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Abstract: Wastewater from tanneries may ruin agricultural fields by polluting them with
trace metals. The synthesis of nanoparticles (NPs) from algal sources and their application
could help in decreasing hazardous materials, for environmental safety. The potential of
zinc oxide nanoparticles made from Oedogonium sp. was evaluated for removal of heavy
metals from leather industrial wastewater. Synthesized algal nanoparticles (0 (control),
0.1, 0.5, and 1 mg) were applied to treat wastewater by using different concentrations of
leather industrial effluents (0%, 5%, 10%, 15%, and 100%) for 15, 30, and 45 d. The
wastewater collected was dark brown to black in color with very high pH (8.21), EC (23.08
us/cm), and TDS, (11.54 mg/L), while the chloride content was 6750 mg/L. The values of
biological oxygen demand (BOD) and chemical oxygen demand (COD) ranged between
420 mg/L and 1123 mg/L in the current study. Prior to the application of nanoparticles, Cr
(310.1), Cd (210.5), and Pb (75.5 mg/L) contents were higher in the leather effluents. The
removal efficiency of TDS, chlorides, Cr, Cd, and Pb was improved by 46.5%, 43.5%, 54%,
57.6%, and 59.3%, respectively, following treatment with 1 mg of nanoparticles after 45 d.
Our results suggested that the green synthesis of ZnO nanoparticles is a useful and eco-
friendly biotechnological tool for treating tannery effluents, before they are discharged
into water bodies, thus making the soil environment clean.

Keywords: bioremediation; green synthesis; Oedogonium sp.; nanoparticles; wastewater
treatment; environmental protection

1. Introduction

The contamination of soil with wastewater has become a global problem over the last
few decades, along with increases in the demands on the food and water supply [1]. Nat-
ural processes such as weathering and volcanic eruptions are the main source of heavy
metal accumulation in the environment [2]. However, exposure to synthetic fertilizers and
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heavy metal discharge via anthropogenic activities have become a major threat to the en-
vironment [3]. Wastewater pollution has increased at an alarming rate due to the subop-
timal discharge of effluents from rapidly increasing global industrialization [4]. Different
units and industrial pools (chemical, cement, leather, textile steel, petrochemical, food
processing, construction, rubber manufacturing, crockery, publishing, and paper print-
ing) produce pollutants that are released into the wastewater [5]. However, the discharged
wastewater of different industries is the major source of soil metal pollution such as iron
(Fe>), cobalt (Co*), nickel (Ni*), cadmium (Cd?*), zinc (Zn*), lead (Pb%), copper (Cu?),
chromium (Cr?), mercury (Hg?"), molybedenum (Mo%), and selenium (Se?) [6]. Dis-
charged wastewater is directly ruining agricultural fields, as the harmful chemicals as well
as pollutants released by industrial units into nearby drains have caused drastic effects
that alter the sustainability of the ecosystem. Heavy metals are the elements with an
atomic weight between 63 and 200 and a specific gravity greater than 4. The specific grav-
ity of these metal ions is five times greater than those of water bodies. Trace amounts of
some metals are required by living organisms; however, any excess amount of these met-
als can be detrimental to organisms [7]; hence, pollution monitoring and trace metal erad-
ication are essentially needed. Moreover, the application of nanomaterials is of great im-
portance for phytoremediation, improve crop production and ecosystem restoration [8],
as NPs may interact with pollutants in water and absorb them due to their special physi-
cochemical properties: being nanosized, having a large specific surface area, and being
potentially efficient carriers for many pollutants including heavy metals and organic pol-
lutants [9].

It is estimated that the well-being of humans is affected due to heavy metal intrusion
in water and vegetables grown under wastewater. In Karachi alone, >6000 industrial units
discharge about 300 million gallons of industrial waste/day, which are dumped in the
coastal areas affecting living beings in the ocean [10], as the accumulation of heavy metals
in fish (iron clogging in fish gills), marine birds, and seaweeds has resulted in their in-
creased mortality and, ultimately, has disrupted the process of the food chain [9]. Almost
10% of the total dyes used in textile industries are disposed as wastewater and are one of
the major causes of water pollution [11]. The effluents from industries are complex, con-
taining a wide variety of dye products (such as dispersants, acids, bases, salts, detergents,
and oxidants), and the discharge of these colored effluents goes into rivers and lakes [12].
The excessive exposure of heavy metals (arsenic (As), lead (Pb), cadmium (Cd), zinc (Zn),
and copper (Cu)) in discharge areas and agricultural land also causes a negative impact
on marine organisms, cultivated crops, and ultimately human beings through the food
chain [13]. The above-mentioned problems warrant proper treatment of wastewater efflu-
ents prior to their final discharge into the environment, particularly for large water bodies.
Not a single industrial sector has paid any attention toward the predischarge treatment of
wastewater. Industrial as well as sewage effluents are usually discharged into agricultural
areas, where wastewater is used for the purpose of irrigation. It not only poses a harmful
effect on the soil surface and its characteristics but also affects the quality of crops. About
20% of the irrigation in Pakistan uses untreated wastewater [14]. Crops that are being ir-
rigated by wastewater accumulate large concentrations of heavy metals. Metal ions are
attached to the negatively charged soil particles, and when cations detach from soil parti-
cles, they are freely available and adsorbed by plants via water uptake [15]. A variety of
contaminated crops are consumed by people, which becomes a major route for heavy met-
als to enter the human body via the food chain, causing serious health hazards [16]. A
variety of toxins present in industrial waste alters soil properties and the crop yield, be-
sides affecting the human immune system [4]. Toxic pollutants also negatively affect
aquatic life. The accumulation of heavy metals and other toxins in fish (iron clogging in
fish gills), marine birds, and seaweeds has increased mortality and has ultimately dis-
rupted the process of the food chain [17].

Nanotechnology is a promising field to treat wastewater contaminants in a reliable
and cost-effective manner. Bioremediation process is carried out with the help of different



Sustainability 2022, 14, 13940

3 of 17

types of NPs, which can adsorb effluents (heavy metals) from contaminated water [18]. In
the fields of environmental science and technology, nanomaterials are identified as effec-
tive substances due to their large surface area, high thermal resistance and capacity, very
small size, self-assemblage, and high chemical reactivity [19]. The basic metallic NMs are
metal oxides, quantum dots and noble nanomaterials. Due to their small size, they show
a significant change in their atomic structure and magnetic characteristics. Different na-
noscale materials have a large surface area, a size within 1-100 nm (means one-billionth
of a material) [20], and physicochemical characteristics with a notable impact in lowering
the concentration of pollutants, especially heavy metals from wastewater [21]. Nanopar-
ticles synthesized by algae are a very simple, cost-effective, and time-saving method [22].
Algae are known to have potential as a suitable biosorbent because of their fast and easy
growth as well as their widespread availability [23]. Algal extract contains a variety of
pigments, polysaccharides, proteins, and peptides along with a functional group [24] that
acts as a reducing agent and reduces the metals’ ions at optimal conditions, without pro-
ducing any toxic byproducts [25]. The sorption capability of algae has been attributed to
their cell walls, which are often porous and allow for the passage of molecules and ions
in aqueous solutions. Nanoparticles synthesized by microalgae have gained lot of interest,
since they can bioremediate toxic metals, further converting them to more amenable forms
[26].

The treatment of polluted water is the leading application of nanotechnology. Differ-
ent nanomaterials including nanotubes, magnetic nanoparticles, a variety of nanofilter
membranes, metal oxide NPs, and nanosensors help to isolate heavy metals in polluted
water [27]. Some studies on nanoparticles have been conducted on wastewater treatment
in conventional activated sludge (CAS) processes [28]. The activated charged functional
groups on the surface area of NPs have a great affinity to adsorb metallic ions. With the
passage of time, the demand for NPs due to their superb adsorption ability has increased
[29]. They are currently applied in different industries including the biomedical field (act-
ing as antimicrobial, drug delivery, biosensing, biomarker mapping, molecular imaging,
targeted therapy, and antitumor agents) [30]. The green synthesis of ZnO nanoparticles
has increased the demand for these nanomaterials because of their ecofriendly nature,
cost-effectivity, and time- and energy-saving process compared to other conventional
physicochemical processes [31]. An agricultural area that is continuously irrigated with
wastewater bears a consistently higher concentration of toxic pollutants. There are 16%-—
68.4% protein content decreases due to the toxicity of cadmium in maize [32]. It also in-
fluences the nitrogen concentration in different tissues of the plant. These contaminants
affect the microbial community in soil very badly, disturb ecological processes, and ulti-
mately result in stunted growth and decreased crop yields [33]. In view of the different
advantages of NPs, the aim of the present study was to assess the ability of ZnO-algal-
synthesized nanoparticles to reduce heavy metal content and to lower down the concen-
tration of other pollutants in wastewater. We hypothesized that the removal efficiency of
toxic waste using an algal nanoparticle would increase with time and dosage. The follow-
ing questions were addressed in this study: (1) What concentration of algal-synthesized
nanoparticles would be effective in removing trace metals from wastewater? (2) Does the
removal efficiency of toxic waste increase with the passage of time?

2. Methodology
2.1. Wastewater Collection, Algal Sampling, and Its Identification

The wastewater was collected from Sundar Industrial Estate, Punjab, Pakistan (Fig-
ure 1). The collected wastewater was dark in color and had pungent smell. The algae were
collected from freshwater ponds located near the main GT Road, Muridke, Pakistan (Fig-
ure 1). Algal species were identified on the basis of morphology under a microscope and
by comparing sequences of their partial 18SrDNA and internal transcribed spacer (ITS)
region [34]. DNA was extracted using the CTAB method [35]. The 18SrtDNA gene was
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amplified by PCR (Meradd ICCC—MPTC02077), and PCR products were sequenced by
the service provider Macrogen. The resultant sequences were compared to existing se-
quences using BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 July
2022). Multiple sequences were aligned using ClustalW in the Molecular Evolutionary
Genetic Analysis tool (MEGAX software). Phylogenetic trees were constructed using the
neighbor-joining method and 1000 bootstrap re-samplings, and their respective nucleo-
tide sequences were submitted to NCBI.

e

ischarge area of leather industry Mudke, Pakistan

Figure 1. Wastewater and algal Collection.

2.2. Green Synthesis of Zinc Oxide Nanoparticles from Algae
2.2.1. Algae Extract

Algal samples were washed with distilled water for removing the adhered particles.
They were dried in a shaded place. The dried algal material was powdered, weighed, and
stored in clean containers. Washed algal biomass (2 g) was mixed with 100 mL of distilled
water and kept in a water bath for 20 min at 80 °C. The algal extracts were then filtered
through Whatman'’s No. 1 filter to obtain the algal extract solution [36].

2.2.2. Salt Solution

The algal extract solution was used for the reduction of zinc acetate monohydrate salt
to ZnO-NPs. The 0.5 M salt solution was prepared by adding 7.17 g ZnSO4.7H>0 in 50 mL
of dH20O. The algal extract was gradually added in salt solution with continuous stirring.
The change in color of the solutions was monitored. The solution was kept in ambient
temperature (37 °C) for 24 h in a shaking incubator at 120 rpm. The solution was then
centrifuged at 6000 rpm for 30 min. The pellet was collected and centrifuged again at 6000
rpm for 30 min. This process was repeated thrice to remove remains of unreacted algal
extract and zinc acetate. The pellet was finally dried in an oven [37].

2.2.3. Optimizing Factors of Zinc Oxide Nanoparticles (ZnO-NPs) Synthesis

The physical and chemical factors affecting the production as well as the distribution
of ZnO-NPs were optimized. Different factors such as temperature, pH, contact time, and
salt concentration were investigated by detecting maximum surface plasmon resonance
by a UV-Vis spectrophotometer. The different contact times (6, 12, 24, 36, 48, and 72 min)
between algal biomass filtrate and zinc acetate monohydrate salt were assessed. Moreo-
ver, the incubation temperatures (25 °C, 30 °C, 35 °C, and 40 °C), different pH values (5,
6, 7,8, and 9), and different concentrations of salt (0.1-0.25 mM) were assessed. At the end
of each experiment, 1.0 mL of the sample was withdrawn to measure the color intensity
at maximum SPR at Amax = 300 nm [38].

2.2.4. Characterization of ZnO-NPs by UV

Color changes in the mixture of algal extract/ZnSOs solutions were measured by
spectrophotometry JENWAY 6305 Spectrophotometer, 230 V/50 Hz, Staffordshire, UK),
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at wavelengths ranging between 200-800 nm. Bioreduction of zinc acetate in aqueous so-
lution was monitored (color change) by double beam UV-Vis spectrophotometer at dif-
ferent wavelengths (ranging 200-800 nm). The bioreduced zinc sulphate was purified for
further characterization studies by putting it in centrifugation at 6000 rpm for 30 min. The
pellet was collected and washed in sterile double-distilled water to get free of any biolog-
ical molecule present in the algal extract [39].

2.2.5. Characterization of ZnO-NPs by FTIR

The functional groups present in green synthesized ZnO-NPs were analyzed by FT-
IR analysis. About 0.2 g of ZnO-NPs powder was loaded onto a disc at high pressure. The
FT-IR spectra were scanned at a resolution of 4.0 cm™ at a wavelength of 500-4000 cm™'.
Fourier transform infrared (FT-IR) spectroscopy (Agilent Cary 660 FT-IR model) was used
to inspect the functional groups present in the fungal biomass filtrate and involved in the
reduction and stabilization of ZnO-NPs. The ZnO-NP sample was mixed with KBr and
scanned in the range of 400 to 4000 cm [40].

2.2.6. Characterization of ZnO-NPs by SEM

SEM at 5 kV, magnification x10 k, was used to examine the morphology of the syn-
thesized ZnO-NPs. The sample film was prepared on a carbon-coated copper grid by
simply dropping the suspension of ZnO-NPs in water on the grid, the excess solution was
removed with blotting paper, and the film on the SEM grid was allowed to dry for 5 min
under a mercury lamp. The surface images of the samples were captured at various mag-
nifications. By focusing on the primary electron beam and detecting secondary or
backscattered electron signals, SEM produces high-resolution images of samples [41].

2.3. Treatment of Wastewater with Nanoparticles

Three replicates along with control (0%) (no effluent) were used for the treatment of
leather industry effluents. The experiment was carried out in 250 mL of jars with three
replicates (R1, R2, and R3), and each analyzed at different time intervals i.e., 15, 30, and
45 d. Different concentrations of collected samples were treated with the four concentra-
tions of nanoparticles 0 (control), 0.1, 0.5, and 1.0 mg, respectively, along with the control
(Table 1). Following parameters were analyzed for all samples: three different concentra-
tions along with control (0%) were prepared using distilled water for the leather industry
effluents according to the requirement of the experiment: 0% (contained only distilled wa-
ter), 5% (5 mL of effluent in 95 mL of dH20), 10% (10 mL of effluent in 90 mL of dH-0),
15% (15 mL of effluent in 85 mL of dH20), and 100% (pure industrial wastewater).

Table 1. Total concentrations of industrial effluents along with their replicates and treat-
ment of nanoparticles.

Treatment of Nanoparticles Effluent Concentration Total Replicates
0% 5% 10% 15%
R1 R1 R1 R1
0mg R2 R2 R2 R2
R3 R3 R3 R3
R1 R1 R1 R1
0.5 mg R2 R2 R2 R2
R3 R3 R3 R3 48
R1 R1 R1 R1
1mg R2 R2 R2 R2
R3 R3 R3 R3
R1 R1 R1 R1
1.5mg R2 R2 R2 R2

R3 R3 R3 R3
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2.4. Analysis of Effluents to Evaluate the Bioremediation Potential of ZnO Nanoparticles

The pH (acidity or alkalinity), EC (electric conductivity), and TDS (total dissolved
solids) of the collected sample were determined with the help of HI-9811-5 pH/EC/TDS/°C
portable meter (HANNA Instruments, Cecili, Italy). Chlorides, chemical oxygen demand
(COD), and biological oxygen demand were determined by the testing standard was
based on the Standard Methods for the Examination of Water and Wastewater [41].

Atomic absorption spectrophotometer (GBC SAVAANT AA Australia) was used to
estimate heavy metal concentration by acid digestion of effluents. Then, 5 mL of HNO:s
and 15 mL of perchloric acid was added in 25 mL of effluents with ratio of 3:1. The final
volume was raised up to 100 mL by adding the distilled water. Then, the solution was
filtered with filter paper. Finally, the filtrate solution was used for the determination of
heavy metal concentration in sample [42].

To check the significance level of observed means for all selected parameters, the data
were statistically analyzed by using statistical software COSTAT v 6.303 (Cohort software,
Monterey, California). One-way and two-way ANOVA was applied followed by LSD test.

3. Results
3.1. Algae Identification

Algal sample in this study was obtained from ponds and selected for NP synthesis.
The selected strain was primarily identified with the help of microscopic studies that were
based on morphology. The selected strain appeared dull green, multicellular, and un-
branched filamentous and was 4-54 um in diameter. Morphological characterization in-
dicated the algal strains as Oedogonium sp., which was later confirmed by the amplification
of internal transcribed spacer (ITS) gene. The sequence analysis strongly revealed the algal
strain as Oedogonium sp. (Figure 2) (https://www.ncbi.nlm.nih.gov/, accessed on 10 July
2022).

64 | KUBB5576.1:1-371 Oedogonium sp.
61 L DQ078297.1:118-501 Oedogonium cylindrosporum

. |
DQ413053.1:106-485 Oedogonium sp.

U83133.1:128-506 Oedogonium cardiacum

DQ115892.1:94-469 Oedogonium acrosporum

EF616486.1:109-488 Oedogonium howardii

0.0010

88 DQ115898.1:95-477 Oedogonium pusillum

Figure 2. Phylogenetic tree of Oedogonium sp. using the neighbor-joining method.

3.2. Nanoparticle Synthesis
3.2.1. Optimizing Factors of Zinc Oxide Nanoparticles (ZnO-NPs) Synthesis

Final volume for all stresses was 20 mL (7:3). The incubation time for all conditions
was 24 h at 25 °C. After optimizing all the conditions, the nanoparticles were synthesized
in the final volume of 100 mL (70 mL plant extract and 30 mL salt solution). To prepare
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the plant extract, 7.5 g algae was taken in 150 mL of dH:0, and, for the 30 mL salt solution,
8.61 g ZnSOs+ was mixed in 30 mL dH20. Then, the absorbance value was measured by
using UV-Vis spectrophotometer after an incubation period of 24 h. The stability and bi-
ological activity of biogenic nanoparticles are usually influenced by environmental factors
such as precursor concentration, contact time or incubation time, pH values, and incuba-
tion temperature. Therefore, the optimization of these environmental factors decreases the
times required for biosynthesis, increases the NP stability, reduces the NP agglomeration,
and finally supports the productivity [43].

3.2.2. Characterization of ZnO-NPs by UV

The production of ZnO-NPs was confirmed by measuring the maximum surface
plasmon resonance (SPR) using UV-visible spectroscopy. The morphological characteris-
tics (size and shape), as well as distribution of biogenically synthesized NPs, were usually
correlated with SPR. In this respect, the size of the biogenic ZnO-NPs was smaller or
larger, according to 300 < SPR > 300. In the current study, the maximum SPR value of the
biogenic ZnO-NPs was detected at a wavelength of 310 nm (Figure 3), which confirmed
the formation of particles at the nanoscale. The UV-Vis absorption spectrum of the bio-
synthesized ZnO nanoparticles demonstrated a notable peak at 310 nm, which is most
likely a characteristic feature of ZnO-NPs. The obtained results were completely con-
sistent with the efficacy of Arthrospira platensis, which is reported to fabricate ZnO-NPs
and exhibit intense SPR at 320 nm [38].

—0.047

07
0.6 —
0.5 —
0.4

0.3 4 310 (nm)

Absorbance

0.2+

0.14

0.0

200 300 400 500 600 700 800
Wavelength (nm)

Figure 3. UV-visible spectrum of biosynthesized ZnO-NPs.

3.2.3. Characterization of ZnO-NPs by FT-IR

FT-IR gives the composition and formation of functional groups of the synthesized
ZnO nanoparticles (Figure 4). The spectra were collected in absorbance mode at 4 cm™!
spectral resolution, in the 4000-400 cm™ range. The functional groups were responsible
for reducing zinc ions to ZnO, which was observed as bands. Each of the bands corre-
sponded to various stretching modes. Generally, the FT-IR spectrum revealed a complex
of bioorganic compounds in algal extract. The FT-IR spectra showed several peaks at dif-
ferent regions. The observed peak of 3600 showed the O-H bond, indicating the presence
of alcohols or phenols. The peak detected at 3800 showed O-H, which corresponded to
the O-H stretching of the phenolic compounds [44].
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Figure 4. FTIR spectrum of biosynthesized ZnO-NPs.

Additional peaks such as 3650 cm™, 2300 cm™, 2200 cm™, 1800 cm™, and 1770 cm™!
were related to ZnO-NPs. The observed band at 1420 cm™ corresponded to the C-N
stretching bond of amino acid, whereas the band observed at wavelength 1100 cm™ may
be attributed to the C-O-C ether of the polysaccharides. The band observed at wavelength
1800 cm™ may be attributed to C=C aldehyde or ketone. The absorption wavelength 1770
cm~! was responsible for the vibration bending of the C=O corresponding to the stretching
C=0 vibration of the proteins or the remaining acetate [38]. The successful formation of
ZnO was confirmed by the absorption band observed at 610 cm. Consistent with our
data, the FT-IR analysis of green synthesized ZnO-NPs showed the ZnO absorption band
at wavelength 485 cm™1, 442 cm[45], and in the 400 to 500 cm™ range [46], or at wave-
length 782 cm™ [47], 450 cm™, and 600 cm™ [48]. The FT-IR analysis data exhibit the role
of the organic substances in Oedogonium extract in the reduction, capping, and stabiliza-
tions of biosynthesized ZnO-NPs.

3.2.4. Scanning Electron Microscope (SEM)

The structure of ZnO-NPs is illustrated by a scanning electron microscopy technique.
SEM provides information about the sample’s exterior morphological features, structure,
chemical composition, and alignment. The results of the scanning electron microscopy in
Figure 5 represent the shape of the nanoparticles made from Oedogonium sp. Although
different morphological changes were found in the zinc nanoparticles, from spherical to
triangular, rod, and circular shapes with variable sizes, i.e., 2 um, 20 um, and 10 pm, it
was revealed that the nanoparticles agglomerated with the passage of time, forming
spherical-shaped particles.
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5

Figure 5. Scanning electron microscope analysis of biosynthesized ZnO-NPs.

3.3. Physicochemical Analysis of Industrial Effluents after 15, 30, and 45 d of Experiment

The optimized nanoparticles were applied in the treatment of leather industry efflu-
ents. The four concentrations of effluent, viz. 0%, 5%, 10%, 15%, and 100% (for compari-
son), were exposed with four different treatments of nanoparticles, 0 (control), 0.1, 0.5,
and 1.0 mg. Calculated values after 15 d of treatment showed a significant reduction (p <
0.05; LSD test) in all physicochemical parameters including pH, EC, TDS, BOD, COD, etc.
(Table 2). With the passage of time, a further reduction in each parameter was recorded
after 30 d (Table 3) and 45 d, respectively (Table 4). In four different treatments of NPs,
the chloride content was significantly reduced from 1583 to 1312, 1840 to 1613, 2689 to
1511, 3752 to 2731, and 6747 to 5309 mg/L, respectively (p < 0.05; LSD test). In 1 mg NPs
treatment compared to the control, the BOD values reduced from 39 to 24, 86 to 65, 154 to
110, 373 to 280, and 418 to 370 mg/L (in the 0%, 5%, 10%, 15%, and 100% concentrations).
Similarly, COD values were significantly reduced from 135 to 102, 558 to 491, 721 to 502,
950 to 703, and 1120 to 801 mg/L, respectively. The metallic content for Cr, Cd, and Pb was
reduced effectively. The Cr content was reduced from 80.4 to 60.9, 164.8 to 117.1, 220.9 to
147.7, and 310.1 to 231.9 mg/L (in the 5%, 10%, and 100% concentrations). Similarly, the
Cd content was lowered from 67.5 to 41.9, 120.1 to 98.4, 165.7 to 127.1, and 210.5 to 166.2
mg/L, respectively. Under similar concentrations and treatments, the Pb values were re-
duced from 25.3 to 16.8, 45.2 to 31.7, 61.9 to 44.1, and 75.5 to 57.3 mg/L, respectively.

Table 2. Changes in physicochemical parameters of different concentrations of leather in-
dustry effluents after 15 d of treatment.

NPs  Effluent Chlorides ~ BOD
Treat- Concentra- pH EC (mS/cm) TDS (g/L) COD (mg/L) Cr(mg/L) Cd(mg/L) Pb (mg/L)
. (mg/L) (mg/L)
ment tion
0% 6.99+0.12¢ 0.897+0.09¢ 0.311+0.06¢ 39+550¢ 135+3.51¢ 1583 +11.13¢ 0 0 0
5% 811+0.404 7.18+0.04¢ 3.60+049d 1840+550¢ 86+5504 558+8.02d 804+174d 675+3954 253+0.904
0mg 10% 8.55+0.05b 12.00+223¢ 6.65+0.03¢ 2689+9.01c 154+4.50¢ 721+3.01¢ 164.8+241c 120.1+1.41¢< 452+2.61°¢
15% 89+0.182 17.40+045> 895+0.60b 3752+5.50P 373+551° 950+4.98> 220.9+1.27% 165.7+3.37> 61.9+297P
100% 82+0.19¢ 23.06+0.122 11.51+0.832 6747 +4.532 418+2.422 1120+4.502 310.1 £+4.152 210.5+2.502 75.5+7.222
0% 6.97+0.024 0.794+0.05¢ 0.310+0.032 1551+1.29¢ 36+1.53¢ 122+2.35¢ 0 0 0
5% 8.09+0.03¢ 7.01+0254 342+0.012 1743+2.659 79+4.05¢ 540+4.303¢ 80.1+1.76¢ 61.1+2.104 247+1.714
0.1 mg 10% 8.42+0.06° 11.01+0.41¢ 6.31+0.032 2213+2.75¢ 139+3.05¢ 651+137¢ 160.1+244c 1172+0.82¢c 421+1.04¢
15% 87+092 16.04+0.6> 854+0.11a 3432+2.11% 343+251b 871+510b 212.1+0.63> 159.2+0.94b 58.1+1.57°"
100% 8.15+0.03¢ 22.1+0.302 10.77+0.032 6205+5.032 402+5.412 1019+2.082 301.4+1.022 205.1+0942 71.4+1.02
0% 6.95+0.04¢ 0.789+0.01¢ 0.301+0.05¢ 1433+3.51¢ 29+451¢ 111+3.01c¢ 0 0 0
05 mg 5% 8.05+0.054 6.88+0.069 3.21+0.059 1690+7.50¢ 71+294d 519+3.35d 724+0.68d 553+0534 19.8+0.354
10% 8.25+0.03> 10.11+0.49¢ 6.07+0.03¢ 1803+4.16¢ 121 +3.51c 588+3.51¢ 1453 +0.58< 109.7+0.31¢ 38.4+0.45¢
15% 8.55+0.022 1522+0.05b 8.07+0.03> 3005+2.01° 310+3.40° 799+4.06> 183.4+0.25" 148.1+0.65> 52.4+0.35P
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100% 8.12+0.35¢ 20.11+0.032 10.13+0.062 5831 +1.52a 387+3.052 905+3.062 275.1+0.512 186.3+0.532 65.7+0.312
0% 6.91+0.03¢ 0.780+0.04¢ 0.299+0.05¢ 1312+2.13¢ 24+252¢ 102+3.51¢ 0 0 0
5% 8.0+0.75b 6.80+0.214 3.01+0.03¢ 1613+251¢c 65+252d 491+3.054 609+0434d 419+0.87d 17.8+0.354
1mg 10% 81+031b 981+0.03¢ 582+0.05¢ 15111534 110+£2.47¢ 502+390¢ 117.1+091¢ 98.4+056¢c 31.7+0.74¢
15% 8.3+0.252 13.09+0.04> 7.88+0.04> 2731 +5.13b 280+4.58> 703+1.33> 147.7+0.77% 127.1+141> 441+18%?
100% 8.11+0.05% 19.15+0.032 8.72+0.062 5309 +4.042 370+4.58a 801+6.56a 231.9+0.412 166.2+1.012 57.3+0.23a

Each value mentioned in the table is mean + SE, and different superscript letters represent the sig-
nificant difference (LSD p < 0.05).

Table 3. Changes in physicochemical parameters of different concentrations of leather in-
dustry effluents after 30 d of treatment.

NP;Z;:‘“' Efcf;‘:r“a‘tf;“ pH  EC(mS/m) TDS (g/L) C?I:’gr/‘f)es (:g/'i) COD (mg/L) Cr(mgL) Cd(mgL) Pb (mg/L)
0% 6.99+0.12¢ 0.897+0.09¢ 0.311£0.06¢ 39+550¢ 135+3.51° 1583 +11.13¢ 0 0 0
5% 8.11+040¢ 7.18+0.044 3.60+0494 1840+5504 86+5504 558+8.024 804+1.744d 67.5+3.95¢ 253+0.90 ¢
0mg 10% 8.55+0.05P 12.00+2.23¢ 6.65+0.03¢ 2689 +9.01¢ 154+4.50¢c 721+3.01¢ 164.8+241120.1+141¢< 452+2.61¢
15% 89+0.182 17.40+0.45° 8.95+0.60> 3752+550° 373 +5.51P 950+4.98> 220.9+1.27b165.7+3.37> 61.9+297°P
100% 82+0.19¢ 23.06+0.122 11.51+0.83 > 6747 +4.532 418 +2.422 1120+4.50> 310.1 +4.152210.5+2.502 75.5+7.222
0% 6.96+0.024 0.611+0.05¢ 0.283+0.04¢ 1354 +4.15¢ 31+3.51¢ 118+251¢ 0 0 0
5% 75+031c 6.59+0.054 3.08+0.084 1639+4.504 75+3.51d 521+3.51d 795+039d 594+045¢ 21.2+0.554
0.1 mg 10% 747 +0.06¢ 9.55+0.05¢ 5.95+0.12¢ 1998 +3.51¢ 125+251¢ 615+351¢c 157.1+0.91°114.5+0.35¢ 40.3+0.61 ¢
15% 7.72+0.05» 13.58 +0.04> 8.13+0.02> 3115+4.04b 325+3.51> 845+3.52b 208.1+0.51155.2+0.56" 55.2+0.91°
100% 791+0.122 2037 +0.112 9.52+0.052 6301 +5.032 351 +5.132 1039 +£5.502 297.2+0.952197.3+0.612 68.3+0.6%
0% 6.93+0.1¢ 0.553+0.02¢ 0.251+0.15¢ 1109 +7.54¢ 27 +3.41°¢ 1025.51 ¢ 0 0 0
5% 7.35+0.039 6.01+0.554 2.75+0.044 1502+5564 65+3.51d 480+3.05¢ 6612234 523+0524 19.1+0.914
0.5 mg 10% 73+0.19¢ 741+0.05¢ 537+0.03¢ 1698 +4.51¢ 112+3.51¢ 543+3.51¢ 142.2+0.55¢107.4+0.45¢ 36.5+0.51 ¢
15% 7.5+0.35% 10.39+0.04> 7.51+0.05b 2709 +4.11> 295+3.51> 705+5.03> 170.6+0.56134.7+0.31> 49.7 +(0.51 P
100% 7.67+0.042 18.45+0.032 731+0.052 5713+5.562 311+4.722 879+4.332 251.6+0.552172.5+0.512 61.4+0.562
0% 6.91+0.05¢ 0511 +0.41¢ 0.321+0.01¢ 874+3.46¢ 20+4.15¢ 83+4.04¢ 0 0 0
5% 715+0.074 574+0.084 2.33+0.064 1205+5.034 53+5564 447+4.584 525+0514 40.5+1.17¢ 16.4+0.56 ¢
1mg 10% 711+£1.05¢ 6.13+0.11¢ 491+033¢c 1421+0.75¢ 90+236¢° 451+6.57c 109.7+0.81¢ 83.3+£0.96c 28.2+1.51c¢
15% 733+£0.57> 8.71+1.05° 6.93+1.21° 2153+6.02P 254+551> 603 +6.65° 102.4+3.74»113.2+0.95" 42.7+1.61°
100% 7.51£0.092 16.01 £0.062 6.73+0.082 4223 +6.022 295+5.612 612+5.562 201.8+0.352143.5+0.672 51.2+1.012
Each value in this table is mean + SE, and various superscript letters represent the significant differ-
ence (LSD p <0.05).
Table 4. Changes in physicochemical parameters of different concentrations of leather in-
dustry effluents after 45 d of treatment.
NPs Effluent .
Treat- Concentra- pH  EC(mSlm) TDS (gr) Chlorides  BOD ((p ol) Crimgl) CdmgL) Pb (mg/L)
. (mg/L) (mg/L)
ment tion
0% 6.99+0.12¢ 0.897+0.09¢ 0.311+0.06¢ 39+550¢ 135+3.51¢ 1583 +11.13¢ 0 0 0
5% 811+040¢ 718+0.049 3.60+049d 1840+5504 86+5504 558+8.02¢ 804+1.744 675+3954 253+0.904
0mg 10% 8.55+0.05b 12.00+223¢ 6.65+0.03¢ 2689+9.01c 154+4.50¢ 721+3.01¢ 164.8+241¢c 120.1+1.41¢ 452+2.61°¢
15% 89+0.182 17.40+045> 895+0.60b 3752+5.50P 373+551° 950+4.98° 220.9+1.27% 165.7+3.37> 61.9+297P
100% 82+0.19¢ 23.06+0.122 11.51+0.832 6747 +4.532 418+2.422 1120+4.502 310.1 £+4.152 210.5+2.502 75.5+7.222
0% 6.94+1.02¢ 0.551+0.01¢ 0.271+0.012 1252+5.68¢ 29+451¢ 111+3.56¢ 0 0 0
5% 705+0.13> 502+0504 295+0.052 1573+2.11d 71+4.584 504+6.24d 754+062d 571+1.054 19.5+0.514d
0.1 mg 10% 6.93+0.05¢ 7.35+0.67¢ 512+0532 1901+£5.03¢ 121+3.83¢ 555+3.51¢c 154.5+0.66¢ 110.2+1.01¢ 38.7+0.83 ¢
15% 73+0.38b 1239+1.19b 731+0.752 3012+531" 318+3.51" 812+4.04> 185.3+2.05> 151.1+4.95> 53.7+1.19P
100% 745+0.532 1837+0.772 9.14+0942 6044+3.052 335+4.112 923+3912 290.4+4.512 190.2+4.252 65.3+0.85¢
0% 6.92+1.02° 0.521+0.04¢ 0.243+0.05¢ 954+3.05¢ 23+3.81¢ 95+292¢ 0 0 0
5% 69+038> 487+0.04¢ 252+0.08¢ 1237+4.269 60+£292d 465+1.714d 612+141c 457+2.244 169+1.284
0.5 mg 10% 6.85+0.74c 6.01+0.06c 431+0.04c 1447+251c 103+£2.89c 423+241< 132.7+0.63> 91.5+1.09¢ 31.1+1.01¢
15% 6.91+£0.05> 9.99+0.13> 6.93+0.02> 2419+1.73> 258+3.39> 673+1.44> 1279+029> 127.3+1.04> 41.8+0.78°
100% 73+0.162 1525+0.112 7.03+0.272 5017+1.212 275+1.772 704+1.712 2352+0.832 149.3+0.642 52.5+0.312
0% 69+0.37> 0.481+0.04c 0.201+£0.03¢ 712+1.89¢ 18+1.84c 68+1.69¢ 0 0 0
1mg 5% 6.8+0.144 425+0.064 2.01+0.084 877+1.39d 41+136¢ 385+191d 31.7+0.61¢4 303+0244d 99+0.144
10% 6.85+0.02¢ 5.02+0.12¢ 3.14+0.04c 1097+1.41c 78+239c 318+228c 69+135¢ 524+084c 183+045¢
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15% 6.91+0.03> 7.99+0.01° 537+0.02° 1939+1.88> 195+1.51b 423+246> 954+0.68b 723+0.88> 283+1.34P

100% 732+0.012 11.39+0.022 6.17+0.132 3812+0.692 193+1.882 521+1512 142.6+0.762 89.1+0.592 30.7+0.612

Each value in this table is mean of 3 replicates, and various superscript letters represent the signifi-
cant difference (LSD p < 0.05).

Table 5. Percentage removal of physiochemical parameters of tannery effluents by using
ZnO-NPs.

EC
NPs Treat- TDS Chlorides BOD COD

H 00 00 P 00
ment T (m(SO//c)m) @) ) o) (% FOR CdOPb D)

(o]

After 15 d of Treatment

0.1 1.0 4.24 6.67 8.07 4.28 9.26 2.80 2.56 543
0.5 1.09 12.86 12.21 13.61 785 1941 11.28 11.49 1298
1 1.33 17.02 24.43 21.34 11.90 28.67 25.21 21.04 24.10

After 30 d of Treatment
0.1 3.65 11.74 17.50 9.61 1642 1780 415 6.27 9.53
0.5 6.57 20.06 36.65 15.36 2595 21.72 1886 18.05 18.67
1 8.52 30.63 41.68 37.43 29.76 4550 3492 31.82 32.18
After 45 d of Treatment
0.1 9.25 20.40 20.79 10.45 2023 1941 635 9.64 13.50
0.5 10.84 33.92 39.08 25.67 3452 3731 2415 29.07 3046
1 11.08 50.64 46.53 43.52 54.04 53.60 54.01 57.67 59.33

The chloride content decreased from 132 to 83, 549 to 447, 718 to 90, 946 to 603, and
1115 to 612 mg/L (under five different concentrations, respectively, and NPs treatment)
after 30 d. At the concentration ranges of 0%, 5%, 10%, 15%, and 100% and treatment
stresses of 0 (control), 0.1, 0.5, and 1 mg, the BOD values decreased from 38 to 20, 85 to 53,
152 to 90, 360 to 254, and 405 to 295 mg/L, respectively. Using the same sequence, the
calculated values of COD were also significantly reduced (p < 0.05; LSD test), from 132 to
83, 549 to 447, 718 to 451, 946 to 603, and 1115 to 612 mg/L, respectively. The effective
reduced metallic content for Cr was 52.5, 109.7, 102.4, and 201.8 mg/L at 5%, 10%, 15%,
and 100%, respectively. Calculated values were 40.4, 83.3, 113.2, and 143.5 mg/L for Cd
and 17.4, 31.2, 42.7, 51.2 mg/L for Pb, respectively.

All physicochemical parameters were further reduced to about 2.5 times the pre-
treatment values, suggesting the efficient removal of heavy metals with ZnO nanoparti-
cles (p < 0.05; LSD test; Table 5). Maximum removal was noted under the treatment of 1
mg at the concentrations of 5%, 10%, 15%, and 100%, respectively. Chloride content re-
moval was in the following order: 1553 to 712, 1830 to 877, 2671 to 1097, 3742 to 1939, and
6740 to 3812 mg/L, respectively. The calculated BOD and COD values under the treatment
of 0 (control), 0.1, 0.5, and 1 mg NPs and at the concentrations of 0%, 5%, 10%, 15% and
100% were 36 to 18, 83 to 41, 149 to 78, 351 to 195, and 402 to 193 mg/L and 130 to 68, 542
to 385, 714 to 318, 941 to 423, and 1112 to 521 mg/L, respectively. Although the values of
all parameters were increased with the increases in effluent concentrations, in comparison
to the same concentration under different stresses of nanoparticles, all values were re-
duced significantly (p <0.05). The ZnO-NPs showed their maximum adsorption capability
for metals in the following order: Cr >Cd > Pb. The reduced values for Cr, Cd, and Pb were
142.6, 89.1, and 30.7 mg/L, respectively, after 45 d.
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4. Discussion

Nanotechnology is a promising and advanced field of science particularly for treating
wastewater effluents. Green synthesis of nanoparticles from algal resources is cost-effec-
tive due to their high surface area, high reactivity, and strong mechanical properties that
are highly efficient and effective for wastewater treatment related to tannery effluents [30].

The synthesis of nanoparticles was observed by the initial color change of Oedogo-
nium sp., from light green to pale yellow. Physicochemical parameters such as pH, EC,
TDS, chlorides, BOD, COD, and heavy metals (Cr, Cd, and Pb) were also monitored, along
with different treatments. The calculated values in pretreatment effluents were as follows:
pH 8.21, EC 23.08 mS cm™', TDS 11.54 mg/L, BOD 420 mg/L, COD 1123 mg/L, CI- 6750
mg/L, Cd 210.5 mg/L, Cr 310.1 mg/L, and Pb 75.5 mg/L. Some macrophytes and algal spe-
cies effectively reduced pollutants from industry effluents with a substantial reduction in
pH (6.97, 6.97, and 6.42 in the case of macrophytes and 6.46, 6.59, and 6.34 in the case of
algal species) with the passage of time (i.e., after 1, 2, and 3 d of incubation) [49]. Although
in this study, the pH levels began to lower down with time, the lowest values were rec-
orded after 45 d of incubation at 5% and under the treatment of 1 mg NPs. It is also sug-
gested that increases in chemical treatment may differentially influence physiochemical
parameters such as pH, EC, and COD [50]. Using different doses of FeCls as the coagulant
showed that increases in treatment dose did not reduce the EC levels from tannery efflu-
ents. Contrary to previous findings, the present study showed an effective reduction in
EC burden from different concentration of effluents. Precisely, the application of 1 mg
NPs at 15%, reduced the EC value from 17.58 mg/L to 13.09, 8.71, and 5.37 mg/L after 15,
30, and 45 d, respectively [51]. Our results suggest that biosynthesized ZnO nanoparticles
efficiently reduced the EC content compared to the chemical approach. The bioremedia-
tion potential of ZnO nanoparticles toward the reduction in TDS content was good
enough compared to that of a revolving algal bioreactor [31]. In another study, researchers
used such reactors to lower the burden of TDS from wastewater, and the technique proved
to be 27% efficient [52]. In the present study, 53% of removal efficiency for TDS content
was found at 100% concentration for the leather tanning industry, with a significant re-
duction in values from 11.54 mg/L to 8.72, 6.73, and 6.17 mg/L after 15, 30, and 45 d, re-
spectively, at 1 mg nanoparticle treatments. A further 5% reduction in TDS content was
observed before and after the experiment. Moreover, a significant reduction in chloride
content was achieved at 5% effluent concentration and 1 mg of ZnO nanoparticles. At 10%,
the effluent load of the chloride reduction was within permissible limits (about 1000 mg/L
CI) but at 15% and 100% the values were higher than the permissible limits. The precip-
itation method was applied at a pH range of 6-11 and a temperature of 30 °C. The amount
of biochemical oxygen demand (BOD) was reduced at the 1 mg treatment and 5% effluent
concentration (65, 53, and 41 mg/L) after 15, 30, and 45 d of treatment, respectively, and a
further reduction in BOD was recorded at 10% and 15%. In the current study, the reduced
COD content at the 1 mg treatment and 100% was 801, 612, and 521 mg/L after 15, 30, and
45 d of treatment, respectively. Similar reduction in chemical oxygen demand was ob-
served in other concentrations of leather industrial effluents [50].

The interaction of heavy metals with nanoparticles resulted in the variation in ad-
sorption of heavy metal content in a study conducted by [53]. The results showed the po-
tentially higher removal efficiency of Cu?, Ag', and Pb? and the lower removal efficiency
of Cr*, Mn?*, Cd?, and Ni?* in the presence of nanoparticles. In the current research, green
synthesized ZnO nanoparticles showed maximum adsorption for Cr, Cd, and Pb in a sim-
ilar sequence. Chromium was reduced to 60.9, 52.5, and 26.1 mg/L after 15, 30, and 45 d,
respectively, at 5% effluent concentration. About 48% Cr reduction was observed after 7
d of treatment in Phragmites australis [54]. In the present investigation, the reduction in Cd
content was ~42, 40.5, and 23.5 mg/L at 5%; 98.4, 83.3, and 42.4 mg/L at 10%; and 127.1,
113.2, and 57.4 mg/L at 15% after 15, 30, and 45 d, respectively. A similar reduction in
cadmium levels by ZnO-NPs was reported by [51]. Pb concentration was reduced from
25.3 mg/L to 17.8, 16.4, and 9.9 mg/L at a concentration of 5%. At 100%, the content was



Sustainability 2022, 14, 13940

13 of 17

reduced to 57.3, 51.2, and 25.7 mg/L [51]. The bio-sorption of Pb was aided by using in-
digenous microorganisms under applied stress for about 20 d, which significantly re-
duced the lead content in the sample [55]. Iron oxide NPs remove 90% of Cr from tannery
effluent [56]. MgO-NPs have the potential to reduce TSS (98%), TDS (98%), BOD (89%),
COD (97%), and Cr (from 835 mg/L to 21 mg/L; 97%) in tanning effluent [57]. Similarly, a
study reported that the green synthesis of MgO-NPs from Rhizopus oryaze reduced TSS
(97%), TDS (98%), BOD (87%), COD (95%), and Cr (98%) in tanning effluent [58]. These
findings indicate that the biologically mediated synthesis of nanoparticles could become
a useful resource in removing pollutants. The phytochemicals present in algae (as well as
plant extracts) may also increase the antibacterial, antifungal, and anticancer properties of
green-synthesized nanostructures, by generating a synergetic nanostructure that com-
bines the antimicrobial properties of both the plant extract and the NPs themselves [59].

In the present study, heavy metals were significantly reduced in all industrial efflu-
ent concentrations, and the removal efficiency for all parameters was optimized after 45 d
of treatment with 1 mg nanoparticles. The green synthesis of zinc oxide nanoparticles
showed effective bioremediation against leather industry effluents. The removal percent-
ages of tannery effluents may be attributed to the adsorption of heavy metals onto the
adsorption sites present on the NPs surface [60]. Nanomaterials are utilized as adsorbents
that depend upon structural qualities including good specificity for the use of eliminating
heavy metal ions from wastewater at low concentrations. Agglomeration of nanoparticles
with the passage of time (such as in this study) may be ideally helpful for the adsorption
of toxic substances or other pollutants, as they could elevate the surface-region to volume
proportion [61]. The adsorption processes are governed by the diffusion of metals to the
pores fixed on the adsorbent surface, which reacts with the surface active sites. The high
adsorption of ZnO-NPs could also be attributed to the liberation of OH- from Zn(OH)z,
which forms as a result of the hydration process of ZnO [62].

Adsorption is a simple physicochemical method used to purify harmful wastewaters
from heavy metals. In this specific case, surface adsorption onto solid sorbents takes place
through electrostatic forces. These can be caused, for example, by hydroxyl groups and/or
other functional groups, resulting in a positively or negatively charged sorbent surface.
Depending on the charge of the contaminants to be removed, oppositely charged adsor-
bents are applied. The efficiency of the adsorption is characterized by chemical interac-
tions on the surface of the adsorbents. The main parameters influencing adsorption are
pH, temperature, stirring duration (i.e., contact time), initial concentration of the sub-
stance to be adsorbed, and the adsorbent dosage. In the case of heavy metal adsorption,
absorbents such zinc oxide nanoparticles (ZnO-NPs) have been investigated, which selec-
tively interact with Cr. In batch experiments, ZnO-NPs exhibited very high affinity to-
ward Cr%, with an optimum pH range of 3-7 and a very short contact time of 20 min. It is
worth mentioning that the author also showed that ZnO-NPs selectively adsorbed Cr®*
from wastewater, which contained a mixture of heavy metals, including Ni?, Pb?, Cu?,
and Cr¥. Other important heavy metals to be removed by adsorption from wastewater
are cadmium (Cd?*) and lead. The initial pH is a driving factor for successful adsorption,
as initial pH influences the deprotonation of the adsorbents, which favors enhanced ad-
sorption in a suitable pH range by reducing the repulsion of metal cations (i.e., electro-
static interactions). This mechanism is based not only on electrostatic interaction but also
on metal coordination and complexation, which interact with and provide synergetic ef-
fects that result in enhanced adsorption and finally increased removal efficiency. Metal
coordination and especially complexation strongly depend on the pH. The pH also influ-
ences the precipitation of metals. The authors stated that organic matter did not negatively
affect the adsorption capacity, but the nitrogen content of the wastewater significantly
reduced the capacity of the adsorbent.

Our findings showed that application of the ZnO nanoparticle could help with re-
ducing toxic substances in the wastewater effluents of the leather industry to safe levels
and at a reasonable cost, as the conventional methods of remediation may cost from USD
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10 to 1000 per cubic meter. The costs for remediation, especially for groundwater, are very
high. The American Environmental Protection Agency (EPA) estimated, in 2004, costs of
about USD 250 billion for remediation, including construction and post-construction ac-
tivities, by several cleanup programs only in the United States. The production of ZnO
nanoparticles was very prospective. The technical analysis of producing 250 kg of ZnO
nanoparticles per day shows the total cost of the equipment to be USD 21,450.00. Such an
investment will be profitable after more than three years. This project can compete with
payback period (PBP) capital market standards because of the short-term investment re-
turns. To ensure the feasibility of such a project, the project should be estimated from the
ideal conditions to the worst case for production, including labor, sales, raw materials,
utilities, and external conditions. In the synthesis of ZnO-NPs, zinc sulphate, algal extract,
and distal water are used with an algal extract and zinc sulphate ratio of 7:3. Moreover,
the conversion rate for the zinc oxide formation process is 100%. Nevertheless, the ZnO-
NPs material are successfully applied to real wastewater and show proof for routine ap-
plication.

5. Conclusions

The present study highlights the capability of nanoparticles for reducing the pollu-
tion load from tannery effluents. The study indicates that ZnO nanoparticles optimize
their maximum adsorption capacity for heavy metals and for some other physicochemical
parameters after 45 d of treatment, particularly at low concentrations. Owing to the effi-
cacy of NPs, it could prove to be a cost-effective and eco-friendly process.

The trend of nanomaterials for water-pollutant treatment is rapidly increasing in this
modern era, due to the limited water supply at the global level. Innovative techniques
such as the use of ZnO-NPs could provide good quality water for drinking purposes, be-
sides removing pollutants. Nanotechnology for water purification is an alternative ap-
proach for the availability of fresh water, though it requires operational digital monitoring
techniques. There is a need to synthesize modified nanomaterials that should be effective,
have high efficiency, and be easy to handle and eco-friendly. In view of the above-men-
tioned findings, the use of ZnO-NPs could prove to be a cost-effective technology for
wastewater treatment.
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Abbreviations

CNTs Carbon nano tubes
As Arsenic

Pb Lead

Cd Cadmium
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Zn Zinc
Cu Copper
CAS Conventional activated sludge
SPR Surface plasmon resonance
EC Electrical conductivity
TDS Total dissolved solid
GO Graphene oxide
RGO Reduced graphene oxide
NMs Nanomaterials
NPs Nanoparticles
ZnO Zinc oxide
SNHS Silica nano hollow sphere
NPANI Nanopolyaniline
SDS Sodium dodecyl sulfate
nZVI Nano zero valent iron
MSA Mercaptoethylamino acid
HMO Hydrous manganese oxide
MgO Magnesium oxide
HNO:s Nitric acid
EDTA Ethylene diamintetraacetic acid
EBT Eriochrome Black T
AAS Atomic absorption spectrophotometer
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