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INTRODUCTION

A field in science called nanotechnology was introduced
in the 20th century and is concerned with manipulating atoms
and molecules between 1-100 nanometers (nm) in size [1].
Nanotechnology was introduced to synthesize nanoparticles
with the potential to benefit humans and have a variety of
shapes, sizes, chemical compositions and controlled dispersion
[2]. The chemical and physical properties that nanoparticles
possess are a result of their increased surface area and nano-
scale size [3]. Various methods to synthesize nanoparticles
such as biological, chemical and physical methods have been
reported. However, synthesizing nanoparticles using physical
methods is known to be time-consuming and energy-intensive
[4]. The chemical methods use toxic chemicals to synthesize
nanoparticles, making the produced nanoparticles unsuitable
for cosmetic, medical and food applications [5]. Therefore, to
mitigate such problems, the creation of low-cost, non-toxic
and eco-friendly processes for synthesizing nanoparticles is
necessary [6].
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This study used a bioflocculant produced by Pseudomonas yamanorum as a reducing and stabilizing agent in the green synthesis of copper
nanoparticles (CuNPs). Several techniques like UV-Visible absorption, Fourier transform infrared (FT-IR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray (EDX), thermogravimetric analysis (TGA) and transmission electron
microscopy (TEM) were used to characterize the bioflocculant and biosynthesized CuNPs. Elemental analysis showed the existence of
various elements, including copper (10.30 wt.%) in the CuNPs. FT-IR analysis showed carboxyl, hydroxyl and amide groups being
present in the samples. The samples appeared almost spherical and agglomerated through SEM and TEM analysis, with sizes between 40
and 50 nm. The UV-visible spectra showed absorption peaks at 280 nm (bioflocculant) and 580 nm (CuNPs). After exposure to a high
temperature of 900 ºC, the samples retained more than 60% of their weight, indicating good thermal stability.
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Copper nanoparticles have been gaining much attention
over the years, among other metal nanoparticles under study
[7,8]. CuNPs are inexpensive compared to various noble metals
like platinum, gold and silver. In addition, CuNPs possess
significant properties that include biocidal, magnetic, catalytic,
optical, heat transfer and high surface area-to-volume ratio
properties [9,10]. The synthesis of CuNPs can be achieved using
different techniques including chemical reduction [11], vapour
deposition [12], thermal decomposition [13], electrochemical
reduction [14] and radiolysis [15]. Although CuNPs can be
synthesized using the aforementioned techniques, there are
still some limitations, such as the need for pressurized conditions,
high temperatures and hazardous chemicals during the copper
reduction process [16,17].

The green synthesis method is advantageous compared to
these other methods in that it is simple, inexpensive and doesn’t
use toxic substances [18]. The harmlessness, biodegradability
and minimal secondary pollution of microbial flocculants such
as bioflocculants have drawn a great deal of interest [19]. Micro-
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bial flocculants in the wastewater treatment industry are used
to remove suspended particles, at which point colloids emerge
from suspension as flocs or flakes [20]. The bioflocculant is
utilized in the chemical reduction process to get around the
toxicity issues associated with reducing agents and to synthe-
size CuNPs in an eco-friendly way [21]. In this study, a safe,
affordable and environmentally friendly method was used to
synthesize CuNPs whereby a bioflocculant was used as a
reducing and protective agent. Bioflocculants have been
implicated in the synthesis of various nanoparticles [22-25].

The activated sludge was used to isolate Pseudomonas
yamanorum MG269627.1 as a promising bioflocculant prod-
ucer that belongs to the family Pseudomonadaceae at a treat-
ment plant located at KwaDlangezwa, on the north-east coast
of KwaZulu-Natal, Republic of South Africa. P. yamanorum
is aerobic, straight rod-shaped and non-spore-forming and
contains cells that are Gram-negative [26]. The bacterium is
motile using two flagella and most commonly found in moist
areas, soil and water [26]. It is one of the least studied species
in the genus Pseudomonas but has been reported in industrial
applications [27-29]. Bioflocculants produced by different
Pseudomonas species have been documented [30-32], but
studies on P. yamanorum as a bioflocculant producer have not
been reported. Therefore, this study aimed to biosynthesize
and characterize copper nanoparticles (CuNPs) using the bio-
flocculant from P. yamanorum MG269627.1. Confirmation
of the formation of CuNPs was done by evaluating the acquired
morphology, functional groups, elemental composition,
thermal stability, UV-Visible adsorption and crystallinity using
SEM, TEM, FT-IR, SEM-EDX, TGA, UV-visible spectroscopy
and XRD analysis.

EXPERIMENTAL

Medium for bioflocculant production: A fermentation
medium containing 20 g of fructose, 5 g of K2HPO4, 2 g of
KH2PO4, 0.5 g of yeast extract, 0.2 g of (NH)2SO4, 0.2 g of
MgSO4 and 0.1 g of NaCl was prepared in 1 L of filtered activ-
ated sludge wastewater at an adjusted optimum pH of 7 and
sterilized for 15 min at 121 ºC. The medium was left to cool
down followed by inoculation with a fresh culture broth (1 mL)
(v/v) of the previously isolated P. yamanorum MG269627.1
and placed in a shaking incubator at an optimum speed of 160
rpm for 72 h at 30 ºC [33].

Extraction of bioflocculant and its purification: The
production medium (1 L) after being inoculated with the bact-
erial suspension (2% v/v) was incubated at an optimum temp-
erature of 30 ºC. Following 72 h of incubation, the culture broth
was exposed to centrifugation for 15 min at 8000 rpm with
the temperature adjusted to 4 ºC. The supernatant was collected
and added to 1 L of distilled water (dH2O) and put through
centrifugation again using previous conditions. The super-
natant was recollected and added to 2 L of cold ethanol and
mixed well before being placed at 4 ºC for 12 h. A precipitate
formed after 12 h, from which the crude bioflocculant was
obtained and vacuum dried. To purify the obtained crude bioflo-
cculant, a solution (1% w/v) was prepared by dissolving the
crude bioflocculant into 100 mL of dH2O, followed by the

addition of a chloroform-butanol mixture in a 5:2 ratio (v/v)
and thoroughly mixing the solution. The purified bioflocculant
powder was collected after the mixture had been left in a separ-
ating funnel at room temperature for 12 h, separated and vacuum
dried [34].

Biosynthesis of CuNPs: In distilled water (200 mL), 3
mM CuSO4 and 0.5 g of freshly prepared bioflocculant were
added and mixed. To allow the solution to precipitate, it was
stored at room temperature overnight while covered with a
foil. After storage, the biosynthesized CuNPs were obtained
through centrifugation for 5 min at 8000 rpm and vacuum
dried [35].

Characterization: The samples were investigated for UV-
visible spectra using a Varian Cary 50 UV-Vis spectrophoto-
meter (California, USA). The Bruker Tensor 27 FT-IR spectro-
photometer (Gauteng, South Africa) with a resolution of 4
cm–1 was used to acquire the FT-IR spectrum of the samples
over a wavenumber ranging from 400 to 4000 cm–1. The Bruker
D8 ADVANCE powder X-ray diffractometer (Johannesburg,
South Africa) was employed to examine the XRD patterns of
the samples. The X-ray generator operated at 40 kV, current
at 40 mA and copper monochromatized Cu-Kα1 radiation (λ
= 1.5406 Å). Diffraction intensities were recorded from 20º to
80º at scanning steps of 0.03º in 2θ scanning mode and at a
scanning rate of 4º/min. Carl Zeiss FE-SEM Sigma VP-03-67
(Oberkochen, Germany) was utilized to analyze the surface
morphology properties of the samples at operating voltages
of 20 kV. The elemental analysis of the bioflocculant and
CuNPs was performed using an Oxford Instruments X-MaxN
50 model 54-XMX1003 EDX analyzer (Oberkochen,
Germany). On the slide coated with silicon, 5 mg of samples
were each placed and fixed with a spinner coater for 60 s at
1000 rpm before SEM analysis.  The JEOL 1010 transmission
electron microscope (Massachusetts, USA) was employed for
TEM images of the bioflocculant and biosynthesized CuNPs
operating at an accelerating voltage of 100 kV. Sample prep-
aration was done by placing a diluted drop of the suspension
that had been diluted using a micropipette in toluene on carbon-
coated copper grids (150 mesh) and leaving the sample to
utterly dry. A Mega-View III camera was used to capture the
images. Thermogravimetric analysis of the samples (10 mg)
was conducted using a Perkin-Elmer Thermal Analysis Pyris
6 TG analyzer (Massachusetts, USA) at 10 ºC/min, over a temp-
erature between 40-900 ºC and using nitrogen gas at a constant
rate of 40 cc/min to obtain a pyrolysis profile.

RESULTS AND DISCUSSION

The purified bioflocculant from P. yamanorum as a capping
agent was used in the biosynthesis of CuNPs and the observ-
ation of colour change of the experimental sample in the pres-
ence of aqueous CuSO4 signified the synthesis of the CuNPs
and confirmed using a UV-visible spectrophotometer. The
sample solution turned from white to blue, which was due to
the formation of the chemical reaction whereby CuSO4 was
reduced in the presence of bioflocculant, yielding CuNPs [36].
Thus, the surface plasmon vibration being excited was regarded
as the basis for the formation of blue colour [37]. The experi-
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mental control showed no colour change. The solution changing
colour during the biosynthesis of CuNPs is an indication of
CuNPs formation as reported [38].

UV-Visible spectral studies: The UV-Vis absorption
spectrum of the bioflocculant recorded an intense peak at 280
nm, while an absorption peak at 580 nm was recorded in the
CuNPs, which could be due to the formation of CuNPs (Fig. 1).
Often, in the range between 550-650 nm, a surface plasmon
resonance peak is exhibited in the CuNPs [39-41]. The nano-
particles properties, including capping agent, size, shape and
nature of the surrounding medium all affect the wavelength of
oscillation [42]. However, according to Mie’s theory, particle
size has no effect on the spectra of particles with radii between
2 and 10 nm, whereas a broadening and longer wavelength
absorption peak is observed in particles larger than 10 nm
[43]. The results are in agreement with Aloe vera extract medi-
ated biosynthesis of CuNPs, with an absorption peak at 578
nm [44]. The bioflocculant produced by Enterobacter aerogenes
also observed a peak at 280 nm [45].
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Fig. 1. UV-Visible spectrometric analysis of the (a) bioflocculant and (b)
biosynthesized CuNPs

FT-IR spectral studies: The IR spectra of the biofloccu-
lant and biosynthesized CuNPs is displayed in Fig. 2, which
exhibits the existence of different functional groups. The absor-
ption peaks at 3262 and 3269 cm–1 in the bioflocculant and
CuNPs, respectively, correspond to O-H stretching and stretch-
ing vibrations of N-H in the amide group [46,47]. Furthermore,
the absorption bands at 1643 cm–1 (bioflocculant) and 1650
cm–1 (CuNPs) could be attributable to the C=O stretching vibra-
tion in the amide group or NH2 bending [48]. The C-N bending
vibrations correspond to the peak at 1161 cm–1 in the bioflo-
cculant [49]. The C-O-C group in the bioflocculant and CuNPs
is represented by the peaks in the region of 1025 cm–1 [50]. The
absorption bands between 1200 and 800 cm–1 in both samples
are linked to the polysaccharide bands and suggest the presence
of alcohol and ether -C-O- bonding [50]. The small absorption
peak at 1244 cm–1 (CuNPs) signifies sugar existence shown
by C-O bonds [51]. The formation of CuNPs is confirmed by
the absorption peak at 528 cm–1, which correlate with the Cu-O
bond [52]. In addition, furan saccharides are shown by the peak
at 882 cm–1 in bioflocculant [53]. The existence of carboxyl,
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Fig. 2. FT-IR analysis of the bioflocculant and biosynthesized CuNPs

hydroxyl and amide groups was validated in the FT-IR spectra,
which was compatible with most results on bioflocculants and
CuNPs produced through green synthesis [54,55]. However,
the FT-IR spectrum of bioflocculant extracted from Bacillus
velezensis displayed the presence of aliphatic bonds, carboxy-
lates and methoxyl groups [56].

XRD studies: The bioflocculant and biosynthesized CuNPs
were subjected to XRD analysis (Fig. 3). The bioflocculant
displayed distinct diffraction peaks at 2θ with peaks observed
between 10 and 45º angles (2θ). The distinct diffraction peaks
were observed at 11.52º, 13.76º, 15.97º, 23.79º, 25.53º, 26.66º,
27.86º, 29.25º, 31.87º, 40.41º, 41.48º and 43.07º in the bio-
flocculant (Fig. 3). The existence of sharp peaks in the XRD
patterns is assigned to the crystallinity of sample, while the
broadening of the peaks is related to the size of the particles.
The smaller the particle, the broader the peaks, therefore, the
bioflocculant and CuNPs were crystalline in nature as they
contained sharp peaks and contained bigger particles as there
were no broad bands. The CuNPs had distinct diffraction peaks
at 43.78º, 50.66º and 75.84º. These peaks corresponded to the
(111), (200) and (220), respectively, of the face-centered cubic
copper lines (JCPDS card No. 04-0836). Additional peaks at
29.31º and 35.71º are associated with the (110) and (020) planes,
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Fig. 3. XRD patterns of the bioflocculant and synthesized CuNPs
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which are consistent with CuO [17]. Employing the Debye-
Scherrer equation:

k
D

cos

λ=
β θ

Here, K (0.94) is the Scherrer’s constant; D is the CuNPs cryst-
alline size; λ is the X-ray source wavelength (0.154 nm); β is
the full width at half maximum and θ is the Bragg angle. Through
green synthesis, the bioflocculant-passivated CuNPs crystals
had an average size of 42 nm.

SEM studies: The surface morphology of the bioflocculant
(Fig. 4a) and CuNPs (Fig. 4b) at a magnification scale of 5 µm
was determined using the scanning electron microscope. The
SEM micrograph of the bioflocculant appeared flake-shaped,
almost spherical and agglomerated, while the CuNPs were pre-
dominantly spherical. The majority of nanoparticles acquire a
spherical morphology, accompanied by agglomeration in small
aggregates [57].

EDX analysis: Elemental analysis was done to evaluate
the composition of elements in pure bioflocculant and bio-
synthesized CuNPs. The results display that the bioflocculant
(Fig. 5a) has an elemental composition of O (49.88 wt.%), P
(20.82 wt.%), Ca (10.40 wt.%), Mg (9.31 wt.%), C (4.68
wt.%), K (2.43 wt.%), Cl (1.72 wt.%), S (0.67 wt.%), Al (0.11
wt.%) and Na (0.08 wt.%). Oxygen had the highest presence
in bioflocculant, while sodium had the lowest percentage weight.

Carbon and oxygen elements being present in the structure
indicate carbohydrates are present as the main component.
The CuNPs constitute elements such as O (42.71 wt.%), C
(22.62 wt.%), Cu (10.30 wt.%), P (10.96 wt.%), Ca (7.39
wt.%), Mg (4.08 wt.%), Na (0.84 wt.%), S (0.74 wt.%), Al
(0.32 wt.%) and Cl (0.04 wt.%) (Fig. 5b). Oxygen was the
highest element in the synthesized CuNPs with 42.71 wt.%.
Cu was the 4th highest element present with 10.30 wt.%, which
confirms that CuNPs were able to be synthesized using a bio-
flocculant. The existence of elements including Al, C, Ca, Cl,
Mg, Na, P and S was due to the interaction with the biofloccu-
lant during the formation of CuNPs. The presence of these
various elements may have contributed to the stability and
flexibility of the bioflocculant and biosynthesized CuNPs [58].

TEM studies: The shape and size of the bioflocculant and
biosynthesized CuNPs were studied using TEM technique. The
majority of the bioflocculant particles were spherically shaped
and agglomerated (Fig. 6a). The CuNPs were also predomin-
antly close to spherical-shaped structures (Fig. 6b), having particle
sizes between 40 and 50 nm, which corresponds with 42 nm
particle size calculated from the XRD pattern. The nanoparticles
shape and size is determined by the kind of reducing and
stabilizing agents utilized [23]. The study results are in close
conformity with the CuNPs synthesized using Streptomyces
griseus, which had sizes ranging from 30 to 50 nm and were
predominantly spherical and aggregated [59].

Fig. 4. SEM images of (a) bioflocculant and (b) biosynthesized CuNPs at 5 µm scale
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Fig. 5. EDX spectra of (a) bioflocculant and (b) CuNPs
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Thermal studies: To reveal the behaviour of samples under
temperature, the bioflocculant and CuNPs were subjected to
thermogravimetric analysis. This reveals the material’s pyrolytic
properties when exposed to high temperatures. The pyrolysis
properties of the bioflocculant are shown in Fig. 7. From 40 to
200 ºC, about 19% weight loss was recorded in the bioflocculant.
Moisture content loss may have caused the initial weight loss
[60]. When the temperature was raised further to about 400 ºC,
the weight loss increased to 30%, indicating the second phase
of bioflocculant degradation and thus affecting the bioflocculant
stability. Due to the continuous thermal decomposition of the
residual components, a gradual decrease in mass weight was
observed, with 38% total weight loss. The gradual decrease
might have resulted from the release of volatile hydrocarbons
in the bioflocculant polysaccharides from heat decomposition
[53]. After being exposed to a high temperature of 900 ºC, the
bioflocculant produced by P. yamanorum retained more than
60% of its weight, indicating good stability. The weight above
60% was maintained by bioflocculant, signifying the bioflo-
cculant to be thermostable. The initial weight loss of 18% by
CuNPs was observed at 190 ºC, which could be  caused by the
evaporation of water in the nanoparticles [61]. The weight loss
accumulated as the temperature was raised, which could be a
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Fig. 7. Thermogravimetric analysis of the bioflocculant and CuNPs

result of the degradation of the bioflocculant that capped the
CuNPs, leading to weight loss [62]. The ability of the as-synthe-
sized CuNPs to retain a weight greater than 70% even at 900
ºC indicates that the CuNPs are thermostable. These findings
are relatable to those documented by Prabhu et al. [61], where
the initial weight loss of CuNPs synthesized using Garcinia
mangostana extract occurred at a temperature below 200 ºC
with an initial weight loss of about 1.309% and a total of 3.328%
weight loss, indicating good thermal stability.

Conclusion

The biosynthesis of metal nanoparticles is receiving a lot
of attention as a developing area of interest in nanotechnology.
Thus, using a bioflocculant from Pseudomonas yamanorum as
a reducing and stabilizing agent, CuNPs were synthesized with
CuSO4 used as a precursor in this study. The flocculants consis-
ted of Al, C, Ca, Cl, Mg, Na, O, P and S. The elemental analysis
of the CuNPs revealed a significant amount of copper (10.30
wt.%), which was undetectable from the bioflocculant used to
synthesized CuNPs. The bioflocculant was less heat stable than
the produced CuNPs, according to the thermogravimetric mea-
surements, which showed that they kept roughly 75% and 62%
of their weight after exposure to 900 ºC, respectively. The bio-
flocculant and CuNPs had similar functional groups (carboxyl,
hydroxyl and amide) with different intensities with CuNPs
containing a Cu-O bond in the molecular chain. The biofloccu-
lant and CuNPs were aggregated, almost spherically shaped
and had particle sizes between 40 and 50 nm, as observed
through SEM and TEM and confirmed through XRD analysis.
The UV-Vis spectrometric analysis showed peaks at 280 nm
(bioflocculant) and 580 nm (CuNPs). It can therefore be deduced
from these findings that green synthesis can be effectively used
for cost-effective, quick and eco-friendly copper nanoparticle
synthesis, which can then be used in waste-water treatment.

ACKNOWLEDGEMENTS

One of the authors, Nolwazi Hlabisa, appreciates the finan-
cial support of the National Research Foundation (NRF, South
Africa) in the form of a master’s bursary. The authors also

(a) (b)

Fig. 6. TEM micrographs of the (a) bioflocculant and (b) CuNPs

Vol. 37, No. 5 (2025)           Green Synthesis of Copper Nanoparticles using a Bioflocculant Extracted from Pseudomonas yamanorum  1131



acknowledge the University of KwaZulu-Natal Electron Micro-
scopy Unit, Westville campus, for allowing us to use the TEM,
TGA and SEM-EDX techniques to characterize. Rajasekhar
Pullabhotla acknowledg National Research Foundation (NRF,
South Arica) for financial support in the form of Incentive Fund
Grant (Grant no. 103691) and the Research Developmental
Grant for Rated Researchers (Grant no. 112145).

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. S. Zaki, M. Etarahony, M. Elkady and D.A. El-Haleem, J. Nanomater.,
2014, 431089 (2014);
https://doi.org/10.1155/2014/431089

2. K. Ramappa, S. Hiregoudar, G. Vasanthkumar, D. Aswathanarayana
and S. Usha, Int. J. Curr. Microbiol. Appl. Sci., 6, 2219 (2017).

3. I. Khan, K. Saeed and I. Khan, Arab. J. Chem., 12, 908 (2019);
https://doi.org/10.1016/j.arabjc.2017.05.011

4. A. Shamim, T. Mahmood and M.B. Abid, Int. J. Chem., 11, 119 (2019);
https://doi.org/10.5539/ijc.v11n2p119

5. R. Wlodarczyk and A. Kwarciak-Kozlowska, Sustainability, 13, 5805
(2021);
https://doi.org/10.3390/su13115805

6. C. Hano and B.H. Abbasi, Biomolecules, 12, 31 (2021);
https://doi.org/10.3390/biom12010031

7. M. Rai, A.P. Ingle, R. Pandit, P. Paralikar, S. Shende, I. Gupta, J.K. Biswas
and S.S. da Silva, Nanotechnol. Rev., 7, 303 (2018);
https://doi.org/10.1515/ntrev-2018-0031

8. M. Ismail, S. Gul, M. Khan, M.A. Khan, A.M. Asiri and S.B. Khan,
Green Process. Synth., 8, 135 (2019);
https://doi.org/10.1515/gps-2018-0038

9. A. Tamilvanan, K. Balamurugan, K. Ponappa and B.M. Kumar, Int. J.
Nanosci., 13, 1430001 (2014);
https://doi.org/10.1142/S0219581X14300016

10. S. Rajeshkumar, S. Menon, S.V. Kumar, M.M. Tambuwala, H.A.
Bakshi, M. Mehta, S. Satija, G. Gupta, D.K. Chellappan, L. Thangavelu
and K. Dua, J. Photochem. Photobiol. B, 197, 111531 (2019);
https://doi.org/10.1016/j.jphotobiol.2019.111531

11. A. Pricop, A. Negrea, B. Pascu, N.S. Nemes, M. Ciopec, P. Negrea, C.
Ianasi, P. Svera, D. Muntean, A. Ivan and I.M. Cristea, Int. J. Mol. Sci.,
26, 1628 (2025);
https://doi.org/10.3390/ijms26041628

12. B. Bhaduri, Mater. Lett., 305, 130828 (2021);
https://doi.org/10.1016/j.matlet.2021.130828

13. Y. Wen, W. Huang, B. Wang, J. Fan, Z. Gao and L. Yin, Mater. Sci.
Eng. B, 177, 619 (2012);
https://doi.org/10.1016/j.mseb.2012.02.026

14. G.M. Duran, T.E. Benavidez, J.G. Giuliani, A. Rios and C.D. Garcia,
Sens. Actuators B Chem., 227, 626 (2016);
https://doi.org/10.1016/j.snb.2015.12.093

15. Z.I. Ali, O.A. Ghazy, G. Meligi, H.H. Saleh and M. Bekhit, J. Inorg.
Organomet. Polym., 28, 1195 (2018);
https://doi.org/10.1007/s10904-018-0780-4

16. M. Ismail, S. Gul, M.I. Khan, M.A. Khan, A.M. Asiri and S.B. Khan,
Green Process Synth., 8, 135 (2019);
https://doi.org/10.1515/gps-2018-0038

17. B. Ginting, I. Maulana and I. Karnila, Surf. Interfaces, 21, 100799 (2020);
https://doi.org/10.1016/j.surfin.2020.100799

18. B.M.H. Ali, Biochem. Cell. Arch., 20, 5965 (2020).
19. H. Guo, X. Fu, Y. Chen, J. Feng, Z. Qi, M. Yan, B. Zheng, W. Qin and

Q. Shao, Renew. Energy, 188, 997 (2022);
https://doi.org/10.1016/j.renene.2022.02.084

20. A. Sajayan, G.S. Kiran, S. Priyadharshini, N. Poulose and J. Selvin,
Environ. Pollut., 228, 118 (2017);
https://doi.org/10.1016/j.envpol.2017.05.020

21. N.G. Dlamini, A.K. Basson and V. Pullabhotla, Adv. Sci. Eng. Med.,
11, 1064 (2019);
https://doi.org/10.1166/asem.2019.2448

22. G. Sathiyanarayanan, G.S. Kiran and J. Selvin, Colloids Surf. B
Biointerfaces, 102, 13 (2013);
https://doi.org/10.1016/j.colsurfb.2012.07.032

23. G. Sathiyanarayanan, V. Vignesh, A. Vinothkanna, K. Dineshkumar,
G. Saibaba, M.B. Viswanathan and J. Selvin, RSC Adv., 4, 22817 (2014);
https://doi.org/10.1039/C4RA01428F

24. N.G. Dlamini, A.K. Basson and V.S.R. Pullabhotla, Phys. Chem. Earth
Parts ABC, 118-119, 102898 (2020);
https://doi.org/10.1016/j.pce.2020.102898

25. Z.G. Ntombela, V.S.R. Pullabhotla and A.K. Basson, Bionanoscience,
12, 1289 (2022);
https://doi.org/10.1007/s12668-022-01017-6

26. V.G. Arnau, L.A. Sanchez and O.D. Delgado, Int. J. Syst. Evol.
Microbiol., 65, 424 (2015);
https://doi.org/10.1099/ijs.0.065201-0

27. A. Bahroun, A. Jousset, R. Mhamdi, M. Mrabet and H. Mhadhbi, Appl.
Soil Ecol., 124, 131 (2018);
https://doi.org/10.1016/j.apsoil.2017.10.025

28. S. Komesli, S. Akbulut, N.P. Arslan, A. Adiguzel and M. Taskin,
Environ. Technol., 42, 3245 (2021);
https://doi.org/10.1080/09593330.2020.1745297

29. A. Bahroun, A. Jousset, M. Mrabet, R. Mhamdi and H. Mhadhbi, Appl.
Soil Ecol., 168, 104158 (2021);
https://doi.org/10.1016/j.apsoil.2021.104158

30. W. Liu, Y. Hao, J. Jiang, A. Zhu, J. Zhu and Z. Dong, Bioresour. Technol.,
218, 318 (2016);
https://doi.org/10.1016/j.biortech.2016.06.108

31. H. Guo, C. Hong, C. Zhang, B. Zheng, D. Jiang and W. Qin, Bioresour.
Technol., 255, 171 (2018);
https://doi.org/10.1016/j.biortech.2018.01.082

32. J. Feng, Y. Xu, J. Ding, J. He, Y. Shen, G. Lu, W. Qin and H. Guo, J.
Biotechnol., 344, 50 (2022);
https://doi.org/10.1016/j.jbiotec.2021.12.012

33. S. Cosa, A.M. Ugbenyen, L.V. Mabinya, K. Rumbold and A.I. Okoh,
Environ. Technol., 34, 2671 (2013);
https://doi.org/10.1080/09593330.2013.786104

34. M.O. Agunbiade, C. Pohl, E.V. Heerden, O. Oyekola and A. Ashafa,
Int. J. Environ. Res. Public Health, 16, 3337 (2019);
https://doi.org/10.3390/ijerph16183337

35. N.G. Dlamini, A.K. Basson and V.S.R. Pullabhotla, Int. J. Environ.
Res. Public Health, 16, 2185 (2019);
https://doi.org/10.3390/ijerph16122185

36. Q. Lv, B. Zhang, X. Xing, Y. Zhao, R. Cai, W. Wang and Q. Gu, J.
Hazard. Mater., 347, 141 (2018);
https://doi.org/10.1016/j.jhazmat.2017.12.070

37. A. Olajire, N. Ifediora, M. Bello and N. Benson, Iran. J. Sci. Technol.
Trans. A Sci., 42, 1935 (2018);
https://doi.org/10.1007/s40995-017-0404-9

38. Y. Yuan, Y. Wu, V. Chinnadurai, M. Saravanan, A. Chinnathambi, S.A.
Alharbi, K. Brindhadevi, N.T.L. Chi and A. Pugazhendhi, Food Chem.
Toxicol., 168, 113367 (2022);
https://doi.org/10.1016/j.fct.2022.113367

39. M.T. El-Saadony, M.E.A. El-Hack, A.E. Taha, M.M.G. Fouda, J.S.
Ajarem, S.N. Maodaa, A.A. Allam and N. Elshaer, Nanomaterials, 10,
587 (2020);
https://doi.org/10.3390/nano10030587

40. M. Tiwari, P. Jain, R. Chandrashekhar Hariharapura, K. Narayanan, U.
Bhat, N. Udupa and J.V. Rao, Process Biochem., 51, 1348 (2016);
https://doi.org/10.1016/j.procbio.2016.08.008

41. V. Gopalakrishnan and S. Muniraj, Mater. Today Proc., 36, 832 (2021);
https://doi.org/10.1016/j.matpr.2020.07.013

42. B. Patel, M. Channiwala, S. Chaudhari and A. Mandot, J. Environ. Chem.
Eng., 4, 2163 (2016);
https://doi.org/10.1016/j.jece.2016.03.046

43. R. Varshney, S. Bhadauria, M.S. Gaur and R. Pasricha, J. Miner. Met.
Mater. Soc., 62, 102 (2010);
https://doi.org/10.1007/s11837-010-0171-y

1132  Hlabisa et al. Asian J. Chem.



44. J. Karimi and S. Mohsenzadeh, Synth. React. Inorg. Met.-Org. Nano-
Met. Chem., 45, 895 (2015);
https://doi.org/10.1080/15533174.2013.862644

45. W.-Y. Lu, T. Zhang, D.-Y. Zhang, C.-H. Li, J.-P. Wen and L.-X. Du,
Biochem. Eng. J., 27, 1 (2005);
https://doi.org/10.1016/j.bej.2005.04.026

46. S. Subudhi, N. Batta, M. Pathak, V. Bisht, A. Devi, B. Lal and B. Al
khulifah, Chemosphere, 113, 116 (2014);
https://doi.org/10.1016/j.chemosphere.2014.04.050

47. Y. Yue, L. Zheng, Y. Wang, J. Wu, S. Li, X. Han and L. Wu, E-Polymers,
19, 225 (2019);
https://doi.org/10.1515/epoly-2019-0023

48. G.M. Abu-Elreesh and D.A. Abd-El-Haleem, Eur. J. Exp. Biol., 4, 218
(2014).

49. A. Lincy, P. Jegathambal, M. Mkandawire and S. MacQuarrie, J.
Environ. Treat. Technol., 8, 936 (2020).

50. A.P. Shende and N. Mitra, J. Water. Environ. Nanotechnol. 6, 338 (2021);
https://doi.org/10.22090/jwent.2021.04.005

51. P.H. Tsilo, A.K. Basson, Z.G. Ntombela, T.S. Maliehe and R.V.
Pullabhotla, Microbiol. Res., 12, 950 (2021);
https://doi.org/10.3390/microbiolres12040070

52. V.R. Patel and N. Bhatt, Arab. J. Chem., 13, 8783 (2020);
https://doi.org/10.1016/j.arabjc.2020.10.008

53. R. Vimala, J.L. Escaline and S. Sivaramakrishnan, J. Environ. Manage.,
258, 110000 (2020);
https://doi.org/10.1016/j.jenvman.2019.110000

54. G. Cao, Y. Zhang, L. Chen, J. Liu, K. Mao, K. Li and J. Zhou, Chemosphere,
141, 274 (2015);
https://doi.org/10.1016/j.chemosphere.2015.08.009

55. L. Muthulakshmi, A.V. Rajalu, G.S. Kaliaraj, J. Parameswaranpillai,
S. Siengchin and R. Saraswathi, Composites B Eng., 175, 107177
(2019);
https://doi.org/10.1016/j.compositesb.2019.107177

56. M. Agunbiade, B. Oladipo, A.N. Ademakinwa, O. Awolusi, I.M. Adesiyan,
O. Oyekola, O. Ololade and A. Ojo, Sci. Rep., 12, 10945 (2022);
https://doi.org/10.1038/s41598-022-15193-8

57. R. Hassanien, D.Z. Husein and M.F. Al-Hakkani, Heliyon, 4, e01077
(2018);
https://doi.org/10.1016/j.heliyon.2018.e01077

58. N.C. Nkosi, A.K. Basson, Z.G. Ntombela, T.S. Maliehe and R.V.
Pullabhotla, Appl. Microbiol., 1, 586 (2021);
https://doi.org/10.3390/applmicrobiol1030038

59. P. Ponmurugan, K. Manjukarunambika, V. Elango and B.M.
Gnanamangai, J. Exp. Nanosci., 11, 1019 (2016);
https://doi.org/10.1080/17458080.2016.1184766

60. K. Okaiyeto, U.U. Nwodo, L.V. Mabinya and A.I. Okoh, Int. J. Environ.
Res. Public Health, 10, 5097 (2013);
https://doi.org/10.3390/ijerph10105097

61. Y.T. Prabhu, K. Venkateswara Rao, V. Sesha Sai and T. Pavani, J. Saudi
Chem. Soc., 21, 180 (2017);
https://doi.org/10.1016/j.jscs.2015.04.002

62. H. Ullah, C.D. Wilfred and M.S. Shaharun, Environ. Technol., 40, 3705
(2019);
https://doi.org/10.1080/09593330.2018.1485751

Vol. 37, No. 5 (2025)           Green Synthesis of Copper Nanoparticles using a Bioflocculant Extracted from Pseudomonas yamanorum  1133


