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Abstract
Dye contaminants in industrial effluents contribute significantly to environmental pollu-
tion. Conventional wastewater treatment methods are expensive and energy-consuming. 
These limitations could be overcome by the use of nanobioremediation processes. The 
present work was an effort to study decolorization of azo dyes by ZnO nanoparticles 
(NPs). Rubine GDB (R-GDB) and Congo Red (CR) were the azo dyes selected for the 
study. The ZnO NPs were successfully synthesized by chemical and biological methods. 
Chemical synthesis of ZnO NPs was carried out by co-precipitation method; biosynthe-
sis was done using bacteria Bacillus subtilis. The synthesized nanoparticles were charac-
terized by UV–Vis Spectroscopy, SEM, and XRD. The UV spectrophotometer showed 
peaks in the range of 300–400  nm. SEM pictures indicated the presence of NPs in the 
size of 100–200 nm. XRD results were analyzed based on the peaks that were seen. EDX 
analysis showed the presence of Zn particles and oxygen particles majorly. Decolorization 
efficiency was evaluated by calculating % decolorization by Meyer’s method. Chemically 
synthesized NPs showed maximum % decolorization of the R-GDB (89.55 ± 0.44%) and 
CR (88.52 ± 0.90%). The biosynthesized NPs showed the least decolorization (R-GDB, 
18.46 ± 0.45% and CR, 21.41 ± 1.02%). However, moderate percentages of decolorization 
of both the azo dyes were observed when a combination of the NPs was used (R-GDB, 
36.25 ± 0.22% and CR, 39.47 ± 0.94%). Nanoparticles showed good potential for the decol-
orization of the azo dyes. With further optimization of the parameters, the present findings 
show that dye decolorization by chemically synthesized ZnO NPs could be used as a prob-
able nanobioremediation approach to treat wastewaters.
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Introduction

Discharges of colored wastewater consisting of a mixture of dyes polluting the environ-
ment are a matter of great concern and challenge. This issue is being faced throughout 
the world. India, along with other developing countries, faces a huge part of this worry 
as hardly any treatment is being carried out before the discharge. The cause of all of 
these issues is textile industries [1–3]. The disposal of wastewater generated from these 
industries is an alarming threat to nature. It accounts for 15–20% of the total wastewater 
in the country [4]. Azo dyes are a large group that is most commonly used in dyeing 
textile fibers, i.e., cotton, wool, silk, and synthetic fibers. They are the most common 
as they are affordable and easy to use and provide strong colors that are easily distin-
guished. There are approximately 2000 dyes available.

Around 4–5% azo dyes cleave to form aromatic amines [5]. Cancer and aromatic 
amines are found to be in close relation. Azo dyes owe their carcinogenic and detri-
mental properties to the presence of aromatic amines and their water-soluble nature [5]. 
Rubine-GDB (R-GDB) is an azo dye that is used to impart a red color to fabrics. It is 
also used in paints, printing inks, textile printing, and plastics, and it is carcinogenic 
in nature. Congo Red (CR) is an azo dye that is water soluble. In earlier times, it was 
used to impart a lighter shade of red color to cotton which then became more popular 
as a staining agent in histology and as an acid–base indicator. The most effective and 
substantially efficient methods to date have been biological techniques [6]. Consistent 
research has been taking place for developing newer and better techniques for the degra-
dation of dyes.

Nanoparticles (NPs) can be used for the treatment of wastewater released from indus-
tries. The synthesis of NPs can be carried out by various physical, chemical, and bio-
logical methods. The biosynthesized NPs have drawn enormous focus due to their non-
toxic and eco-friendly nature. Consequently, nanobiotechnology is now regarded as the 
epitome of producing eco-friendly and cost-effective nanoparticles for the treatment 
of wastewater and dye degradation [7]. NPs have a structural dimension of less than 
100 nm which makes them comparable to sub-cellular structures thereby enabling them 
to get incorporated into biological systems [8]. Zinc oxide NPs have a large surface area 
and high catalytic activity. These nanoparticles have different physical and chemical 
properties by the source of their synthesis. Recently, these ZnO NPs have gained much 
acclamation for dye degradation procedures [9–11].

Biosynthesis of NPs using bacteria has been of special interest as it involves easy 
handling procedures and eco-friendly disposal methods and is very easy for downstream 
processing. Recently, eco-friendly synthesis of metal NPs using various strains of bac-
teria such as Bacillus species and their use in dye decolorization and degradation has 
been reported [12]. The present investigation was an effort to study the efficiency of azo 
dye decolorization of R-GDB and CR by ZnO NPs synthesized following chemical and 
biological routes.

Materials and Methods

Chemical synthesis was carried out by co-precipitation method and biosynthesis was 
done using Bacillus subtilis.
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Synthesis of ZnO NPs by Chemical Route  Zinc nitrate hexahydrate (ZnNO3.6H2O; 
0.1  M) and sodium hydroxide (NaOH; 0.8  M) solutions were prepared using distilled 
water. After complete dissolution of zinc nitrate, NaOH was added drop-wise with continu-
ous stirring for 45 min. A white colloid was formed which was allowed to settle overnight. 
The supernatant was removed and the remaining solution was centrifuged at 5000 rpm for 
10  min. The precipitate was collected and washed with de-ionized water and ethanol to 
remove the by-products. It was later subjected to drying at 60 °C for 2–3 days [13]. The 
absorption spectrum for the synthesized nanoparticles was analyzed by UV–Visible spec-
troscopy (Shimadzu, UV 1700 PharmaSpec, scanning range: 200–400 nm). The size and 
morphology of the powder were studied by scanning electron microscope (SEM) and X-ray 
diffraction (XRD) was analyzed [13].

Synthesis of ZnO NPs by Biological Route  Zinc acetate dihydrate (Zn(CH3COO)2 · 
2H2O; 0.001 M) was added into B. subtilis inoculum prepared in nutrient broth and was 
incubated at 37 °C overnight. The culture was centrifuged at 5000 rpm for 15 min. Pellet 
was collected, washed, and was dried completely in a hot air oven at 60 °C until a fine pow-
der was obtained. The size and morphology of the powder were studied by SEM and XRD 
was recorded [14].

Characterization of Nanoparticles

UV–Vis Spectroscopy  ZnO nanoparticles obtained by the chemical synthesis and biosyn-
thesis were characterized using UV–Vis spectroscopy. A suspension was prepared by add-
ing NPs in milli-q water, it was transferred to the cuvette, and analysis was carried out 
using UV–Visible spectrophotometer (Shimadzu, UV-1700 Pharma Spec).

XRD Analysis  The crystallite structure of NPs was analyzed using XRD (Rigaku X-ray dif-
fractometer at CeNSE laboratory, IISc, Bengaluru). The size was determined with the use 
of Scherrer’s equation,

where is D is the average crystallite size, K is the Scherrer constant, θ is the Bragg angle, β 
is the line broadening in radians, and λ is the X-ray wavelength [15].

Scanning Electron Microscope Analysis  The SEM analysis was done to determine the 
surface structure, shape, and size of the NPs. This was performed using Zeiss, Ultra 55 
Field Emission Scanning Electron Microscope (CeNSE laboratory, Indian Institute of Sci-
ence (IISc), Bengaluru) [16].

Energy‑Dispersive X‑ray Spectroscopy (EDX)  The elemental composition, chemical 
purity, and stoichiometry of the synthesized ZnO nanoparticles were determined by the 
EDX analysis [16]. It is performed by using Zeiss, Ultra 55 Field Emission Scanning Elec-
tron Microscope (CeNSE laboratory, IISc., Bengaluru).

Decolorization of Azo Dyes Using NPs  Stock solutions of the azo dyes at a concentra-
tion of 1 mg mL−1 were prepared in milli-q water. Decolorization studies were carried out 
in three sets in a closed batch culture system at room temperature (28 ± 2 °C). NPs were 

D =
Kλ

�cos�
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added to the dye solutions taken in glass screw-capped tubes at a concentration of 250 ppm 
with continuous stirring at 75 rpm on a rotary shaker. The first set had chemically synthe-
sized ZnO NPs, the second set had NPs biosynthesized, and the third set had both chemi-
cally and biosynthesized NPs. Samples were withdrawn every 24  h and centrifuged at 
3000 rpm for 10 min. The clear supernatant was pipetted and absorbance was read at λmax 
of 580 nm. Dye decolorization percentage was calculated by the following formula [17]:

Results and Discussion

NPs were successfully synthesized following chemical and biological routes. During 
biosynthesis, reduction of zinc ions into zinc NPs occurred on addition of bacterial cell 
extracts; as a result, a color change was observed. Generally, the metal NPs have free elec-
trons, which help in the formation of the Surface Plasmon Resonance absorption band. It 
happens due to the united vibration of the electrons of metal nanoparticles in resonance 
with light wave [18].

Characterization of ZnO NPs

The synthesized NPs were characterized using UV–Visible spectroscopy, XRD, SEM, 
energy-dispersive X-ray analysis (EDX).

UV–Visible Absorption Analysis of ZnO NPs  Using UV–Vis spectroscopy, the absorption 
spectra of ZnO NPs were obtained. The maximum absorption (λmax) was obtained in the 
range of 380 to 390 nm for chemical ZnO NPs and 370 to 380 nm for biosynthesized NPs. 
The results obtained in the present study show similarities with the findings of previous 
literature where they reported absorption maxima in a range of 320–390 nm which is a 
characteristic band for the ZnO [19].

X‑ray Diffraction Analysis  An XRD pattern obtained for the NPs is indicated in Figs. 1 
and 2. The crystallite size of chemically synthesized NPs determined by Scherrer’s equa-
tion was 24.419 nm. A sharp peak was obtained at 101 (Fig. 1). This confirms the sample 
to be ZnO NPs in polycrystalline form. However, biosynthesized NPs were amorphous and 
no crystals were formed. Hence, the size of crystallite size could not be estimated since a 
clear graph was not obtained. This could be due to the presence of impurities in the sample 
(Fig. 2). The broadening line of the diffraction peaks indicates that the synthesized parti-
cles are in the nm range [20]. Peaks obtained other than the characteristic peaks are also 
due to impurities.

SEM Analysis of ZnO NPs  The SEM images of chemically synthesized ZnO NPs showed 
spherical non-agglomerated, uniform-shaped, and evenly distributed nanoflakes (Fig.  3). 
The average diameter of the structures ranged from 100 to 200 nm. Results are similar to 
previous literature having dimension around 200 nm × 200 nm [21].

Decolorization(%) =
InitialOD − FinalOD

InitialOD
× 100
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Fig.1   XRD graph of chemically synthesized ZnO-NPs

Fig. 2   XRD graph of ZnO-NPs synthesized using Bacillus subtilis strain PBA
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SEM images of biosynthesized NPs were nanorod shape embedded nanoparticle struc-
tures with hints of agglomeration in the bacterial biomass. The average diameters of the 
structures were in the range of 100–200 nm and the length in 1–2 µm range. The struc-
tures are seen to be distributed evenly and are of similar shapes. SEM images indicated the 
length (nm) and shape of the synthesized NPs (Table 1). These images can be correlated 
with the previous literature having average diameter of 100–200 nm and length to be in 
micrometers [22]. Synthesis of NPs using bacteria has been studied by several researchers 
but the exact mechanism is still not clear; however, cells of bacteria play role in the forma-
tion of NPs [23].

Energy‑Dispersive X‑ray Analysis

The results indicate the sample is made of ZnO, with major amounts of Zn (Zinc) and O 
(Oxygen) is present in both chemically synthesized and biosynthesized NPS. Carbon pre-
sent in the sample is due to the carbon tape which was used as a sample holder. Hence, it 
can be said that the purification has been carried out well. The weight percentage is 65.95, 
and the sample had fairly 65–66% of Zn (Table 2). Previous literatures indicate that the 
obtained characteristic peaks of Zn and O confirm the presence of ZnO NPs with no impu-
rities [21]. Trace amounts of impurities were also detected in the analysis of biosynthesized 

Fig. 3   SEM image of ZnO NPs. a Chemically synthesized, 10.00 KX; b chemically synthesized, 25.00 KX; 
c chemically synthesized, 50.00 KX; d biosynthesized,10.00 KX; e biosynthesized, 25.00 KX; f biosynthe-
sized, 50.00 KX

Table 1   Length (nm) and 
shape of the chemically and 
biosynthesized ZnO NPs

Sample Length (nm) Shape

Chemically synthesized 
ZnO NPs

63.38; 35.16; 59.75 Nanoflakes

Biosynthesized ZnO 
NPs

1050; 1447; 2184 Nanorods
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NPs, which indicates that the samples were impure. Since the weight percentage is 65.97, 
the sample had fairly 65–66% of Zn (Table 2). The impurities were detected because bio-
logical molecules combine with the NPs in the bacteria [24].

Decolorization of Dyes using NPs  Azo dye decolorization was observed in all three sets. 
Decolorization percentages of R-GDB by the NPs at 48 h, 72 h, and 96 h of incubation 
are indicated in Fig.  4. For the Rubine dye, as is evident from Table  3 and Fig.  4, the 
maximum decolorization was observed at 96 h of incubation. Chemically synthesized NPs 
(89.55 ± 0.44%) showed the maximum decolorization percentage followed by a combina-
tion of both NPs (36.25 ± 0.22%) and then the biosynthesized NPs (18.46 ± 0.45%).

Decolorization of CR by NPs  As it is evident from Table  4 and Fig.  5, the maximum 
decolorization of CR dye was obtained at 96 h of incubation. Chemically synthesized NPs 
showed maximum decolorization (88.52 ± 0.90%) followed by a combination of both NPs 
(39.47 ± 0.94%) and then biosynthesized NPs (21.41 ± 1.02%).

Table 2   EDX analysis of 
chemically and biosynthesized 
ZnO NPs

ZnO NPs Chemical 
synthesized

Biosynthesized

Weight % Zn 65.95 65.97
O 20.82 20.66
Other impurities 13.22 13.37
Total 100 100

Atomic % Zn 34.96 35.01
O 45.10 44.81
Other impurities 19.93 20.01
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Fig. 4   Decolorization (%) of Rubine GDB with chemically and biosynthesized NPs at different times of 
incubation (hours)
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Present findings of decolorization studies of azo dye by NPs showed that chemically 
synthesized ZnO NPs could decolorize azo dyes which are similar to earlier findings [25]. 
Percent decolorization of the dye increased with an increase in the treatment duration, 
there was maximum at 96 h (R-GDB, 89.55 ± 0.44; CR, 88.52 ± 0.90%), and the least was 
at 48  h (R-GDB, 4.34 ± 0.08; CR, 15.55 ± 0.22%). With the same concentration of NPs 
taken, decolorization percentage increases with the treatment time; also, the more the num-
ber of NPs, the more is it likely for the catalyst (NPs) to attack the dye’s chromopheric 
system [26]. Previous studies indicate that the decolorization potential of immobilized cells 
was also compared with the free cells. At optimum experimental conditions, the complete 
dye removal was observed at 18 h by free cells whereas nanoparticle coated cells showed 
complete decolorization at 24 h for 100 ppm of RB5 dye concentration, which is in accord-
ance to the current study. In the current work, the biosynthesized NPs showed maximum 
decolorization at 96 h [27].

The enzymatic degradation of azo dyes by the bacteria occurs either by extracellular or 
intracellular enzymes. The enzymes that are commonly involved in azo dye degradation are 

Table 4   Decolorization (%) of Congo Red with chemically and biosynthesized NPs and with the combina-
tion of both under different incubation time

Incubation period 
(hours)

% Decolorization (250 μg mL−1 of NPs)

Chemically synthe-
sized NPs

Biosynthesized NPs Combined effect of NPs (Chemically 
synthesized NPs + Biosynthesized 
NPs)

48 56.07 ± 0.65 15.55 ± 0.22 21.97 ± 0.59
72 59.81 ± 0.60 18.45 ± 0.73 33.50 ± 1.04
96 88.52 ± 0.90 21.41 ± 1.02 39.47 ± 0.94
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Fig. 5   Decolorization (%) of Congo Red by chemically and biosynthesized NPs at different times of incuba-
tion (hours)
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azoreductase, laccase, peroxidases, etc. These enzymes require appropriate environmental 
conditions to maintain their stability and activity. Laccase is copper-containing oxidases 
that do not require redox mediators for degrading azo dyes [28]. In the current study, bio-
synthesized NPs showed the least dye decolorization when compared to chemically syn-
thesized and combined NPs. The probable reason could be due to the lesser quantity of 
intercellular enzymes which aid in decolorization.

ZnO is known to have antimicrobial properties; hence, this property of ZnO can inhibit 
the growth of Bacillus subtilis [29]. ZnO NPs have anti-bacterial properties and they tend 
to disrupt the cell membranes of bacteria [30]. The dye degrading efficiency depends on 
the size, shape, and efficiency of the NPs. The size of the nanoparticles has a vital role, i.e., 
the smaller the size of the nanoparticles, the greater is its efficiency [31, 32]. Nanoparticles 
having smaller size get easily adhered to the reactants and thus, the rate of dye degrada-
tion also increases [33]. These facts can be correlated with the results obtained in the cur-
rent study, as the percentage degradation with chemically synthesized NPs was seen to be 
higher as compared to the biosynthesized NPs due to the difference in size and shape of the 
NPs obtained (Table 1).

NPs synthesized via biological method have limitations as its presence in effluent water 
is seen even after degradation. Thus, recovery and reusability are needed [34]. Hence, this 
might be the reason that both the dyes were not efficiently decolorized with biosynthesized 
NPs.

Conclusion

Industrial wastewater has very high quantity of pollutants that could be removed by chemi-
cal and biological methods. In the current study, NPs were synthesized using chemical and 
biological reduction systems. This study reports the novel approach to decolorize Rubine 
GDB and Congo Red dyes commonly found textile effluents. Chemically synthesized NPs 
showed high percentage of decolorization for Rubine GDB (89.55 ± 0.44%) and Congo 
Red (88.52 ± 0.90%). Optimization of the process parameters to get uniform shaped and 
sized NPs which could further enhance the decolorization efficiency. Understanding the 
mechanisms that are involved in the biosynthesis of ZnO NPs using Bacillus subtilis needs 
further investigation. The process could be scaled up at commercial level. In the coming 
years, NPs would hold prominent role in wastewater treatment and could become an effec-
tive approach for dye removal from textile wastewaters. Nanomaterials are believed to 
completely replace conventional methods in degradation of dye [31].
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