biological generation of ZrO, NPs, a 0.1 M
aqueous zirconium dioxide solution was utilized, with a vol-
ume of 50 mL, within a 250-mL beaker. A 10 mL solution
of Eichhornia crassipes leaf extract was introduced to the
mixture and subjected to agitation at a temperature of 80 °C
for a duration of 2-3 h, followed by a period of undisturbed
rest. The ZrO, nanoparticles were subsequently transferred
to a Petri dish and subjected to a heating process at a temper-
ature of 50 °C for a duration of 10-15 min. Subsequently, the
particles were subjected to a thermal treatment in a furnace
for approximately 3 h at a temperature of 700 °C, resulting
in the production of metal oxide nanoparticles. The stepwise
process for nanoparticle synthesis is shown in Fig. 2.

2.3 Characterization of formed particles

The samples were characterized by several different ana-
lytical techniques. The crystal structure of the sample was
determined by using Rigaku, Smart Lab-XRD. For UV-Vis
spectroscopy, Labman-LMSP-UV 1900 was used while for

Fig.2 Preparation of leaf
extract for zirconia nanoparticle
synthesis

morphological study by SEM, Zeiss EVO18 was utilized.
The FTIR was done by Thermo Scientific, Summit Lite.

2.4 Photocatalytic activity

In this study, ZrO, nanoparticles were synthesized and
employed for the degradation of Methyl Orange (MO) and
Methylene Blue (MB) dyes under solar light irradiation.
After a period of 30 min, the process of dark agitation suc-
cessfully reached a state of desorption-adsorption equilib-
rium. Subsequently, the experiment was subjected to sun
irradiation, and alterations in the absorbance maxima were
observed by employing a double-beam spectrophotometer
at predetermined time intervals.

The percentage (%) degradation rate constant was cal-
culated by using the equation given below, where C; is the
initial concentration and C; is the final concentration.

. . G -G
Percentdegradation(%degradation) = < x 100

1

The light source excites the electrons from the valence
band (VB) to the conduction band (CB), resulting in the
creation of a positive hole within the VB. These charges sub-
sequently facilitate the processes of oxidation and reduction.
The process involves the reaction of dissolved oxygen with

Extraction of Water Hyacinth
4 . - ?

s
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excited electrons, resulting in the formation of superoxide
radicals. These radicals subsequently react with hydrogen
ions, leading to the production of hydrogen peroxide and
hydroxyl radicals. The positive hole undergoes a reaction
with surface hydroxyl groups or water molecules, resulting
in the formation of hydroxyl radicals. The hydroxyl radicals
facilitate the mineralization process of Methyl Orange (MO)
and Methylene Blue (MB), resulting in the conversion of
these compounds into carbon dioxide (CO,) and water (H,0)
[26-28].

The mechanism of photocatalysis can be given as follows:

ZrO, + hv —» e~ +h*
O0,+e =0,
h+ OH™ - OH.

h+ H,0 - H" + OH.
0”~ « +MethyleneBlue/MethylOrange — Degradationproducts

OHe™ + MethyleneBlue/MethylOrange — Degradationproducts

3 Result and discussions

The presence of ZrO, NPs was confirmed by the develop-
ment of a milky white precipitate. The transformation of
zirconia dioxide into nanosized ZrO, colloidal particles was
indicated by the white colloidal suspension. The absorb-
ance peaks at 300 nm confirmed the presence of ZrO, NPs.
The interaction of Zr ions with water molecules resulted in
the formation of ZrO,, which then reacted with the aque-
ous solution to generate nanoparticles. The FTIR spectrum
was examined to determine the functional groups of the
produced nanoparticles as shown in Fig. 3(a). The exist-
ence of the material, the process used for manufacture, the
structure of the nanoparticles in solid form, and other factors
all influenced the FTIR spectrum of ZrO,. 1404.845 cm™!,
1610.421 cm™!, 2006.242 cm™', 2925.093 cm™!,
3460.363 cm™!, and 3543.401 cm™! are the peaks of ZrO,.
The FTIR spectrum confirmed the formation of the ZrO,
structure. For ZrO,, significant absorption band is found in
the region from 3200 to 3800 cm™! owing to the stretching
vibration — OH group of water molecule adsorbed on ZrO,
nanoparticles and peak centered at 2006.24 cm™' relates to
distinctive bending vibration. The peaks at 2925.09 cm™!
suggest hydroxyl zirconia (Zr—-OH) bond stretching. Sharp
peaks at 500 cm™~! indicate that ZrO, is crystalline [29-31].
The extract contains flavonoids, phenolic, and other
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Fig.3 FTIR analysis (a) and XRD pattern (b) of zirconia nanoparti-
cles

phytochemical substances that reduce and stabilize zirconia
slats, controlling green synthesis size. The FT-IR spectra
also suggest a mechanism for biosynthesizing ZrO,-NPs
from extract. Briefly, phytochemicals in leaf extract initially
convert Zr** ions to zero-valent Zr atoms. Zero-valent Zr
atoms commence nucleation, reduce leftover Zr** to ZrO,
and expand to form clusters.

To confirm the phases and the purity of biosynthesized
ZrO, NPs, the XRD pattern was recorded. Figure 3(b) shows
the monoclinic (M) and tetragonal (T) phases of NPs present
in the as-prepared sample. The monoclinic and tetragonal
phases of ZrO, NPs can be determined by using the intensi-
ties of their equivalent peaks of XRD spectra. The diffraction
patterns of ZrO, NPs at 20 and lattice planes (%kl) of 30.48°
(101), 35.16° (110), 50.64° (112), 60.26° (211), 63.14°
(202), 74.63° (220), and 81.67° (213), respectively [32, 33],
confirm the tetragonal phase of ZrO, crystalline system and
perfectly matched with the JCPDS Card No. 81-1455 and
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a more intense characteristic peak at 260 =30.48° associated
to (101) lattice plane while the peaks at 28.2° (111), 31.36°
(—111),60.10° (302), and 62.89 (311), respectively, confirm
the good arrangement with monoclinic phase (JCPDS Card
No. 83-0944) [34, 35]. The crystallite size of monoclinic
and tetragonal ZrO, NPs was calculated by using the Debye-
Scherer equation formula D = KA/fcos@, where k is equal to
0.9 and refers to the shape factor or correction factor, f is the
full width at half maximum (FWHM) of the diffraction peak
at angle 20 and plane (kkl), 1 is the Cu-Ka, 1=1.5406 A
an X-ray wavelength, 6 (in degree) is the Bragg diffraction
angle, and D is the crystallite size. We have measured the
crystalline size for the highly intense peaks at (101) and
(=111) crystal planes of tetragonal and monoclinic ZrO,
structure. The predictable value of average crystal size of
biosynthesized ZrO, NPs is found to be around 13.12 nm.
Moreover, monoclinic and tetragonal structures are well-
defined with monoclinic and tetragonal unit cells with the
symmetry defined via the space groups P21/c and P42/nmc,
respectively. It is well defined that smaller the crystallite size
shows the presence of O, vacancies at grain boundaries and
at the surface, which result in the prevention of the growth
of nanoparticles and generate a field stress [36]. Field stress
produces the crystal defects that act as a scattering center for
electron (e”) and hole (h*) as well as the excitation of the
recombination of e”-h* pairs which affect the photocatalytic
performance [37].

Figure 4 demonstrates the SEM analysis of ZrO, NPs
which revealed the importance of ZrO, in maintaining
the nanostructure phase. The zirconia nanoparticles were
found to be agglomerated.

Signal A= SE1
Photo No. = 2435

20pm EHT= 2000V
|
— WD = 8.86 mm

Date: 12 Apr 2022
Mag= 1.00KX

Fig.4 SEM image of zirconia nanoparticles

4 Degradation activity of Methyl Orange
and Methylene Blue

4.1 Impact of varying concentration of catalyst
dose

Under sunlight, the photodegradation of MO and MB is done
through varying doses of ZrO, NPs. Figure 5(a)(b) show that
as the amount of catalyst was increased, the percentage of
degradation of dyes went up, and the most degradation was
seen when 0.2 g/L of catalyst dose was used. The pH of both
solutions used in the experiment was kept at 7 before the
experiment began, but it was not kept that way after that.
The drop in the degradation percentage of Methyl Orange
and Methylene Blue that are broken down can be explained
by the fact that a larger dose of catalyst starts blocking the
light, which also slows down the photocatalytic activity. The
most Methyl Orange solution could break down was 98.73%,
and the most Methylene Blue solution could break down
was 99.96%.

4.2 Impact of varying concentration of dye

The photocatalytic activity of ZrO, NPs was evaluated by
applying 0.2 g/L of catalyst (optimum dose) at different
concentrations of 20, 40, 60, 80, and 100 ppm of MO and
MB solutions. Dye concentration was found to significantly
affect photocatalytic activity as well. Figure 6(a),(b) show
the graphs for varying concentration of MO and MB dyes.
The graph depicts a gradual decline in photocatalytic activity
following a rise in activity up to 40 ppm, because of further
increases in concentration. At 40 ppm, the most noticeable
photocatalytic activity was observed. Due to maximum pen-
etration of light, there is initially greater interaction between
the light and the photocatalyst, but as the dye concentration
increases, the dye molecules start blocking the penetrating
light, thus reducing the photocatalyst’s effectiveness.

4.3 Impact of varying pH

As shown in Fig. 7(a),(b), the photocatalytic activity was
also evaluated by increasing the pH from 3 to 11 while hold-
ing all other reaction conditions constant. With increase in
pH, the response rate increased, but further increase slowed
the rate of deterioration. To investigate the effect of pH,
0.2 g/L ZrO, NPs were put to a 40 ppm MO and MB solu-
tion, and the highest degradation was observed at pH 9,
indicating that alkaline media promotes degradation more
effectively than acidic media. In the presence of sunlight,
when organic chemicals interact with dissolved oxygen,
they dissociate and cause photooxidation. As the pH of a
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Fig.8 a Reusability of ZrO,
NPs, b XRD pattern of ZrO,
NPs before and after the degra-
dation of MB and MO, and ¢ %
removal efficiency of different
parameters using ZrO, NPs
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particle’s surface alters, a dispersed state develops. Moreo-
ver, Van Der Waals forces prevent the agglomeration and
promote dispersion because ZrO, nanoparticles lack charge.

4.4 Antibacterial activity

The disk diffusion method was used to test the NPs for
Staphylococcus aureus (gram-positive) and Escherichia
coli (gram-negative). S. aureus was found to be more sen-
sitive to green-assisted ZrO, NPs than E. coli. S. aureus
and E. coli growth is controlled by Zr** ions which cause
cell wall membrane breaches. The plant extract combination
with ZrO, NPs boosted radical generation and ROS (reactive
oxygen species). The accepted metal ions in the bacterial
framework electrostatically produce ZrO, NPs via ROS.

4.5 Reusability

In addition, the photocatalytic stability of ZrO, NPs was
assessed after five cycles under the same reaction condi-
tions and with the addition of just fresh dye solutions. The
percentage of decomposition was recorded for each of the
five cycles, decreasing from cycle 1 to cycle 5. Before
being reused, the catalyst was separated by centrifugation
and then cleaned with ethanol and distilled water each time
it was recycled. The catalyst displayed substantial activity
and could be reused up to 5 times consecutively without
appreciable activity loss. This decline may be attributable
to the saturation of the catalyst’s surface, where numerous
molecules are adsorbed and prevent light from reaching the
nanoparticles’ surface, thereby reducing the electron excita-
tion process and, consequently, the production of hydroxyl

radicals and reactive oxygen species. The number displayed
in Fig. 8(a) is the mean value obtained from the reusability
test using both Methyl Orange and Methylene Blue dyes.
Figure 8(b) shows the stability test analysis of reused pho-
tocatalysts by using the XRD analysis to know the morpho-
logical robustness, chemical compositional, and oxidation
state changes of photocatalysis during the treatment. It is
observed that no impurity peaks were formed in the XRD
pattern of reused catalyst which shows that no photo corro-
sion and leaching of the catalyst generated during the dye
removal. In general, after treatment as-prepared photocata-
lysts still preserve almost its crystallinity and superb stability
under the treatment condition [38].

4.6 Treatment of wastewater using zirconia
nanoparticles

The wastewater collected from the Tons River in Dehradun
was treated using the created nanoparticles. Throughout the
operation, there was a shift in the pH of the effluent. The
samples were analyzed with the standard procedures devel-
oped by the APHA in 1995. The results of these analyses
were noted and tabulated in Table 1. Figure 8(c) demon-
strates the reusability, XRD pattern, and removal efficiency
of ZrO, NPs in wastewater.

5 Conclusion
In a nutshell, zirconia oxide nanoparticles were synthesized

by using an aquatic weed. It was applied to determine the
removal efficiency of various pollutants from the wastewater,
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Table 1 % Removal efficiency

. : Parameters Initial values Value after addition of Percentage removal
of dlfferenF parameters using (mg/L) 71O, NPs (mg/L) efficiency (%)
ZrO, NPs in wastewater

Total suspended solids (TSS) 120 36 70
Total dissolved solids (TDS) 615 156 74.63
Chemical oxygen demand (COD) 542 148 72.63
Biochemical oxygen demand (BOD) 349 94 73.06
Nitrate 28 4.3 84.64
Phosphate 33 32 90.3

like nitrate, phosphate, COD, BOD, TSS, and TDS. The
synthesized nanoparticles had found an exceptionally high
clearance percentage for these contaminants along with very
good degradation activity of Methyl Orange and Methylene
Blue. In addition, it was found that a dosage of 20 mg of
nanoparticles, when added to a 40 ppm solution of Methyl
Orange and Methylene Blue at pH 9, demonstrated the high-
est degree of degradation. During 2.5 h, it was observed that
99% of Methyl Orange and Methylene Blue was degraded
using 20 mg (0.02%) of nanoparticles. This study demon-
strates the synthesis and applications of zirconia nanoparti-
cles using aquatic plants, which could be considered a suc-
cessful application of the “Best out of trash” concept, and
it will pave the way for additional research to be conducted
in large scale.
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