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Abstract
In this study, economical, harmless and environmentally friendly zinc oxide (ZnO) nanoparticles (NPs) were synthesized by 
using the co-precipitation method. X-ray diffraction confirmed the presence of ZnO with a hexagonal structure. Scanning 
electron microscopy and energy-dispersive X-ray spectroscopy results revealed ZnO with plate- and chain-like structures 
and high elemental purity. UV–visible spectroscopy recorded an absorption peak at 422 nm. The visible region absorp-
tion facilitated an increased absorption of light energy from sunlight. The photocatalytic performance of the prepared ZnO 
NPs was calculated by the degradation of both cationic dyes, i.e. methylene blue (MB) and rhodamine B and anionic dye 
methyl orange under sunlight. The degradation and mineralization efficiencies of MB were 98.1% and 91.96%, respectively. 
Additionally, the ZnO photocatalyst was reused up to four times for the degradation of dyes. This work could create a new 
pathway for futuristic development of sunlight-driven degradation of anionic and cationic dyes with ZnO NPs and resolve 
the worldwide photocatalytic and wastewater remediation issues.
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Introduction

Today’s world is more polluted than ever, because of 
egregious levels of contaminants present in air, water and 
food materials. This is due to the accumulation of indus-
trial hazardous wastes in the environment. This turns the 
present world into a dangerous place for humans to live. 
Among all the other pollutants, water contaminants present 
in notable water have become a major threat towards the 
diurnal lives of human beings. Dyes and pigments released 
from textile, paper, leather, food and chemical industries 
are the primary sources of water contaminants (Brunekreef 
and Holgate 2002; Kantiani et al. 2010; Richardson and 
Ternes 2018). Even the presence of a minimum amount 
of dye (< 0.001 g/L) in drinking water causes severe prob-
lems to humanity (Song et al. 2015). Right now, research-
ers are focusing on treating water bodies in an economical 
and eco-friendly way, to neutralize water pollution without 
causing any damage to the environment. Among all the strat-
egies, sunlight-based water treatment attracts more atten-
tion as it is freely available, sustainable, easy to access and 
environment-friendly.

Semiconductor-based photocatalysts are highly efficient, 
pollution-free, recyclable, green and low-cost materials to 
treat water contaminants using sunlight. The efficiency of 
the photocatalysts had limited realistic application because 
of insufficient visible light usage of the solar spectrum and 
fast recombination of charge carriers, thus altering the pho-
tocatalysis rate of dye degradation. Developing a highly effi-
cient, photocatalytic material that could absorb photons from 
the solar spectrum on a large scale, and which could syn-
thesize easily, and economically, is an onerous task. Many 
semiconductors are being used as photocatalysts (e.g. CdO, 
CeO2, NiO, SiO2, TiO2, ZnO, etc.), of which ZnO and TiO2 
are widely used in the degradation of organic pollutants in 
water (Jebasingh et al. 2019). Compared to TiO2, ZnO has 
always been a better photocatalytic material because of its 
higher UV spectrum absorption rate, better sunlight absorp-
tion, longevity of induced charge carriers, quick electron 
transfer, non-toxicity, cost-effective and higher stability 
(Samadi et al. 2016).

The photocatalytic performance of ZnO nanoparti-
cles is largely preferred due to their morphology and size. 
Researchers have reported ZnO nanoparticles, with dif-
ferent sizes and morphologies such as rice, custard apple, 
flower, nanopencils, spherical, flower with petals, rod and 

hexagonal. Out of the various methods available to produce 
ZnO NPs in large quantities (microwave irradiation, biosyn-
thesis, solvothermal, ultrasonication, hydrothermal, chemi-
cal precipitation, sol–gel, combustion and wet chemical) 
(Sun et al. 2011; Hossain et al. 2015; Kaviya and Prasad 
2015, 2016; Welderfael et al. 2016; Patil et al. 2016; Senthil-
raja et al. 2016; Jerlin Jose et al. 2017; Nagabhushana et al. 
2017; Prasannalakshmi and Shanmugam 2017; Chidam-
baram et al. 2018), co-precipitation is the preferred method 
to prepare pure ZnO NPs as it is less time-consuming, inex-
pensive and produces high yields of nanoparticles.

Nowadays, in order to reduce cost and power consump-
tion, sunlight is used for photocatalysis instead of artifi-
cial (manmade or UV) light sources. One of the important 
parameters for consideration while using sunlight is the effi-
ciency of dye degradation and dye concentration to catalyst 
ratio. According to recent research, pure ZnO NPs are less 
efficient in the presence of sunlight (Qi et al. 2017). Further, 
the efficiency of ZnO primarily depends on the position of 
the conduction band and valance band, which directly affects 
the segregation and recombination of the photo-induced 
electrons and holes pair.

Dyes are used to colour products in industries. Basically, 
dyes are classified into three types, namely, anionic, cationic 
and nonionic dyes. MB and RhB are the common cationic 
dyes and MO is a common anionic dye. These dyes are 
commonly used in wood, paper, leather, silk, textile, plas-
tics, cosmetics, paint, printing, scientific research, food and 
pharmaceutical industries. These pernicious colourants pose 
health problems to human beings in the form of skin and eye 
irritation, gene mutations, allergic dermatitis and sometimes 
even intestinal cancer due to its carcinogenic and mutagenic 
nature (Smith and John 2016; Nestmann et al. 1979; Horvá-
thováet.al. 2012; World Health Organization International 
Agency for Research on Cancer 2015). Removing these 
three organic dyes from polluted water is considered to be 
one of the major environmental remediation works by the 
scientist community.

In this work, a novel one-step synthesis method was 
designed to fabricate pure ZnO NPs in the form of nanorod 
and chain-like structure. Till date, there has not been any 
research on ZnO NPs, to degrade these three organic pol-
lutants (MB, MO and RhB), under sunlight. This work has 
achieved complete degradation of MB, MO and RhB dyes, 
under sunlight irradiation, by using synthesized ZnO NPs. 
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The photocatalytic mechanism of ZnO NPs is discussed in 
detail at the end.

 Materials and methods 

Chemicals used

ZnO nanoparticles were prepared by using the following 
chemical reagents, namely, zinc acetate dihydrate (Pure 
98%, M/s MERCK, CAS no. 5970-45-6) (molecular weight: 
214.49 g/mol), ammonia solution 25% (M/s MERCK, CAS 
no. 1336-21-6) (molecular weight: 17.03 g/mol), ethanol 
(Pure 99.9%, M/s Jiangsu Huaxi International Trade, China) 
and sodium hydroxide pellets (Pure 98%, M/s SRL, India 
CAS no. 1310-73-2) (molecular weight: 40 g/mol). Methyl-
ene blue (M/s MERCK, C.I.No. 52015) (molecular weight: 
319.86 g/mol), rhodamine B (M/s, MERCK, C.I.No. 45170) 
(molecular weight: 479.02 g/mol) and methyl orange (M/S, 
MERCK, C.I.No. 13025) (molecular weight: 327.33 g/mol), 
on dyes with no further purification.

Preparation of ZnO nanoparticles

The nanophotocatalyst was prepared by using the co-pre-
cipitation method. 1 mol/L of Zn(CH3COO)2·2H2O was 
dissolved in 100 mL of deionized water and stirred continu-
ously for complete dissolution of the compound. 2 mol/L of 
NaOH was added dropwise to the above solution. During 
the above addition, 3 ml of 25% ammonia was also added 
and the solution was continuously stirred for 60 min at 
room temperature. The beaker was kept for 12 h (overnight) 
without any disturbance. After 12 h, the supernatant was 
removed and the final white colour precipitate was washed 
several times with a mixture of ethanol and water (9:1). The 
filtered white colour solid product was dried at 100 °C for 
one day and then heated at 800 °C for two hours to obtain 
ZnO nanoparticles.

Characterization

The elemental structure and nature of the prepared ZnO sam-
ple were analysed by using powder X-ray diffraction (Bruker 
D8 Discover), through Cu Kα radiation (λ = 0.154 nm), in 
the 2θ range of 10–90°. The nanophotocatalyst morphol-
ogy was investigated by using a high-resolution scanning 
electron microscope (HR-SEM, FEI Quanta FEG 200). The 
sample was mounted on a gold platform by sputter coating 
for HR-SEM analysis at various magnifications. Elemental 

composition was determined using energy-dispersive X-ray 
spectroscopy (EDX) (FEI Quanta FEG 200). X-ray photo-
electron spectroscopy (XPS) was used to analyse the chemi-
cal state of elements and also the elements present in the 
sample. Monochromatic Al Kα radiation (1486.7 eV) was 
used as the source and the instrument was operated at 15 kV 
(XPS-Omicron). Optical studies were performed by using a 
UV–visible spectrophotometer (Shimadzu UV-1800), in the 
range of 200–800 nm. The photoluminescence (PL) study 
was carried out by using a Spectro Fluorometer (JASCO 
FP-6300) and the excitation wavelength was 433  nm. 
Fourier-transform infrared spectroscopy (FTIR) study was 
conducted to find out the functional groups present in the 
sample using a spectrometer (JASCO FT/IR 4100), in the 
range of 400–4000 cm−1. Total organic carbon analyser was 
used to identify the mineralization efficiency of the dyes 
(Shimadzu TOC-VLPH analyser).

Photocatalytic studies

Photocatalytic properties of the prepared nanoparticles were 
studied with MB dye by using the following procedure: 
0.02–0.120 g of nanoparticles were dispersed in 100 mL 
aqueous solution of 0.01 g/L MB dye and stirred for 30 min 
in the dark to attain adsorption–desorption equilibrium 
(Raghavan et al. 2015; Jebasingh et al. 2020). No volatil-
ity of the solvent was observed during illumination and a 
sample, without light adsorption, was collected. Later, this 
solution was exposed to sunlight from 11 a.m. to 2 p.m. in 
the month of June and the intensity was 75,000 lx. At regular 
time intervals, 3 mL of the MB solution was withdrawn and 
the absorbance, at 661 nm wavelength, was recorded. The 
percentage of photodegradation efficiency of the MB dye 
was calculated by using Eq. (1) (Stanley et al. 2019).

where Co is the initial concentration and Ct is the con-
centration at a selected time interval of the model dyes, 
respectively.

The same procedure was repeated for the MO and RhB 
dyes and the absorbance, at 463 nm for MO and 548 nm for 
RhB, was recorded.

The percentage of mineralization efficiency of the MB 
dye was calculated, by using Eq. (2).

(1)

% of photodegradation of the dye (�%) =

(

Co − Ct

Co

)

× 100

(2)

% of Mineralization of the MB dye (�%) =

(

1 −
TOCt

TOCo

)

× 100
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where TOCo denotes before the start of the photocatalytic 
reaction and TOCt denotes after the photocatalytic irradia-
tion, in the selected time interval.

Scavenger studies

Trapping experiment was done to find out the major and 
minor active species responsible for the photocatalytic 
degradation process by using different types of scavengers. 
For detection of the superoxide anion (O2

−), hole (h+) and 
hydroxyl radical (·OH) species, ascorbic acid (AA), ethylene 
diamine tetra acetic acid disodium salt dehydrate (EDTA) 
and isopropanol (IPA) scavengers were used, respectively 
(Stanley et al. 2021).

Results and discussion

Structural analysis

The powder XRD pattern of pure ZnO nanoparticles is 
shown in Fig. 1. ZnO diffraction peaks at 31.77°, 34.42°, 
36.25°, 47.55°, 56.61°, 62.89°, 66.40°, 67.97°, 69.15°, 
72.60°, 77.01° and 81.43° can be indexed to the (100), (002), 
(101), (102), (110), (103), (200), (112), (201), (004), (202) 
and (104) planes of the hexagonal wurtzite structure of ZnO 
nanoparticles and they are in accordance with the standard 
value of JCPDS (No. 36-1451, a = 3.2498, c = 5.2066, Space 
group-P63mc) (Li et al. 2014). There were no extra peaks 
present in this sample, which confirmed the high purity of 
synthesized ZnO nanoparticles.

Average crystallite size was calculated by using the 
Debye–Scherer’s equation Eq. (3). From the calculated val-
ues, the crystallite sizes of the ZnO nanoparticles were found 
to be in the range of 24–41 nm.

where D is the crystallite size of the synthesized particle 
(nm), λ is the wavelength of Cu Kα radiation (1.54 Å), β is 
the full-width half-maximum (FWHM), and θ is the Bragg’s 
angle.

Morphology and elemental analysis

The morphology of the ZnO nanoparticles, prepared by 
using the co-precipitation method, is illustrated in Fig. 2a–d. 
The HR-SEM images indicate that the synthesized ZnO was 
a mixture of chain- and plate-like structures throughout the 
sample. The chain-like structure was arranged over the plate-
like structure. Further, there was no agglomeration present 
in the sample. The size of the chain length and head varied 
from − 383 to − 674 nm and − 80 to − 290 nm, respectively. 
Nanoplates were arranged one over the other and their 
width and length varied from 210 to 419 nm and 320 nm to 
1.57 µm, respectively. Particle size of ZnO was calculated by 
using the particle size analyser and it was found to be in the 
range of 70–800 nm and the maximum number of particles 
was present at 469 nm. Figure S1 displays the particle size 
analysis results of ZnO. The data were well matched with 
the HR-SEM images.

Additionally, EDX spectrum was analysed and results are 
displayed in Fig. 3. The EDX analysis yielded substantial 
evidence to the XRD results, which confirmed the purity of 
the synthesized ZnO NPs. Figure S2 exhibits the elemental 
mapping results of ZnO nanoparticles.

XPS analysis

Figure 4a presents the XPS survey spectrum of the synthe-
sized ZnO NPs. XPS results revealed the chemical states 
of the elements and the surface chemical formation of the 
sample. XPS results confirmed the XRD and EDX results 
of the ZnO sample. Graphite tape was used in the sampling 
activity, which created the carbon peak in the spectrum. 
Peak at 283.78 eV indicated the presence of C 1s in the 
sample. C 1s was used to calibrate the other binding ener-
gies of the prepared sample. The high-resolution scans of Zn 
2p, O 1s and C 1s are shown in Fig. 4b–d, respectively. The 
peaks at 1019.96 eV and 1044.12 eV corresponded to the 
Zn 2p region of 2p 1/2 and 2p 3/2 spin orbitals. Hence the 
oxidation state of Zn was + 2. Apart from Zn 2p region, the 
peaks at 9, 87 and 138 eV confirmed the presence of Zn 3d, 

(3)Crystallite size D (nm) =
0.9�

� cos �

Fig. 1   The XRD pattern of the synthesized ZnO nanoplates
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3p and 3s spin orbitals, respectively (Kanjwal et al. 2015). 
The binding energy of 1072 eV indicated the presence of Na 
1s in the ZnO NPs. The peak at 530.7 eV corresponded to 
the surface hydroxyl group present in the ZnO NPs. These 
hydroxyl groups promote the trapping of photoexcited elec-
trons and holes, which improved the photodegradation effi-
ciency of ZnO (Ansari et al. 2013).

FTIR analysis

The FTIR spectrum of the ZnO NPs, synthesized by using 
the co-precipitation method, is shown in Fig. 5. The band, 
present at 448 and 487 cm−1, was due to the stretching vibra-
tions of Zn–O in the ZnO sample (Amaranatha Reddy et al. 
2015). The sharp and immense peaks at 1122 and 2358 cm−1 

related to the C–O group and O=C=O vibration from the 
atmospheric air to the ZnO surface in the FTIR analysis 
(Mardani et al. 2015; Gharagozlou and Naghibi 2018). The 
broad peaks, at 1402, 1634, 3138 and 3405  cm−1, were 
related to the stretching vibrations of O–H, caused by very 
low amount of water molecules present in the ZnO NPs. 
The above results confirmed the successful fabrication of 
the ZnO nanoparticles. 

Optical analysis

In order to investigate the photon absorbance ability of ZnO 
NPs, the UV–visible spectroscopy analysis was carried out. 
Figure 6 depicts the UV–visible absorption spectrum of the 

Fig. 2   The HR-SEM images of pure ZnO with different magnifications
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Fig. 3   The EDX spectrum of pure ZnO

Fig. 4   a XPS survey spectra of ZnO NPs. b–d High-resolution scan of Zn 2p, O 1s and C 1s

Fig. 5   FTIR spectrum of pure ZnO nanoplates
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Fig. 6   UV–visible absorption spectra of the prepared ZnO photocata-
lyst

Fig. 7   Room temperature PL spectrum of pure ZnO NPs

Fig. 8   Photocatalytic degradation of a MB, b RhB and c MO dyes by 
the prepared ZnO Nanoplates (dye concentration = 10  ppm; volume 
of dye = 100 ml)

synthesized ZnO NPs, which indicated the optical absorp-
tion in the visible region at 422 nm. The bandgap was calcu-
lated from Eq. (4) (Radhika and Thomas 2017).

where Eg is energy bandgap (eV) and λ is the absorption 
wavelength (nm). The calculated optical bandgap energy is 

(4)Eg = 1239.8∕�

2.93 eV (Choi et al. 2015). The bandgap decreased drasti-
cally when compared to ZnO previously reported (Kumar 
et al. 2018). Due to the modified co-precipitation method, 
the bandgap was greatly reduced, without any doped mate-
rial or surfactant. Dominant bathochromic effect in the vis-
ible absorption region and narrow bandgap energy of ZnO 
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NPs provided the pathway to promote the usage of sunlight 
in an efficient manner. This ultimately increased the photo-
catalytic degradation efficiency of the synthesized ZnO NPs.

Photoluminescence analysis

Photoluminescence (PL) spectroscopy is an effective tech-
nique to investigate the efficiency of the trapped charge car-
riers, reunion of electron/hole pairs, defects and vacancies 
in the prepared sample. Figure 7 shows the PL emission 
spectrum of ZnO NPs, which displays bands at a wave-
length of 588 nm, attributed to the yellow–orange emission 
and 667 nm, which corresponds to the red emission. Both 
the emission peaks were in the visible range. The intense 

yellow–red emission at 588 nm (2.1 eV) was related to the 
oxygen interstitials Oi, due to the band transfer of the zinc 
interstitial (Zni) to the oxygen interstitial (Oi) in the ZnO 
NPs (Alvi et al. 2011). The confined red emission at 667 nm 
(1.85 eV) corresponded to the oxygen vacancies (Vo). It is 
important to note that the surface defects, present in the ZnO 
NPs, were the reason for the life cycle of the photo-generated 
electron–hole pair. It automatically enhanced the photocata-
lytic degradation process (Budrugeac et al. 2011).

Photocatalytic degradation of anionic and cationic 
dyes

The photocatalytic activity against the pollutants present 
in water, by the metal oxide semiconductors, is essential 
for natural restoration. The photocatalytic degradation of 
MB, RhB and MO over the ZnO NPs was evaluated under 
sunlight irradiation. Figure 8 depicts the photodegradation, 
time-dependent UV–visible absorption spectra of the dif-
ferent dyes, degraded at different time intervals, by ZnO. 
For each dye, the photocatalyst amount varied from 20 to 
120 mg, in order to optimize the dye degradation efficiency 
of the prepared ZnO. MB, RhB and MO dyes were degraded 
completely, with the use of 100, 120 and 100 mg of ZnO 
NPs, respectively. The initial MB absorption peak was 
at 661 nm and as the sunlight irradiation time increased, 
the peak shifted towards 600 nm. Finally, the 661 nm and 
217  nm peaks disappeared completely. In other words, 
benzene rings present in the MB were achromatized and 
decomposed fully (Radhika and Thomas 2017). The ini-
tial absorption peak of MO was 463 nm and 271 nm. The 
463 nm peak shifted towards 350 nm and the 271 nm peak 
was not visible after 90 min. The two emission bands of 
ZnO NPs came under the MB and RhB absorption region, 

Fig. 9   Dye degradation efficiency of pure ZnO over MB, RhB and 
MO dyes

Fig. 10   Kinetic fitting curve of 
the degradation of MB, RhB 
and MO by ZnO NPs
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which was the reason behind the efficient degradation of 
both the dyes, when compared to MO dye. The highest 
photocatalytic degradation efficiency of MB, RhB and MO 
dyes, over the prepared ZnO NPs, was 98.1%, 97.7% and 
93.3%, respectively. The blank tests of self-degradation of 
the three organic dyes were conducted in sunlight and the 
removal rate of the dyes was very low (i.e.) for MB, 7.7% for 
80 min; MO and RhB did not degrade under sunlight. The 
photodegradation efficiency of the ZnO NPs, over various 
organic dyes, is shown in Fig. 9.

In order to understand the reaction kinetics of degrada-
tion, the well-known Langmuir–Hinshelwood Model for 
degradation of organic pollutants was used. The results of 
our photocatalytic activity complied with the pseudo-first-
order kinetics. Figure 10 shows the plots between ln (Co/C) 
and sunlight irradiation time. The graph shows the linearity 
of the photocatalytic degradation of ZnO NPs against MB, 
MO and RhB dyes. The calculated rate constant K values 
were 0.1326, 0.0629 and 0.03 min−1 for MB, RhB and MO, 
respectively.

The degradation efficiency of ZnO nanorods on MB, 
RhB and MO dyes was reported after three hours of visible 
light irradiation, at 35.3%, 29.3% and 22.6% (Ranjith et al. 
2017). Due to the fast recombination of phototriggered elec-
tron–hole pair charge carriers and wide bandgap of ZnO, the 
degradation efficiency was greatly reduced (Maya-Treviño 
et al. 2018). In this research work, one can find that these 
three organic dyes were degraded completely, under sun-
light, by ZnO NPs. The dye degradation efficiency was 
greatly influenced by the bandgap reduction of ZnO, as this 
allowed the ZnO NPs to absorb more visible light photons 
from sunlight. Large numbers of electrons were excited from 
the valence band to the conduction band, in the ZnO surface. 
The holes created in the valence band reacted with the oxy-
gen present in the water substance and produced the OH• 
radicals. The energized electrons reacted with the O2 and 
formed the O2

·− radicals. Both OH• and O2
•− radicals were 

powerful oxidizing agents, responsible for the degradation 
of organic dyes.

Effect of catalyst dosage

In order to optimize the catalyst amount for the degradation 
of dyes, ZnO nanoparticles were taken from 20 to 120 mg, 

Table 1   Degradation efficiency of ZnO towards the MB, RhB and MO dyes

Dye/Catalyst 20 mg 40 mg 60 mg 80 mg 100 mg 120 mg

MB—30 min 76.8 90.8 97 97.7 98.1 98
RhB—60 min 81.5 90 93.7 91.7 95.1 97.7
MO—90 min 40 72.2 86.4 91.9 93.3 89.2

Fig. 11   Effect of scavengers over the MB dye by ZnO NPs (a) and 
ZnO NPs recycling test for MB, RhB and MO dyes (b)
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Table 2   Comparison of various parameters of our synthesized ZnO NPs with other recent ZnO-based studies

Material Dye Dye (mg/L) Catalyst (mg) Light source Dye degrada-
tion (%)

Time for degra-
dation (min)

Ref.

ZnO MB 40 100 Sunlight 50 240 Sun et al. (2011)
ZnO MB 0.02 × 10–3 M 500 Sunlight ≈ 60 90 Kaviya and Prasad (2015)
ZnO MB 7.9 × 10–4 M 130 Sunlight 90 120 Hossain et al. (2015)
ZnO MB 0.02 × 10–3 M 700 Sunlight ≈ 92 90 Kaviya and Prasad (2016)
ZnO MB 3 × 10–4 M 2000 Sunlight 89.1 60 Senthilraja et al. (2016)
ZnO MB 10 10 Sunlight ≈ 83 90 Patil et al. (2016)
ZnO MB 20 200 Sunlight 68.6 135 (Welderfael et al. (2016)
ZnO MB 1 2000 Sunlight ≈ 100 75 Prasannalakshmi and Shan-

mugam (2017)
ZnO MB 20 40 Sunlight 40 60 Nagabhushana et al. (2017)
ZnO MB 30 100 Sunlight ≈ 65 50 (Radhika and Thomas 2017)
ZnO MB 10 50 Sunlight 35.3 120 Ranjith et al. (2017)
ZnO MB 10 100 Sunlight 98.1 30 This work

Table 3   Comparative study on the photocatalytic degradation of MO dye by ZnO NPs

Material Dye Dye (mg/L) Catalyst (mg) Light source Dye degrada-
tion (%)

Time for degrada-
tion (min)

Ref.

ZnO MO 10 100 Sunlight ≈ 25 480 Nezamzadeh-Ejhieh 
and Moazzeni 
(2013)

ZnO MO 10 N/A Sunlight ≈ 25 150 Ptasińska et al. (2016)
ZnO MO 10 60 Sunlight 83 240 Yu et al. (2019)
ZnO MO 10 5 Sunlight ≈ 15 360 Chang et al. (2016)
ZnO MO 20 25 Sunlight ≈ 58 360 Hao et al. (2016)
ZnO MO 10 100 Sunlight 93.3 90 This work

Table 4   Comparison of photocatalytic activity of ZnO over RhB dye in this work and recent literature

Material Dye Dye (mg/L) Catalyst (mg) Light Source Dye degrada-
tion (%)

Time for degra-
dation (min)

Ref.

ZnO RhB 1 × 10–5 M 150 Sunlight ≈ 50 90 Ding et al. (2018)
ZnO RhB 35 576 Sunlight 98 120 Print et al. (2017)
ZnO RhB 5 × 10–5 M 50 Sunlight ≈ 45 45 Meshram et al. (2016)
ZnO RhB 20 60 Sunlight ≈ 60 60 Chandrasekhar et al. (2015)
ZnO RhB 5 × 10–6 250 Sunlight ≈ 82 120 Abed et al. (2015)
ZnO RhB 15 30 Sunlight ≈ 25 120 Ahmad et al. (2015)
ZnO RhB 1 × 10–5 M 10 Sunlight ≈ 35 30 Yang et al. (2014)
ZnO RhB 10 10 Sunlight ≈ 80 150 Neelgund et al. (2014)
ZnO RhB 1 × 10–5 M 15 Sunlight ≈ 48 150 Wang et al. (2014)
ZnO RhB 10 120 Sunlight 97.7 60 This work
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for the dye concentration of 10 ppm, for both anionic and 
cationic dyes. Figures S3, S4 and S5 show the relationship 
between the C/C0 and the sunlight irradiation time taken for 
the degradation of various dyes. Table 1 shows the degrada-
tion efficiency of ZnO photocatalyst, for the MB, RhB and 
MO dyes. For the cationic MO dye, 20 mg photocatalyst 
showed a very low degradation efficiency compared to other 
high amounts of photocatalyst. This was due to the less num-
ber of active sites created in the ZnO photocatalyst and this 
induced the formation of less number of hydroxyl radicals, 
leading to the lower degradation efficiencies.

Active species detection

The trapping experiment was conducted to find out the pho-
tocatalytic mechanism and also the major and minor active 
species involved in the photocatalytic degradation of dyes. 
Figure 11a shows the different scavengers’ efficiencies for the 
MB dye. The degradation efficiencies for AA, EDTA and IPA 
scavengers were 32%, 97.6% and 66.8%, respectively. In other 
words, O2

− and OH• radicals were the main active species for 
the degradation of MB dye. EDTA recorded a higher efficiency 
and it revealed that holes did not play any role in the degrada-
tion process. Based upon the trapping test results, the plausible 
photocatalytic mechanism of ZnO NPs, for the MB dye, under 
natural solar radiation, is shown in Eqs. (5) to (10).

Tables 2, 3 and 4 display the excellent photocatalytic 
activity of synthesized ZnO NPs, over MB and MO dyes, 
as compared to the ZnO from recent literature. In short, the 
above results revealed the highest degradation efficiency 
over organic pollutants, under sunlight. For the MB dye, 
after 210 min of sunlight irradiation the mineralization 
efficiency was determined to be 91.96% by using the TOC 
analysis.

(5)ZnO + sunlight → ZnO
(

e−
cb
+ h+

vb

)

(6)e−
cb
+ O2 → O⋅−

2

(7)MB + O⋅−
2

→ CO2 + H2O

(8)h+
vb
+ H2O → ZnO + H+ + OH−

(9)h+
vb
+ OH−

→ OH⋅

(10)MB + OH⋅

→ CO2 + H2O.

Reusability of ZnO

In addition, the reusability of the prepared ZnO NPs over the 
different anionic and cationic dyes was analysed. Figure 11b 
shows the reproducibility of the ZnO sample over different 
dyes. First time used ZnO nanoparticles were cleaned with 
water multiple times, then filtered and heat treated at 80 °C 
for couple of hours. Then, the dried sample will be used for 
the second time and the same procedure will be followed for 
the consecutive recycling test. After four times of recycling, 
the photocatalytic degradation efficiency is 98.7%, 99.4% 
and 92.9% for MB, RhB and MO dyes, respectively. This 
suggests that, after recycling multiple times the degradation 
efficiency did not reduce much compared to the first time. 
So, the prepared ZnO NPs can be very useful in the waste-
water treatment for multiple use.

Conclusion

A novel ZnO NPs, which was cost-effective, high purity 
and eco-friendly, was fabricated. The hexagonal structure 
of ZnO was confirmed by the XRD analysis. The presence 
of the combination of plate- and chain-like morphologies 
throughout the samples was observed by using HR-SEM. 
Elemental purity was confirmed by XRD and EDX data. 
The prepared ZnO degraded the MB, RhB and MO dyes 
completely under sunlight irradiation at a lesser time interval 
when compared to that reported in the recent literature. The 
mineralization efficiency of the MB dye was 91.96%. The 
absorption band and the emission spectrum of ZnO NPs, in 
the visible region, led to an increased photocatalytic degra-
dation of organic dyes. Bandgap of ZnO was greatly reduced 
by this novel synthesis method, which induced the reduction 
of the recombination of electron–hole pairs in the ZnO NPs. 
O2

− and OH· radicals were the active species responsible for 
the photocatalytic degradation of MB dye. The reusability 
of ZnO was tested four times, without any change in the 
degradation efficiency. From the above results, a plausible 
photocatalytic mechanism was proposed. This would create 
a new paradigm in the photocatalytic degradation of dyes 
and wastewater remediation.
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