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ABSTRACT

ZnO nanoparticles show great potential for photodegradation applications due

to their excellent physical and chemical properties. Finding a greener approach

to producing nanoparticles is of the utmost importance for multidimensional

application purposes. In the present study, the ZnO nanoparticles were syn-

thesized by a simple combustion method at 400 �C, using jackfruit extract. X-ray

diffraction (XRD) pattern revealed a crystalline structure of the nanoparticles.

Scanning electron microscope (SEM), Raman spectroscopy, BET surface area

were used to further characterize the synthesized nanoparticles. Further, it has

been used as a photocatalyst for the degradation of one of the organic pollutant

methylene blue dye. In general, the method employed here is a greener

approach to synthesize ZnO nanoparticles with good photocatalytic activity.

1 Introduction

Starting from the development of TiO2 by Fujishima

and Honda in the year 1972 [1] has gradually been

increasing in the application of nanomaterials for

environmental cleanup. In the present advanced sci-

ence and engineering fields, nanotechnology is one of

the dynamic fields. Nanotechnology mainly deals

with the physical and chemical properties of materi-

als having a size less than 100 nm and it mainly

depends on the morphology, size distribution, and

atomic and molecular combinations of the materials.

Till today researchers have been synthesized modi-

fied TiO2 [2], ZnO [3–5], ZrP2O7 [6], ZrO2 [7], SnO2

[8], CuO [9], NiO [10], BiVO4 [11], Bi2WO6 [12]

ZnFe2O4 [13], BiOCl [14], Mn2V2O7 [15], ZrO2 [7, 16],
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etc. Among all the nanomaterials ZnO has become

one the most extensively investigated due to its wider

application in the field of environmental cleanup,

solar energy conversions [17], photocatalysts, opto-

electronics and excellent photoelectrochemical prop-

erties. Consequently, many researchers have

synthesized metal-loaded and nonmetal-loaded ZnO

[18] nanomaterials such as Ag/ZnO [19], rGO/ZnO

[20], etc. While ZnO is the most stable semiconductor

material used to solve environmental problems.

Due to industrialization and urbanization, clean

water availability is very less, this leads many

researchers to think about the best way to clean up

the water. Even now many conventional methods

have been used such as adsorption, bio-flocculation,

filtration, etc. for cleaning water. But, all the methods

are expensive and lead to secondary pollutants.

Therefore, nanotechnology plays a vital role in the

crackdown of environmental pollutants and also

helps for the generation of cleaner energy by the

water-splitting method. In this context, we planned to

synthesize ZnO nanoparticles by using an environ-

mentally benign green protocol. Many methods such

as sonochemical method, co-precipitation method,

hydrothermal method, combustion method using

chemicals like fuels, biosynthesis method, sol–gel

method, but nowadays, green synthesis of nanoma-

terials has led to the development of an eco-friendly

approach. In recent years many researchers have

synthesized nanomaterials using plant extracts

[21–25] as a fuel in combustion method synthesis,

these extracts not only act as reducing agents but also

act as capping agents and reduce the size of the

nanoparticles. The plant sources are the first choice of

research aiming for the synthesis of nanoparticles

because of abundant biomass, molecular repertoires,

and species diversity, the fact is that plants produce a

wide variety of primary and secondary metabolites

[26–29]. The metabolites are amino acids [30],

polypeptides [31], enzymes [32], polysaccharides

[33], tannins [34], heterocyclic compounds [35], fla-

vonoids [36] and, phenolic compounds [37] etc., are

responsible for reduction of metals. Indeed different

plants may produce different characteristic

nanoparticles, because of different phytochemical

profiles with different concentrations.

A large number of medicinal plants like Alternan-

thera dentate, Vitex negundo, Brassica rapa, Ocium

sanctum, Acorus calamus, Solanum xanthcarpum,

Andrographis paniculata have been used by researchers

for the synthesis of different metal oxide nanoparti-

cles. In this present study, we have used a low-cost

facile solution combustion method for the prepara-

tion of zinc oxide nanoparticles using aqueous tender

jackfruit extract. The synthesized nanoparticles are

tested for photocatalytic activity using methylene

blue dye as a model organic dye and it is one of the

main wastes that come from the textile industries.

This organic dye will cause a serious threat to the

environment as well as human health.

2 Materials and methods

2.1 Preparation of extract (fuel)

The jack fruit extract was prepared by taking fresh

tender jack fruit and dried in shadow for 15 days.

The dried fruit was ground mechanically using a

mixer grinder. The powder was subjected to soxhlet

apparatus at 80–90 �C for 48 h or 15 cycles. Then, the

extract was filtered using ordinary filter paper and

was stored in the refrigerator for further use.

2.2 The preparation of ZnO nanoparticles

The as-prepared extract was used to prepare ZnO

nanoparticles, the 0.1 M zinc nitrate hexahydrate was

used as a source of Zn. A series of crucibles were

taken and 1, 2, and 3 ml of extract (labeled as ZnO/1,

ZnO/2, and ZnO/3) were transferred to them to

optimize the volume of fuel. 0.1 M source was added

to each crucible and stirred for about 15 min on a hot

plate to get a homogeneous semisolid liquid. Then,

the crucibles were kept inside a 400 �C pre-heated

muffle furnace. The smoldering type reaction took

place with the liberation of gases within 15 min. The

obtained product was then subjected to calcination to

remove all the impurities present. The synthesized

nanomaterials were used to study photodegradation

using methylene blue organic dye.

2.3 Characterization

The crystallinity of the material was confirmed by

using Rigaku smart lab diffractometer (Cu-Ka,
1.5418). The surface morphology is very important

for nanomaterials, so this was elucidated using the

TESCAN Vega 3LMU scanning electron microscope

and also elemental composition and purity of the
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material were confirmed. The Quanta chrome Nova-

1000 surface analyzer was used to confirm the pore

size and surface area under Liq. N2 temperature. The

photodegradation performance and optical proper-

ties were studied using Agilent Cary 60 UV–Vis

spectrophotometer. The Raman measurements were

recorded using Horiba xplora plus Raman

spectroscope.

2.4 Photodegradation study of ZnO
nanoparticles

The photocatalytic activity of ZnO nanoparticles was

carried out in an annular type photoreactor. A cat-

alytic load of 30 mg in 100 ml of 5 ppm methylene

blue dye was prepared and pH was adjusted by

adding 0.5 M NaOH and 0.5 M HCl. The resultant

solution was placed in the photoreactor and an air

purge was done to stop the settling of nanoparticles

at the bottom. The high-pressure mercury lamp

(250 W, 365 nm) was fitted inside a quartz chamber

surrounded by a water-cooled condenser, the solu-

tion was 12 cm away from the UV source, and the

sample was kept in dark condition to attain adsorp-

tion–desorption equilibrium. The degradation of

methylene blue dye was measured by removal of

solution after intervals of time. The maximum

absorption of methylene blue dye was 664 nm (due to

chromosphere) and 292 nm (due to the aromatic

rings). (Cf and Ci are final and initial concentrations of

methylene blue dye, respectively)

Degradation efficiency ¼
Ci � Cf

Ci
� 100 ð1Þ

3 Results and discussion

3.1 Characterization

3.1.1 XRD studies

Figure 1 shows the XRD pattern of ZnO nanoparti-

cles prepared by using jack fruit extract as a fuel with

different concentrations of 1 ml, 2 ml, and 3 ml. The

XRD patterns confirm the structural composition and

crystalline nature of ZnO nanoparticles. All the peaks

(100), (002), (101), (102), (110), (103), and (112) well

match with hexagonal zincite (Wurtzite) structure.

Further, no additional peaks observed in the

spectrum confirm the purity of the material. The

average crystalline size was estimated using Debye–

Scherrer’s equation.

D ¼ 0:89k
b cos h

where D is the crystallite size, k is the X-ray wave-

length, b is the full width at the half maximum and h
is the diffraction angle. The crystallite size was found

to be 15 nm.

3.2 Morphological analysis

The surface morphology and elemental composition

of ZnO nanoparticles were confirmed by scanning

electron microscope and energy-dispersive X-ray

analysis (Figs. 2 and 3). The ZnO nanoparticles are

agglomerated during the combustion process and

form a small capsule-like structure. The chemical

composition of the ZnO is 51.23% zinc and 48.77%

oxygen.

3.3 BET surface area analysis

The surface properties like pore size, pore-volume,

and surface area of nanomaterials play an important

role in their properties. Figure 4 shows the N2

adsorption/desorption isotherm and pore size dis-

tribution of ZnO nanomaterials and it explains the

Langmuir hysteresis curve of type IV isotherm and

this type of curve depends on the shape of the pore in

the particular sample. The surface area of the ZnO/1,
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Fig. 1 Diffraction patterns of as-prepared ZnO nanoparticles
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Fig. 2 SEM images of as-

prepared ZnO nanoparticles

Fig. 3 EDS spectrum of as-

prepared ZnO nanoparticles
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ZnO/2, and ZnO/3 was 20.8 m2 g-1, 25.3 m2 g-1,

and 22.1 m2 g-1, respectively.

3.4 Raman scattering

Raman scattering is used to study the crystalline

nature of the nanomaterials and also used to find the

defects in the synthesized ZnO nanomaterials. Fig-

ure 5 shows the Raman scattering spectrum of ZnO

nanoparticles synthesized using jack fruit extract as a

fuel. The prominent peaks at 336 cm-1 and 442 cm-1

correlate to the E2H–E2L, and A1(TO) fundamental

phonon modes of ZnO hexagonal structure, respec-

tively. The strong peak at 442 cm-1 E2 modes corre-

sponds to Wurtzite structured ZnO nanomaterials.

And another well-resolved peak at 583 cm-1 corre-

lates to E2 due to resonance and multiphonon pro-

cess and is related to oxygen deficiency.

3.5 UV–Visible studies

The optical properties of the prepared ZnO nano-

materials were studied using UV–Visible studies, this

is one of the effective tools to find the primary exis-

tence of metal oxide nanoparticles in an aqueous

medium. This is the unique technique used to check

the bandgap energy of the material, nanoparticles

have a particular absorption wavelength due to their

characteristic optical property. Figure 6 shows that

the strong absorption peak at 377 nm is due to the

absorption of the host lattice, it suggesting that ZnO

nanoparticles can be excited by UV light. Thus by

using this absorption wavelength, the bandgap (Eg)

energy of ZnO Nanoparticles can be obtained from

the absorbed wavelength value using the energy

equation [38].

E ¼ hc

k
ð2Þ

where Energy (E) = Band gap, h is Planks constant

(6.626 9 10-34 Joules s-1), C is velocity of light

(2.99 9 108 m/s), and k is wavelength that is

absorption peak. From Fig. 6, absorption band

appeared at 377 nm and the band gap value is cal-

culated form equation which was found to be 3.15 eV

and it was also confirmed by UV-DRS spectrum. This

wide band gap is probably due to small particle size

[39].

Fig. 4 Nitrogen adsorption/desorption isotherm and pore size distribution of ZnO nanoparticles
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Fig. 5 Raman plot of ZnO nanoparticles
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4 Photocatalytic activity of ZnO
nanoparticles

The synthesized zinc oxide nanoparticles by varying

fuel volumes were subjected to perform pho-

todegradation of Methylene blue dye under UV light

radiation. The photodegradation efficiency of

methylene blue dye carried out by ZnO nanoparticles

were illustrated in the Fig. 7. It reveals that the fuel

affects the photocatalytic activity of zinc oxide

nanoparticles because activity mainly depends on the

surface area of the nanoparticles. The photocatalytic

efficiency is 85.9%, 97.9% and 78.4% within 60 min

for the sample prepared using 1 ml, 2 ml, and 3 ml

fuel, respectively. The photochemical reaction of

ZnO/2 material is fairly more when compared to

ZnO/1 and ZnO/3. The order of the photodegrada-

tion efficiency was found to be ZnO/2[ZnO/

1[ZnO/3 after 60 min of UV light irradiation and it

may be due to optical properties, crystallite size, and

surface area of the ZnO nanoparticles. The fuel vol-

ume modifies the oxygen vacancies, these oxygen

vacancies trap photo-excited electrons present in the

conduction band which gives more dye degradation

efficiency. The degradation completes 98% within

60 min indicating the low recombination rate of

electrons. The calcination temperature of 400 �C also

influences surface morphology which enhances

photocatalytic activity. Further, the photocatalytic

activity of the ZnO nanoparticles prepared without

fuel was[ 50% degradation efficiency it may be due

to organic molecules present in the fuel controlling

the growth of nanoparticles.

4.1 Effect of catalyst load on photocatalytic
activity

The aim of optimization of catalyst load is a crucial

phase in the photodegradation process. Catalyst

affects the photodegradation of methylene blue dye

in the photochemical reaction. Figure 8 indicates the

ZnO nanoparticles prepared using different volumes

and photodegradation of methylene blue under UV

irradiation. The photodegradation efficiency

increased from 70 to 98% as the amount varied dif-

ferent 10 to 20 mg, respectively. This increase in

Fig. 6 a UV–Visible and b UV-DRS spectrum of ZnO nanoparticles
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Fig. 7 Photodegradation efficiency of different ZnO nanoparticles
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photodegradation is due to the larger surface area of

the ZnO/2 nanoparticle. This larger surface area

influences the creation of active sites and leads to the

generation of more hydroxyl radicals. The excess

nanoparticles (30 mg) shielded the penetration of

light to the surface of the photocatalyst. Thus, the

generation of hydroxyl radicals reduces and there

will be a decrease in photodegradation of methylene

blue dye.

4.2 Effect of pH on methylene blue dye
degradation

The pH very important parameter to study in pho-

todegradation activity (Fig. 9). The effect of pH

was studied from pH 4 to 11 to check the optimum

pH for the photodegradation of methylene blue dye.

From the Fig. 10 we can conclude that there will be

gradual increasing degradation of methylene blue

from 3 to 7 and maximum degradation recorded at

pH 11. Above this pH the degradation decreases,

which can be explained on the basis of zero potential

charge. For ZnO the zero potential charge was found

to 9.0 ± 0.3, and above this value the surface is neg-

atively charged due to adsorbed OH- ions. The

presence of many OH- ions on the surface of catalyst

causes less production of OH� radicals, which act as

primary oxidizing agents and which are account-

able for the degradation of methylene blue dye.

4.3 Effect of concentration of methylene
blue dye

The concentration of dye varied from 5 to 20 ppm

with a constant 20 mg catalyst load as indicated in

Fig. 10. The efficiency of degradation is more up to

10 ppm and after this, there is a decreased efficiency.

Because the light does not penetrate so a decrease in

the photodegradation efficiency.

4.4 Reproducibility of photocatalyst

The repercussion of the photocatalytic system very

much depends on the recyclability and regeneration

of the photocatalyst without decreasing the efficiency
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Fig. 8 Effect of catalyst load on Photocatalytic degradation of

methylene blue dye
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of the photodegradation. Recyclability was con-

ducted by using 100 mg of ZnO nanoparticles under

UV irradiation. After each cycle, the nanocatalyst was

washed repeatedly with distilled water and dried in

an oven at 110 �C for 2 h. Up to five cycles, the

recovered catalyst show almost the same efficiency as

that of the freshly used catalyst. After the sixth cycle,

there is a slight reduction in efficiency of about 6%

(Fig. 11). Nevertheless, the difference in degradation

effect is very low and ZnO nanoparticles possess

good stability and recycling ability during the pho-

tochemical reaction.

4.5 Detection of OH• radicals

The photocatalytic degradation mainly depends on

the generation of hydroxyl radicals, these are the

reactive oxygen species responsible for the degrada-

tion of methylene blue dye. The generation of these

radicals can be measured by the photoluminescence

technique using coumarin as a probe molecule. In

this technique, hydroxyl radical reacts with coumarin

to form 7-hydroxy coumarin which is highly fluo-

rescent and has an excitation wavelength of 452 nm.

In this process, 10–3 molar coumarin was prepared.

To the above-prepared solution 50 mg of coumarin

was added (Fig. 12). Initially, the mixture was

allowed to stand for 30 min for the adsorption–des-

orption equilibrium process, after attainment UV

light was irradiated. For every 10 min interval, 2 ml

aliquots were withdrawn from the reaction mixture

and subjected to a photo luminescent spectropho-

tometer. Fig. clearly indicates the increase in the

intensity of the peak at 457 as the concentration of

hydroxyl radicals increases. This process confirms the

reactive oxygen species importance in photocatalytic

degradation of methylene blue organic dye.

4.6 Mechanism of photodegradation

At the surface of the photocatalyst, the photochemical

(redox) reaction is initiated when light irradiation

starts. The potential values of the conduction band

and valance band were calculated using the follow-

ing formulae:

ECB ¼ v� E0 �
1

2
Eg

EVB ¼ ECB þ Eg

EVB and ECB are the valance band edge potential and

conduction band edge potential, respectively, and Eg

is the bandgap of the semiconductor which is 3.12.

When UV light falls on the VB the electrons absorb

photons and are excited to CB leaving holes in the

VB. The generated e- and h? may react with other

molecules or they may either recombine. If the

recombination is more, then there will be a decrease

in photodegradation efficiency. The oxygen vacancies

can trap the electrons from the CB so there is a

decrease in recombination of electron–hole. This will

increase the photocatalytic activity of ZnO nanopar-

ticles. The h? in the VB will react with hydroxyl ions

generated from the water and accumulate on the
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Fig. 11 Recycling of 100 mg catalyst for the degradation of

100 ml of 5 ppm methylene blue dye
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surface of the catalyst to form highly reactive OH

radicals. While the e- is absorbed by O2 to form O2.

The generated OH radicals are strong oxidizing

agents and attack MB dye to convert MB to non-toxic

products, thereby decreasing the concentration of dye

(Fig. 13).

The probable reaction mechanism of degradation

of methylene blue is as follows;

Zinc oxide þ hv ! Zinc oxide e�CB þ hþVB
� �

H2Oþ hþ ! �OHþHþ

OH� þ hþ ! �OH hydroxyl radical
� �

O2 þ e� ! O��
2 superoxide anion
� �

O�
2 þHþ ! �OH

Methylene blue þ �OH ! Oxidationproduct

Methyleneblueþhþ !Oxidationofmethyleneblue

4.7 Total organic carbon content test (TOC)

Total organic carbon content test is the measure of the

level of organic molecules/impurities in purified

water sample. It has become an important parameter

used to monitor overall levels of organic compounds

present. In this study, we have used this analytical

technique to find out the purity of water sample after

and before MB dye degradation. Further, APHA 5310

22nd Edition test method was used to analyze the

samples. Samples were tested before (colored sam-

ple) and after dye degradation (colorless sample)

assay and we found 18 mg L-1 and\ 2 mg L-1 of

total organic carbon content, respectively, in the tes-

ted samples.

4.8 Detection of reactive oxygen species

The different scavengers are used to study the reac-

tive species which are involved in the degradation of

methylene blue dye. These scavengers trap the reac-

tive species (holes, superoxides, hydroxyl radicals)

and reduce their production. This experiment was

conducted by using ethylenediamine tetra acetic acid

disodium salt (EDTA-2Na, 1 mM), K2Cr2O7 (1 mM),

tert-butyl alcohol (TBA, 1 mM) scavengers for holes

(h?), superoxide anion radical (O2
.-), and hydroxyl

radical (�OH), respectively, [18] depicted in the

Fig. 14. These results conveyed that degradation

percentage was greatly decreases in the presence of

TBA, hence, hydroxyl radicals are mainly responsible

for the degradation of MB dye [40].

5 Conclusion

The novel and effective jack fruit extract as fuel was

used to prepare ZnO nanoparticles. The as-prepared

ZnO nanoparticles were characterized by XRD which

revealed the lattice parameter and hexagonal Wurtize

structure. The absorption spectrum at 377 nm is

assigned to be intrinsic bandgap absorption. SEM

images show uniform distributed capsules/rod-

shaped ZnO nanoparticles. The as-prepared

nanoparticles have a band gap of 3.12 eV showing

good photocatalytic activity against methylene blue

organic dye. This study demonstrates the simple and

cost-effective utilization of greener extracts as fuel for

Fig. 13 Diagrammatic illustration of degradation mechanism
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Fig. 14 Photocatalytic activity of the ZnO nanoparticles for the

degradation of MB dye with different scavengers
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morphologically, structurally good, and potential

ZnO photocatalyst for degradation applications.
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