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ABSTRACT

In many underdeveloped countries, textile industries discharge their effluents without any treatment. The un-
treated textile wastewater consists of both azo dyes and heavy metals which not only change the physicochemical
and biological properties of soil and water but also affect human health. In recent years, copper-based nano-
materials have attained worldwide attention because of their unique properties and potential for decolorization
of azo dyes and wastewater treatment. The present study demonstrates the bacterial synthesis of copper nano-
particles (Cu-NPs) using Bacillus flexus strain isolated from a textile wastewater followed by their application for
photocatalytic degradation of various azo dyes and treatment of actual wastewater. The FT-IR analysis confirmed
the presence of various functional groups including proteins on Cu-NPs which improved their stability. The
scanning electron microscopy (SEM) images revealed the spherical shape of Cu-NPs with a size of range between
17-34 nm. Similarly, the XRD analysis of biosynthesized Cu-NPs showed various diffraction peaks at 44.5°,
51.5°, 74.75 which confirmed the crystalline nature of nanoparticles. While studying the photocatalytic decol-
orization of azo dyes by Cu-NPs, it was observed that 88.164 + 0.19 %, 88.452 + 1.89 %, 90.433 + 1.81 %,
64.770 + 1.02 %, 46.774 + 1.61 %, and 67.274 + 2.89 % of reactive black-5, congo red, malachite green,
methylene blue, reactive red-2 and blue direct, respectively, were decolorized after 4 h of solar irradiation at 50
ppm concentration. Additionally, the biosynthesized nanoparticles also resulted in reduction of various pa-
rameters like EC, pH, TDS, COD, color intensity, sulphates, and phosphates in the textiles wastewater. The
reduction of COD, sulfates, and phosphates was about 39.659 %, 43.157 %, and 49.493 %. The results of current
work suggest that biosynthesized copper nanoparticles might serve as a potential green solution for the decol-
orization of various dyes including wastewater treatment.

1. Introduction

utilize an enormous amount of water for different activities such as
dyeing and washing and similarly this untreated water becomes part of

Water is one of the most important natural resource on earth not only
for human beings but also for all other living organisms. All essential
phenomena of the biosphere depend on the availability of water. Along
with other human requirements, a huge amount of water is also used for
industrial processes. Among different industries, the textile industries

the environment as wastewater (Imran et al., 2015). It is reported that,
after dyeing one kilogram (Kg) of fabric, about 40-65 L of wastewater is
produced (Balarak et al., 2019). Approximately 20 % of applied quantity
of different dyes is lost during the process of washing and dyeing and
discharged along with wastewater (Fathima et al., 2018). The major
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problem with untreated textile wastewater is its color due to the pres-
ence of these dyes in large quantities. It is reported that dyes have many
carcinogenic and mutagenic properties. Moreover, several environ-
mental problems such as elevation of various parameters like pH, BOD,
suspended bodies, and COD of aquatic bodies are associated with un-
treated textile effluents (Imran et al., 2015, Subramanian e al., 2022;
Bilal et al., 2023). Thus, dyes loaded textile wastewaters limits down-
stream usage such as drinking, washing, irrigation, and recreation
(Imran et al., 2015).

Many physical (adsorption, membrane filtration, coagulation and
filtration method), chemical (oxidation like chlorination, ozonation,
bleaching and advanced oxidation method with heterogenous and ho-
mogenous catalysts) and biological (employing bacteria, fungi, yeast,
algae, and plants) methods have been used for the treatment of dyes
loaded textile wastewater (Singh et al., 2017). Above mentioned phys-
iochemical methods are associated with many drawbacks such as they
are expensive and make use of dangerous chemicals. Furthermore, they
are also a source of secondary pollutants such as production of sludge
(Bharagava et al, 2020). In contrast, biological methods are
environmentally-friendly and even they have ability to completely
mineralize many azo dyes. Many reports have described the role of
microorganisms in the removal of azo dyes from textile effluents (Hus-
sain et al., 2013, Thangaraj et al., 2021). Microorganisms involved in
decolorization of azo dyes produce many enzymes such as azo reductase,
laccase, peroxidase, MG reductase, and aminopyrine N-demethylase
(Souza et al., 2022). However, the rate of biodegradation process de-
pends on many factors including survival activity, and adaptability of
microbes with chemical properties of azo dyes and other xenobiotics
(Manjarrez Paba et al., 2021). Although biological methods are eco-
friendly but the old methods may not be much effective to fulfill the
strict standards of water quality and to remove emergent contaminants.

During the past few years, use of nanomaterials has attained
worldwide attention for the degradation of various dyes. They are
preferred because of production of biodegradable end products such as
aromatic amines which can be further biodegraded easily by microbes
(Nazar et al., 2018). Various studies have highlighted the catalytic po-
tential of different metal nanoparticles including silver, titanium, zinc
and nickel nanoparticles for the decolorization of different dyes (Edison
et al., 2016, Saravanan et al., 2017, Kiran et al., 2020, Mustafa et al.,
2023). Among other metal nanoparticles, copper nanoparticles are of
excessive interest because of their low cost, availability, and unique
properties such as catalytic, antibacterial, biocidal, optical, magnetic
and heat transfer abilities (Punniyakotti et al., 2020, Ghaffar et al.,
2021). Furthermore, in comparison to silver-nanoparticles, copper
nanoparticles (Cu-NPs) have more chemical and physical stability and
ease of mixing with polymers (Palani and Elangovan, 2022). The Cu-NPs
find their applications in many fields like health (antibacterial, anti-
cancer, dentistry, etc.), food and agriculture (antifungal, nano herbi-
cides, nano-fertilizers, improving texture, etc.), industry (nano
composites, cosmetics, nano-pigments, paper coating) and environment
(nano remediation, wastewater treatment, biodegradation of polymer,
environmental catalysts, etc.) (Ball et al., 2019). For example, Cu-NPs
have the ability for dechlorination of dichloromethane (a ground
water contaminant) with NaBH,4 by using them as catalyst (Huang et al.,
2012). They showed 90 % reduction of dichloromethane within 1 h
using NaBH4 and no degradation was observed without NaBH4 (Huang
et al., 2012).

Different physical and chemical methods like precipitation-pyrolysis
method, sonochemistry, cathodic vacuum arc and solvothermal re-
actions have been reported for physicochemical synthesis of copper-
based nanoparticles (Botsa et al., 2019). All such methods make use of
the chemicals which make them eco-hazardous and avoid their appli-
cations in other fields of clinical, medicine and biology (Akintelu et al.,
2020). So, the researchers are more interested toward biological method
for nanoparticles synthesis because of the above-mentioned problems
that are associated with physicochemical methods. Numerous bacterial
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species are reported to synthesize copper nanoparticles like Salmonella
typhimurium (Ghorbani et al., 2015), Shewanella oneidensis (Kimber et al.,
2018), Halomonas elongate (Rad et al., 2018), Streptomyces sp. (Hassan
et al., 2019), Escherichia coli (Zaynitdinova et al., 2020), Pseudomonas
stutzeri (Zaynitdinova et al., 2020), Pseudomonas fluorescens (Bayat et al.,
2021). Similarly, various studies have highlighted the capability of
copper nanoparticles in facilitating the photocatalytic degradation of
different dyes (Fathima et al., 2018, Noman et al., 2020). For waste-
water treatment, Anjum et al. (2019) described the nanotechnology as
one of the most advanced process. In this backdrop, following research
investigates an innovative and sustainable approach for synthesizing Cu-
NPs. The potential of bacterial strain was harnessed with an aim to not
only reduce the environmental impact but also enhance its cost effec-
tiveness. For in-depth understanding of Cu-NPs, various cutting-edge
techniques such as, UV-Vis spectroscopy, FTIR, SEM, and XRD were
used. This study was not only focused on green synthesis but also holds
an immense promise in catalytic biodegradation of various azo-dyes.
Furthermore, the potential of nanoparticles for the treatment of textile
waste water was also explored, thus contributing to environmental
conservation. This is the research that promises to not only captivate but
also contribute to a greener and more sustainable future.

2. Materials and methods
2.1. Materials

All the reagents or chemicals namely nutrient agar, nutrient broth,
and copper sulfate pentahydrate, used for experimental analysis, were
procured from Sigma Aldrich or UNI-Chem and used without any puri-
fication techniques. The dyes used in this study namely congo red (CR),
reactive black-5 (RB-5), methylene blue (MB), reactive red-2 (RR-2), and
blue direct (BD) were also purchased from Sigma Aldrich. Moreover, the
glassware used during experimental analysis was washed with distilled
water and autoclaved.

2.2. Collection of samples for the isolation of bacterial strain

Wastewater samples were collected from Five-star Textile Industry
Faisalabad. Bacterial strains were isolated using serial dilution method.
Dilutions (10~* to 10%) were spread on plates of nutrient agar amended
with the solution of copper sulfate (1 mM). These plates were incubated
for 48 h in incubator at 30 °C. The bacterial colonies having ability to
tolerate stress were purified by repeated streaking method on freshly
prepared plate and labelled. Among different isolates, strain FB-1 was
used for the biosynthesis of nanoparticles.

2.3. Biosynthesis of copper nanoparticles

For the biosynthesis of copper nanoparticles (Cu-NPs), the colony of
bacterial strain was inoculated in nutrient broth medium along with two
controls (The first control containing only the uninoculated medium and
the second control containing the uninoculated medium along with the
precursor salt), and incubated under shaking condition at 120 rpm for
48 h at 28 °C. The culture was centrifuged for 10 min at 7000 rpm to
remove the pellet for extracellular synthesis of Cu-NPs. The supernatant
was then added with 10 mM copper sulfate pentahydrate solution and
incubated again under shaking condition for 24 h at 120 rpm. Equal
concentration of precursor salt solution was also added to the second
control. The change in color from bluish-to-bluish green in comparison
to control confirmed the biosynthesis of Cu-NPs. The reaction mixture
was again subjected to centrifugation for about 10 min at 7000 rpm at
4 °C to remove the supernatant. The pellet was washed with double
distilled water to remove the impurities and placed in an oven to heat
dry the nanoparticles. They were then ground into fine powder.



F. Batool et al.

Journal of King Saud University - Science 36 (2024) 103309

$— Bacillus oryzisoli strain 1DS3-10 T (KT886063)

77

a3 I

100

I— Bacillus oryzisoli strain IN 283 (MT789106)
Bacillus endozanthoxylicus strain 1404 7 (KX865139)

; Bacillus endozanthoxylicus strain 1404 (NR 158107)

Bacillus benzoevorans strain DSM5391 T (D78311)
S0

100

]— Bacillus benzoevorans strain NCIMB 12555 (NR 044828)

Bacillus circulans strain ATCC 4513 T (AY724690)

—

2 100

$ Bacillus depressus strain BZ1 T (KP259553)

96

99

T
63

97—]—

100 l; Bacillus oceanisediminis strain H2 (NR 117285)

il I
100

l— Bacillus circulans strain 7CCIP2 (KM066000)

l; Bacillus depressus strain BZ1 (NR 146034)
Bacillus firmus NBRC 15306 T (BCUY01000205)
; Bacillus firmus strain IAM 12464 (NR 025842)

Bacillus oceanisediminis strain H2 T (GQ292772)

Bacillus fumarioli NBRC 102428 T(BCUZ01000224)

100
{ Bacillus fumarioli strain LMG 17489 (NR 025370)

Bacillus drentensis strain LMG 21831 T (AJ542506)
l; Bacillus drentensis strain IDA1967 (NR 029002)

Bacillus cucumis strain AP-6 T (KT895286)

T(: Bacillus cucumis strain AP-6 (NR 148626)

FB-1

—

100

l_ Bacillus flexa strain VITSP6 (MG407663.1)

Streptococcus pneumoniae strain ATCC 33400 (NR 028665)

Escherichia coli strain U 5/41 (NR 024570)

‘ 0.02 ‘

Fig. 1. Neighbor joining phylogenetic tree of Bacillus spp. Strain FB-1.

2.4. Molecular characterization and phylogenetic study

The selected bacterial isolate having potential of Cu-NPs synthesis
was identified on molecular basis. The 16 S rRNA gene was amplified
using forward and reverse primers f-D1 (5-AGAGTTTGATCCTGGCT-
CAG-3) and r-D1 (5-AAGGAGGTGATCCAGCC-3) (Weisburg et al.,
1991). The amplified gene products of 16 S rRNA were sequenced
commercially by Macrogen, South Korea. The retrieved sequence of 16 S
rRNA gene was trimmed analyzed by Sequence Scanner software
package and trimmed on both sides to cut the bad sequences. The
BLASTn was used for identification of strain. Then the phylogenetic tree
was constructed by using NJ (neighbour-joining) method to describe the
identity of selected strain.

2.5. Characterization of biosynthesized copper nanoparticles

The bacterial synthesis of Cu-NPs was confirmed using Ultraviolet
Visible Spectroscopy (Shimadzu, Kyoto, Japan). It determined the
maximum absorption spectra of samples. UV-vis spectroscopy analyzed
the reaction mixture at a wavelength ranging from 300 to 800 nm
(Noman et al., 2020).

Scanning Electron Microscopy (SEM) was employed to describe the
shape and surface texture of biosynthesized Cu-NPs (Instrument: JSM-
6490). SEM was conducted by following the method of Tiwari et al.
(2016). For SEM analysis, about 10 pL of homogenous cell free colloidal
solution was placed on cover slip made up of glass and dried at 100 °C.
After that, the glass cover slip was cooled and fixed on aluminum stub
using adhesive carbon tape.

The crystalline nature of biosynthesized nanoparticles was deter-

mined using X-ray diffraction analysis. To determine the XRD pattern,
the drop was coated on glass substrate and placed in X-ray diffractom-
eter apparatus (JCPDS Card #=04-0836) which was operated at 40 mA
and 45 KV voltage of current with Cu Ko rays. The crystalline nature of
biosynthesized nanoparticles was analyzed, and Debye-Scherrer’s for-
mula, was used for their average size

(D = K1/pcosh)
Whereas,

D = “Crystalline size”, K = “Sharrer’s constant” and its value is “0.9”,
A = Wavelength of “x-ray source”, p = “Width at 1/2 maximum of
reflection peaks” and, 6 = “Peak position”.

Functional groups and associated proteins that participate in stabil-
ity of biosynthesized Cu-NPs were determined by Fourier-Transform
Infrared Spectroscopy (FT-IR) (FTIR-Bruker TENSOR- 27). The dried
powder of biosynthesized Cu-NPs was taken to FTIR measurement and
the FTIR spectra were attained. It is useful method to ascertain the
various type of chemical bonds in a molecule by making an IR absorp-
tion spectrum that functioned as molecular fingerprint. The analysis of
FT-IR was conducted in a range of 4000-350 cm .

2.6. Catalytic degradation of azo dyes

2.6.1. Optimization of concentration of Cu-NPs for RB-5 decolorization
Various concentrations of Cu-NPs were used to check their potential

of decolorization of RB-5. 50 ppm concentration of RB-5 was used for

this purpose. Various concentrations of NPs such as (0.05, 0.1, 0.2, 0.5,
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Fig. 2. (A) Confirmation of biosynthesized copper nanoparticles by changing in color and (B) UV-vis spectroscopy. The brown line in UV-Vis spectrum confirmed the
synthesis by showing an absorption peak at 325 nm while the blue line indicates the control. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

1,2, 3,4,5and 10 mg ml™!) were added to the solution of RB-5 and
placed in solar irradiation for 4 h after shaking for about 10 min. After
each hour, 1 ml of sample was taken from each concentration in a 1.5 ml
Eppendorf tube. The samples were centrifuged for about 10 min at 7000
rpm to remove the Cu-NPs. Spectrophotometer was used to check the
ability of different concentrations of nanoparticles by measuring the
decolorization of RB-5. The optimized concentration (0.5 mg ml™ Y of
Cu-NPs was used for further analysis.

2.6.2. Decolorization of azo dyes using optimized concentration of NPs
The optimized concentration (0.5 mg ml™!) of nanoparticles was
used for the decolorization of various other dyes such as MB, RB-5, BD,
CR, MG, and RR-2 dyes at 25 and 50 ppm concentrations. For this
purpose, optimized concentration of biosynthesized Cu-NPs (50 mg) was
added to the solution (100 ml) of above-mentioned azo dyes. The re-
action mixtures were then placed in sun light for incubation for about 4
h. 1 ml of sample was taken from each dye in 1.5 mL Eppendorf tube
after specific time interval. The Eppendorf tubes containing samples
were centrifuged for 10 min at 7000 rpm to remove the Cu-NPs. Spec-
trophotometer was used to evaluate the degradation of dyes. The
decolorization of dyes namely MB, CR, BD, RR-2, RB-5, and MG was
evaluated at 561, 478, 592, 540, 597, and 624 nm, respectively. The %
age of dyes degradation was calculated using the formula written below,

% decolorization = ((C —S) x C)/100)
Whereas,

e C is control
e S is sample

2.6.3. Treatment of wastewater

Bacterial synthesized Cu-NPs were also used for the treatment of
actual wastewater. The sample of wastewater was collected from
paharang drain (North-31.526904 and East-73.118483) and Sargodha
Road, Faisalabad, Pakistan. It was firstly centrifuged at 10,000 rpm for 5
min to remove the particulate matter. The collected wastewater was
spiked with congo red (50 ppm) to have considerable concentration of
the dye and color intensity. 50 mg (0.5 mg ml™*) of biosynthesized Cu-
NPs were then added to 100 ml of wastewater by keeping the control
without nanoparticles to evaluate the treatment of wastewater. Sample
was vortexed and incubated in the presence of sunlight for about 7 h.
After incubation, the samples were centrifuged for 10 min at 7000 rpm
to remove the Cu-NPs. Different parameters like pH, chemical oxygen

demand, electrical conductivity, phosphates, color intensity, and sul-
phates were checked before and after the treatment following the pro-
cedure described by Rump (1999) and Magbool et al. (2016).

2.7. Statistical analysis

The experimental data of treatment was entered in Microsoft Excel
2016, and percentage decolorization, means, and standard deviation
was calculated. For analyzing data, completely randomized design was
used. Analysis of variance was calculated by using statistix 8.1 software.
Principle component analysis and heat map was also constructed using
the R-studio (Version 4.2.2).

3. Results and discussion
3.1. Isolation, molecular characterization and phylogenetic analysis

The selected isolate was purified by repeated streaking method on
freshly prepared nutrient agar plates until single colony was obtained.
The growth pattern of selected isolate on nutrient agar plate media has
been represented in the Figure S1. The phylogenetic analysis of 16 S
rRNA gene and BLASTn of isolate determined that the selected isolate
belongs to genus Bacillus. In Phylogenetic tree (Fig. 1), selected strain
clustered with Bacillus spp. The 16S rRNA gene sequence of strain (FB-1)
was also compared with known sequences in database using BLASTn
program of NCBI and the sequence showed more than 99 % resemblance
with the bacterial strains belonging to genus Bacillus.

3.2. Biosynthesis and characterization of copper nanoparticles

Various microbial isolates have been reported describing the syn-
thesis of Cu-NPs. In this study Bacillus spp. Strain FB-1was used for the
extracellular synthesis of Cu-NPs at 10 mM concentration of copper
sulphate salt. On addition of salt, the change in color (from bluish to blue
greenish) firstly confirmed the biosynthesis process (Fig. 2A). Similar
result was reported earlier by Tiwari et al. (2016) who synthesized Cu-
NPs using Bacillus cereus strain at 10 mM concentration of copper sulfate
salt. On the other hand, Noman et al. (2020) also reported the bacterial
synthesis of Cu-NPs using Escherichia sp. strain SINT7 at 5 mM concen-
tration of precursor salt. The Bacillus flexus strain was also used for the
synthesis of silver nanoparticles (Priyadarshini et al., 2013). Further-
more, several other nanoparticles such as cadmium sulphide (Singh
etal., 2011), iron oxide (Sundaram et al., 2012), titanium dioxide (Khan
and Fulekar, 2016) and zinc oxide (Hamk et al., 2023) were synthesized
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Fig. 3. SEM images of biosynthesized copper nanoparticles under different magnifications such as 0.5 pm (A), 1 um (B), 2 ym (C), and 10 pm (D).

from Bacillus spp. Hence, the bacterial strain Bacillus spp. FB-1 is a new
addition as a bacterial member for the synthesis of nanoparticle.

The change in color was the first confirmation of biosynthesis of Cu-
NPs. The cell free reaction mixture showed absorbance peak at 325 nm
using UV-vis spectrophotometer which confirmed the synthesis of Cu-
NPs as depicted in Fig. 2B. Similar result was reported by Noman
et al. (2020) and concluded that peak in this region confirmed the
reduction of precursor salt into nanoparticles. Moreover Singh et al.
(2010) and Mamuru et al. (2016) also reported the confirmation peak of
Cu-NPs at 310 nm. While Fathima et al. (2018) and Hassan et al. (2019)
showed an absorption peak at 560 and 590 nm.

The SEM analysis revealed the morphology of biosynthesized Cu-
NPs. The SEM image of the biosynthesized Cu-NPs (Fig. 3) indicated
that the sample contained copper nanoclusters with irregular spherical
shape and present in an agglomerated form. The analysis of SEM images
revealed that the particles size was in range of 17-34 nm.Various reports
described the different shapes of Cu-NPs such as cubical (Kuo et al.,
2007), rhombic dodecahedral (Liang et al., 2009), 18-facet polyhedral
(Lin et al., 2010), octahedral (Xu et al., 2011) and spherical (Noman
et al., 2020), Bukhari et al., 2021).

The XRD analysis of biosynthesized Cu-NPs showed various diffrac-
tion peaks at 44.5°, 51.5°, 74.75°as depicted in Fig. 4A. The described
peaks at 44.5°, 51.5°, 74.75° were assigned to (111, 200 and 220) planes
of copper. The peaks at above mentioned planes confirmed the crystal-
line nature of Cu-NPs. There are also some extra peaks that might be due
to presence of some cupric oxide or copper oxide nanoparticles. The size
of nanoparticles was less than 27.6 nm calculated by Debye-Scherrer’s
formula. Tiwari et al. (2016) reported the similar results and showed

diffraction peaks of Cu-NPs at 111, 200 and 220 synthesizing from Ba-
cillus cereus spp. They also reported some extra peaks of copper oxide
nanoparticles. Similarly, Noman et al. (2020) and Lv et al. (2018) also
reported the similar results showing diffraction peaks at 111, 200, and
220 with a size of particles about 28.55 and 10-16 nm.

FTIR spectrum of biosynthesized Cu-NPs produced from Bacillus sp.
FB-1 showed peaks of absorption at 3388.72, 2928.94, 1645.23,
1403.43, 1066.48, and 595.02 cm ™! as shown in Fig. 4B. The peaks at
3388.72 and 2928.94 cm ™! were due to presence of OH group of alcohol
and C-H stretching. The peak at 1645.23 cm™! was due to C=C
stretching. Whereas peaks at 1403.43 and 1066. 48 cm™* were due to
bending of C-H and stretching of C-O group. The presence of bands at
595.02 cm ™! showed probabilities of existence of copper or copper oxide
nanoparticles (CuO-NPs). The FTIR spectrum of biosynthesized Cu-NPs
confirmed the presence of alcoholic group and proteins. Coating of
protein around copper nanoparticles enhanced the long-term stability of
particles (Valodkar et al., 2011). Whereas, Noman et al. (2020) reported
the various absorption peaks at 3381.79, 2957.81, 1656.20, 1451.87,
1398.87 and 1111.12 cm™'. The peaks at 3381.79 and 2957.81 cm™*
were due to presence of OH group of alcohol and stretching of C-H bond.
While Nieto-Maldonado et al., (2022) reported the plant based synthesis
of copper nanoparticles and showed various absorption peaks at 3271,
2931, 1606, and 1029 cm ™. the peaks at 3271 and 2931 cm ! were due
to presence of O-H and C-H groups. On the other hand, the peaks at
1606 and 1029 cm ™! were due to C=0 and C-O groups.
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Fig. 4. XRD (A) and FTIR (B) spectrum of biologically synthesized copper nanoparticles using Bacillus spp.

3.3. Photocatalytic degradation of azo dyes

3.3.1. Optimization of concentration of Cu-NPs for RB-5 decolorization

In the current work, different concentrations of biosynthesized Cu-
NPs were used for the degradation of RB-5. After solar incubation of
4 h, decolorization of RB-5 with 0.05, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, and 10
mg ml~! concentration of biosynthesized Cu-NPs was about 84.3 + 0.3
%, 87.0 £ 0.5 %, 87.2 + 0.5 %, 86.9 = 1.4 %, 90.1 + 1.8 %, 89.0 + 1.6
%, 89.7 £ 2.6 %, 90.1 £ 1.2 %, 88.0 + 3.1 %, and 88.5 £+ 3.4 %,
respectively (Fig. 5). From the rate of decolorization, it was clearly
proved that each concentration shows maximum degradation of RB-5.
However, it is noteworthy that, after 1 h incubation period, 24.9 +
2.9 %, 45.0 £+ 0.3 %, 60.4 £ 1.6 %, 80.5 + 0.8 %, 80.8 + 1.2 %, 80.8 £
0.2 %, 81.9 + 0.7 %, 80.9 + 1.3 %, 81.8 &+ 2.5 % and 75.5 + 2.1 %
decolorization of RB-5 was observed using 0.05, 0.1, 0.2, 0.5, 1, 2, 3, 4,
5, and 10 mg ml~! concentration of Cu-NPs. So, 0.5 mg ml~! of bio-
synthesized Cu-NPs was selected for the decolorization of other dyes as
shown in Fig. 8. While Noman et al. (2020) used 1 mg ml ! of Cu-NPs for
the decolorization of various azo dyes. Furthermore Ahmad et al. (2018)
decolorized the bromophenol blue (BPB) dye using 0.25 mg ml~! of
green synthesized Cu-NPs.

Histogram correlation analysis was carried out for the selection of
best concentration of nanoparticles for the decolorization of dyes. In a

histogram (Fig. 6A) red color showed non-significant while pink, grey
and blue colors showed significant results. After analyzing the histo-
gram, it was observed that among all concentrations, 0.5 mg ml™!
showed exceptional results. When compared to 0.5 mg ml~* concen-
tration, lower concentrations (0.05-0.2 mg ml~Y) showed significant
decolorization but not effective as 0.5 mg ml~! concentration. On the
other hand, higher concentrations (1-10 mg ml~!) did not showed a
proportional increase in decolorization potential, especially the mini-
mum increase was observed after the 3 h. While, 0.5 mg ml~! showed a
higher initial decolorization rate and maintained throughout the time,
thus providing an optimum balance between effectiveness and nano-
particles concentrations. So, the 0.5 mg ml~! was selected that not only
conserve the resources but also go with environmental and economic
considerations, potentially reducing the ecological footprint and mate-
rial costs associated with the process of decolorization of dyes.

The loading plots of PCA to check the effect of different concentra-
tions of nanoparticles on rate of decolorization have been presented in
Fig. 6B. In the whole database, Dim-1 and Dim-2 showed maximum
contribution and occupy more than 98.5 % of all databases, among
which Dim-1 showed 94.1 % and Dim-2 showed about 4.4 %. It was
observed that concentration of nanoparticles showed a significant effect
on rate of decolorization.
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3.3.2. Decolorization of azo dyes using optimized concentration of NPs
After optimization, 0.5 mg ml~! concentration of biosynthesized Cu-
NPs was used for the decolorization of various other azo dyes. The Cu-
NPs were observed to carry out an effective decolorization of different
azo dyes (Fig. 7). The results indicated that, just after solar irradiation of
1/2 h, Cu-NPs decolorized about 84.5 &+ 1.1 %, 64.8 &+ 3.9 %, 38.7 +
4.3 %, 46.9 £+ 2.2 %, 20.4 + 3.8 % and 30.7 + 2.1 % of RB-5, CR, MG,
MB, RR-2, and BD. However, 71.9 & 1.9 %, 30.5 + 1.4 %, 61.9 £ 3.9 %,
8.1 +0.5%, 15.7 &+ 2.2% and 15.9 + 1.6 % of RB-5, CR, MG, MB, RR-2,
and BD were decolorized at 50 ppm concentration of dyes just after 1/2
h. However, after 1 h of solar incubation, decolorization of RB-5, CR,
MG, MB, RR-2, and BD was increased to 86.3 & 0.7 %, 90.3 + 2.4 %,

54.2 + 9.4 %, 58.9 + 3.5 %, 36.7 &+ 3.3 % and 45.8 + 2.1 % at 25 ppm
concentration. Similarly, at 50 ppm concentration, the decolorization of
RB-5, CR, MG, MB, RR-2, and BD was also increased to 84.2 + 0.6 %,
71.6 £ 2.5 %, 71.6 + 3.9 %, 46.1 + 2.8 %, 26.8 + 1.6 % and 48.5 £ 5.5
%, after 1 of solar incubation. It is noteworthy that the decolorization of
the above-mentioned dyes was more at 25 ppm (Fig. 7A) concentration
of dyes than 50 ppm (Fig. 7B) concentration. Finally after 4 h of solar
irradiation, the copper nanoparticles decolorized about 96.8 + 1.0 % of
RB-5,92.2 + 2.2 % of CR, 96.9 + 1.1 % of MG, 72.5 + 0.6 % of MB, 58.5
+ 1.2 % of RR-2 and 78.7 + 2.7 % of BD at 25 ppm concentration and
88.2 £ 0.2 % of RB-5, 88.5 + 1.9 % of CR, 90.4 + 1.8 % of MG, 64.8 +
1.0 % of MB, 46.8 + 1.6 % of RR-2, and 67.3 + 2.9 % of BD at 50 ppm
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concentration. The difference in catalytic potential of biosynthesized
Cu-NPs for different dyes might be due to change in activity in aqueous
media, structure of dye, and difference in intensity of solar radiation
(Noman et al., 2020). The visual representation of decolorization of
above-mentioned dyes has been shown in Figure S2. Dyes were decol-
orized after the addition of biosynthesized Cu-NPs and was proved from
the decrease in absorption values at Apax Of each dye. While, (Noman
et al., 2020) reported the 97.07 %, 83.61 %, 88.42 %, and 90.55 %
decolorization of 25 ppm concentration of congo red, reactive black-5,
direct blue-1, and malachite green respectively. On the other hand,
Ghaffar et al. (2021) reported the 73.5 % decolorization of Disperse
yellow-125 using 0.01 % concentration of dye and 0.05 % of green
synthesized Cu-NPs.

While, the photocatalytic activity of Cu-NPs for the degradation of
various azo dyes such as, congo red, methyl red, methylene blue
(Fathima et al., 2018), and methyl orange (Li et al., 2015) was also re-
ported (Al-Hakkani, 2020). Moreover, the catalytic potential of bio-
synthesized nanoparticles can be used for the removal of pollutants
present in actual wastewater.

The heat map analysis was also carried out to check the effect of
different concentration of dyes over time. In a histogram (Fig. 8A) red

color showed non-significant while pink, grey and blue colors showed
significant results. After analysis it was observed that for both concen-
trations (25 and 50 ppm), the decolorization potential of biosynthesized
Cu-NPs generally increased over time, with some variances among dyes.
At 25 ppm concentration, RB-5, CR, and MG showed high decolorization
potential, reaching over 90 % after 4 h. The decolorization of MB and BD
also increased over time, while RR-II has the least decolorization po-
tential. On the other hand at 50 ppm concentration, RB-5 showed a
consistent increase in decolorization potential, but slightly lower than
the 25 ppm concentration. While decolorization potential of CR, MG,
and BD showed significant improvements over time, and MB and RR-II
have moderate to low decolorization potential, thus indicating that
higher concentrations do not lead to better decolorization for these dyes.

Similarly PCA was also used to check the effect of different concen-
trations of dyes on rate of decolorization (Fig. 8B). In the whole data-
base, Dim-1 and Dim-2 showed maximum contribution and occupy more
than 97.3 % of all databases, among which Dim-1 showed 90.2 % and
Dim-2 showed about 7.1 %. It was observed that concentrations of dyes
showed significant effect on rate of decolorization over time.
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Different parameters before and after the treatment of wastewater with the help of copper nanoparticles synthesized from Bacillus sp.

Wastewater treatment pH EC TDS COD Sulphates Phosphates Color intensity
(ds m™) (mgL™") (mgL™") (mgL™") (mgL™") (nm)
Pre-Treatment 8.6 7.31 1940 1644 182.34 27.64 0.4
Post-Treatment 6.9 2.98 821 992 103.65 13.96 0.02
% Removal - - 57.68 39.66 43.16 49.49 95.97
3.3.3. Treatment of textile wastewater Funding

The optimized concentration of Cu-NPs was also used for the treat-
ment of textile wastewater added with CR dye (50 ppm). Before any
treatment, the wastewater shows high values for various parameters
such as sulphates, phosphates, pH, EC, TDS, COD, and color intensity.
Whereas the treated wastewater showed significant reduction in all
above-mentioned parameters (Table 1). Few studies already reported
the treatment of wastewater via metal nanoparticles (Bibi et al., 2019,
Dlamini et al., 2019, Al-Hakkani, 2020; Noman et al., 2020, Siddique
et al., 2021). The results of present study showed that the pH of the
wastewater was reduced from 8.6 to 6.9 after the treatment as compared
to non-treated wastewater. The EC of treated wastewater was also
reduced by 59.23 %. Whereas, other parameters such as TDS, COD,
sulfates, phosphates, and color intensity were also reduced by 57.68 %,
39.66 %, 43.16 %, 49.49 %, and 95.97 % in comparison to non-treated
wastewater as depicted in Table 1. Few previous studies have also re-
ported the treatment of wastewaters by exploiting the potential of
different types of nanoparticle (Bibi et al., 2019, Noman et al., 2020,
Siddique et al., 2021; Rasool et al., 2023; Pham-Khanh et al., 2023), For
example, the findings of Siddique et al., (2021) reported the reduction in
various parameters such as pH, EC, TDS, COD, and color removal with
the help of biologically and chemically synthesized zinc oxide nano-
particles. Furthermore, Fouda et al. (2022) also reported the treatment
of tanning wastewater using zinc oxide nanoparticles. They reported the
96.5, 88.8, 88.5, and 91.5 % reduction in TSS, COD, BOD, and con-
ductivity of wastewater treated with zinc oxide nanoparticle. Moreover,
zinc oxide nanoparticles also lowered the Cr (VI) level from wastewater
by 93.4 % (Fouda et al., 2022). On the other hand, Noman et al. (2020)
also treated the textile wastewater with the help of Cu-NPs and discussed
the decrease in different parameters like pH, turbidity, COD, TDS, TSS,
hardness, chloride, and sulphates before and after the treatment. The
reduction efficieny of Cu-NPs from wastewater can be attributed to
functional groups, surface structure and chemical components that are
attached to them (Dlamini et al., 2019; Al-Hakkani, 2020). So, the
abovementioned results suggested that biosynthesized Cu-NPs might
serve as an excellent photocatalyst for the treatment of textile waste-
water loaded with dyes.

4. Conclusion

Based on the findings of the current study, it might be concluded that
biosynthesized Cu-NPs might serve as potential agent not only for
photocatalytical degradation of different textile azo dyes but also for
treatment of actual wastewaters by lowering sulphates, phosphates,
color intensity, pH, EC, TDS, and COD. Therefore, the current study
emphasizes on photocatalytic application of biosynthesized Cu-NPs in
the decolorization of azo dyes on commercial level.
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