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Abstract

Green synthesis assisted by plant extracts is a recent research focus in diverse branches of chemistry.
Through simple synthesis, different nanoparticles (NPs) can be produced that include oxides of zinc,
copper, magnesium,  or  silver  using  various  types  of  plant  extracts.  A  remarkable  attribute  of  plant
aqueous  extracts  is  their  capability  to  act  as  reducing  and  capping  agents.  This  study  assessed  the
antioxidant  and  catalytic  properties  of  phytosynthesized  zinc  oxide  (ZnO)  NPs  using  the  fresh
aqueous extract of pomegranate (Punica granatum) peel. Scanning electron microscopy indicated that
the produced NPs had an average size of 49.52 nm with a spherical shape. X-ray diffraction confirmed
the hexagonal phase of ZnO NPs and that their average crystallite size was 41.23 nm according to the
Scherrer  equation.  Analysis  of  the  ultraviolet–visible  spectrum  was  performed  to  confirm  the
formation  of  ZnO  NPs,  and  Fourier  transform-infrared  analysis  illustrated  the  presence  of  diverse
phytochemicals in the plant extract and ZnO NPs. The 2,2-diphenyl-1-picrylhydrazyl assay was used
to  determine  the  radical  scavenging  activity  of  these  NPs.  The  novel  ZnO  phyto-nanocatalyst
mediated by extracts from plant waste material, exhibited a well-defined reduction of methylene blue
dye.  Within 20 min,  the  catalytic  degradation of  methylene blue was completed, demonstrating that
ZnO NPs have excellent catalytic properties.
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 Introduction

As a new branch of nanotechnology, the synthesis of
metal  oxide  nanostructures  via  green  approaches  has
become  a  focus  of  recent  research  [1].
Nanotechnology  research  has  enabled  the  design  of
functional  systems at  the molecular  and atomic scale
with  characteristics  similar  to  those  of  atoms  [1,  2].
Biological  and  catalytic  activity  and  electrical
conductivity properties of NPs are based on unrivaled

characteristics,  including  large  energy–volume  ratio
of surface area, high proportion of surface atoms, and
significant deviation between valence and conduction
strip  when  divided  at  the  near-atomic  level,  which
produces physical and chemical diversity [3].

As a multifunctional nanoparticle (NP), zinc oxide
(ZnO)  is  one  of  the  most  highly  regarded  metallic
oxides  with  a  wide  band  gap  (3.37  eV)  and  a  size
range  of  1–100  nm  [4].  The  low-cost  synthesis,
stability,  low  toxicity,  and  simple  preparation
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techniques  have  made  ZnO an  appropriate  candidate
for  applications  in  several  fields,  including
biomedical, catalysis, gas sensors, electronic devices,
solar  cells,  transistors,  and  photocatalysis.  Different
methods  can  be  used  to  produce  ZnO nanostructures
with  varied  chemical  properties,  although  several  of
these  are  not  sufficiently  cost-effective  for  scale-up.
Most  of  these  approaches  require  high  energy,
expensive  shaping  reagents,  and  sophisticated
equipment  [4,  5].  The  use  of  various  low-cost
resources,  such  as  the  leaves  of  plants  and  the  seeds
and peel of fruit, for the green synthesis of ZnO NPs
can  produce  morphologically  diverse  species  of
ZnO  NPs.  These  multifunctional  NPs  have  attracted
attention because of their wide range of applications,
such  as  in  active  ultraviolet  sensors,  drug
delivery,  antioxidants,  antibacterials,  antifungals,
environmental  remediation,  and  nutrient  sources  for
crops [6].

The  antioxidant  and  radical  scavenging  activity  of
green  manufactured  ZnO  NPs  have  been  compared
with  chemically  manufactured  NPs  via  different
tests,  including  using  2,2-diphenyl-1-picrylhydrazyl
(DPPH)  and  2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic  acid)  assays  [7].  NPs  possess  strong
antioxidant properties because of their size and shape.
The most common mechanism for radical scavenging
is  the  production  of  reactive  oxygen  species  [8].  A
further  extraordinary  feature  of  ZnO  NPs  is  their
catalytic  application  to  degrade  water-soluble  dyes.
Many  industries  extensively  use  organic  dyes  and
coloring  agents,  which  are  usually  disposed  of  in
wastewater  [9].  Catalytic  studies  are  commonly
conducted using methylene blue (MB), a cationic dye
extensively  used  in  textiles;  methylene  orange,
4-nitrophenol  (4-hydroxynitrobenzene),  the  most
widely  used  herbicide,  insecticide,  and  synthetic
dyes;  and  malachite  green  and  ethidium  bromide,
which  are  commonly  used  dyes  for  DNA  and  RNA
detection in  gels, which can all  be  degraded by ZnO
NPs  [10,11].  Utilizing  metal  oxide  catalysts  and
NaBH4, which  acts  as  a  reductant  agent,  is  a  simple
and effective way to degrade MB [12].

Plant and fruit wastes are ideal candidates for both
reducing  and  capping  ZnO  NPs  to  produce  nontoxic
and low-cost products [13, 14]. Pomegranate (Punica
granatum)  peel  is  an  affordable,  inexpensive  and
traditional  herbal  medicine  that  has  been  used  in
various cultures as an anti-inflammatory, antioxidant,
and  antihyperglycemic  agent  [15].  A  pomegranate

fruit  consists  of  60% peel, which  is  a  rich  source  of
flavonoids such as kaempferol 3-O-glucoside, ellagic
acid,  and  monogalloyl  hexoside,  as  well  as
hydrolysable tannins and many phenolic compounds;
and pomegranate peel has been shown to demonstrate
radical scavenging activity [16, 17].

This  study  investigates  the  ability  of  ZnO
nanocatalysts  synthesized  from  pomegranate  peel
extract  with sodium borohydride (NaBH4)  to  remove
MB dye from the aqueous environment. The purpose
of this study is to produce safe, multifunctional metal
oxide  NPs  that  provide  a  significant  increase  in
radical  scavenging activity  and dye removal  reaction
rate.  To  study  the  synthesized  NPs,  we  employed
several  characterization  methods,  including
ultraviolet–visible  (UV–Vis)  spectrum,  scanning
electron  microscopy  (SEM),  Fourier  transform-
infrared  (FT-IR),  and  X-ray  diffraction  (XRD)
analyses.

 Experimental

 Plant and materials

Fresh pomegranate (P. granatum)  fruit  was collected
from  Qom province,  city  of  Qom,  Iran.  Analytically
graded  metallic  salt  precursor,  zinc  sulfate
(Zn(SO4)·7H2O),  NaOH,  NaBH4,  and  MB  were
purchased from Merck®, Germany.

 Pomegranate peels extract preparation

Fresh  fruits  were  collected  and  peeled  to  prepare
fresh  pomegranate  peel  extract.  The  fresh  peel  was
washed  with  tap  water  and  then  distilled  water  to
remove  all  dirt.  Afterward,  the  peels  were  dried  at
room  temperature  under  indirect  sunlight.  To  obtain
P. granatum fresh extract, dried peels were extracted
in distilled water at 80 °C for 60 min. The extract was
filtered  using  Whatman  filter  paper  to  remove  any
possible unwanted pieces of peel. For the synthesis of
ZnO  NPs,  the  cloudy  orange  extract  of P.  granatum
was stored on a dark, cold shelf.

 Phytosynthesis of pomegranate peel extract-
mediated ZnO NPs

In a facile and inexpensive approach, 20 mL of fresh
peel  extract  was  added  drop  by  drop  into  a
continuously  stirring  solution  of  Zn(SO4)  at  60  ºC.
Following 2  h  of  stirring, 2  mol/L NaOH was added
to  the  solution  to  stabilize  the  pH  at  12.
Phytosynthesis  of  ZnO  NPs  by  P.  granatum  peel
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extract was observed by the apparent change of color
to cloudy orange and the formation of precipitate. The
precipitates  were  centrifuged at  6  000 r/min, washed
with  distilled  water  and  standard  ethanol  to  remove
possible  impurities.  Afterward,  the  prepared  NPs
were dried in a hot air oven at 90 ºC (Fig. 1).

 Characterization  of  green  synthesized  ZnO
NPs

NP characteristics and their presence in samples were
evaluated  using  UV–Vis  spectroscopy,  electron
dispersive  X-ray  spectroscopy,  FT-IR  spectroscopy,
and SEM.

The  UV–Vis  spectrum  was  analyzed  using  a
Physic-Mini  UVS-2500  spectrophotometer  with  a
resolution of 10 nm between 190 and 1 100 nm. The
Thermo/Nicolet  Avatar  360  FT-IR  Spectrometer
system  was  used  to  record  the  functional  groups  of
the  extract  and  ZnO  NPs  in  the  transmittance  mode
between 4 000 and 400 cm–1.  Radiation emitted from
unabsorbed ZnO NPs leaves a specific fingerprint that
indicates their characteristics. FT-IR could determine
whether  plant  extracts  were  effective  at  reducing
oxidation.  The imaging of  the surface of  a  sample at
the  nano-  and  microscale  is  performed  via  SEM  to
obtain  high-resolution  images  of  the  structure  of  the
sample.  Surface  topology  of  ZnO  NPs  can  be
assessed  using  SEM images  by  adjusting  the  density
of  the  electron  on  the  surface  and  increasing  the
magnification  and  field  depth  [15,  17].  A  scanning
electron  microscope  (Tescan  Mira  3)  was  used  to
examine  the  surface  morphology,  crystal  size,  and
shape of ZnO NPs. The crystal structure of ZnO NPs
was  determined  by  using  a  XRD  Philips  PW1730.
Nano-sized  particles  are  represented  by  the
broadening of the XRD pattern. The Debye Scherer’s
equation  (d  =  kλ/(βcosθ))  is  used  to  estimate  the
average scale of the ZnO NPs [1, 3].

 Antioxidant assay

The  DPPH  test  is  a  common  method  for  measuring
radical scavenging activity and uses antioxidants that
react with stable DPPH* (deep violet color) to change
this to 2,2-diphenyl-2-picrylhydrazine (DPPH:H) that

exhibits  yellow  discoloration.  In  the  test,  500  μL  of
1 mol/L DPPH solution dissolved in 100% methanol
was  added  to  different  concentrations  of  ZnO  NPs
(12.5–250 μg/mL). After being shaken vigorously for
40  min,  the  mixture  was  incubated  in  the  dark.
Ascorbic acid was used as a control sample during the
study. The absorbance of the reactant at 517 nm was
measured  after  incubation.  To  determine  the
antioxidant  activity  of  ZnO  NPs,  the  ability  to
scavenge  DPPH was  compared  with  that  of  ascorbic
acid.  To ensure  the  accuracy of  the  results, a  similar
test  was  performed  following  the  initial  test
conditions.

The  free  radical  scavenging  activity  percentage
(RSA)  was  calculated  using  the  formula  below:
RSA  (%)  =  [(A  control  −  A  sample)  /  A  control]  ×
100
where  A  control  =  absorbance  of  DPPH  without
sample; A sample = absorbance of DPPH with sample
[18].

 Dye degradation assay

The  catalytic  property  of  ZnO  NPs  was  tested  by
using a 30 mL (15 mg/L) sample of textile wastewater
contaminated  with  MB.  To  assess  catalytic  activity,
3  ×  10−3  g  of  ZnO  NPs  and  0.1  mol/L  NaBH4  was
added into 2 × 10−5 mol/L MB as a model reaction at
pH  10  at  room  temperature.  The  decrease  in
absorbance over time was recorded to investigate the
catalytic activity of ZnO NPs in the reduction of MB.
The  absorbance  of  MB  was  recorded  every  5  min
using  a  UV–Vis  spectrometer  (Shimadzu  UV-160A)
between 450 and 850 nm to study the reduction of the
organic  dye  by  ZnO  NPs.  NPs  used  to  remove  MB
were re-used to  repeat  the  reaction and were washed
with  distilled  water  and  dehumidified  at  90  °C  for
5  min  to  remove  trapped  water;  ZnO  NP  properties
were not altered by this treatment.

 Results and Discussion

 Formation of ZnO NPs

Using  a  few  simple  steps,  green  synthesis  can
 

P.granatum peel
extract

+
Zn(SO4) solution

Centrifuged &
washed with DH2O

& C2H5OH
Stir at 60 °C Dehumidify

at 90 °C
NaOH

(pH = 12)

Fig. 1 Schematic of the facile and fast synthesis of ZnO NPs using pomegranate peel extract.
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produce  metal  oxide  NPS  using  chemical  precursors
and  is  one  of  the  safest  and  easiest  methods  of
preparing NPs.  Metal  precursors  can be converted to
metal  NPs  using  phytochemicals  in  plant  extracts.
Importantly,  phytochemicals  are  antioxidants,  which
explain  why  they  can  act  as  both  reducing  and
stabilizing  agents,  as  well  as  being  toxic-free
chemicals  [12].  Terpenoids,  flavonoids,  phenolic
compounds,  aldehydes,  and  alkaloids  are  essential
phytochemicals  that  contribute  to  the  reduction
process. A three-step process encapsulates metal ions
with  an  organic  covering  to  stabilize  them  after
reduction.  As  the  first  stage  in  the  process,  the
activation  stage  involves  reducing  metal  ions  and
nucleating these. During the first reduction phase, Zn
ions (Zn2+) are converted to Zn1+, and finally to ZnO.
Upon  completion  of  the  growth  phase,  the  NPs  will
be  stable,  and  the  termination  phase  will  determine
the shape of the particle [19].

 Characterization of ZnO NPs

 UV–Vis

UV–Vis  spectrophotometry  is  a  valid  technique  to
confirm  the  formation  of  NPs.  Most  of  the  NPs  are
observed in the electromagnetic wave region between
200 and 700 nm [20], and the specified peaks of ZnO
NPs are generally between 289 and 385 nm [21, 22].
By stimulating ZnO NPs surface plasmon resonance,
a  visible  color  change  is  caused.  The  ZnO  NPs
synthesized with the P. granatum peel extract showed
a  specific  peak  at  350  nm  (Fig.  2(a)),  which  was
compared with other ZnO NPs produced by fruit peel,
extracts (Table 1) [23–27]. Furthermore, the UV–Vis
spectrum of pomegranate peel extract showed a peak
at 379 nm, which previous studies have defined as an
indication  of  phenolic  compounds  present  in  the
pomegranate peel extract [22]. By using the bandgap
Tauc  plot  calculation  also,  the  bandgap  was
determined as 3.26 eV (Fig. 2(b)).

 FT-IR

FT-IR  spectroscopy  is  the  most  effective  method  to
investigate  the  functional  groups  in  charge  of  the
reduction  process  and helps  to  specify  the  efficiency
of  plant  extracts  as  reducing  agents  [27,  28].  The
chemistry  and  associated  functional  group  variations
to ZnO NPs surface can be identified by FT-IR [29].
Lucrative  functional  groups  in  biomolecules  in

extracts  include  –O–H,  C=O,  C=C,  C–N,  C–H,  and
N–H  can  be  detected  in  FT-IR  analysis  [30].  As
shown  in  Fig.  3,  the  FT-IR  spectra  of  ZnO  NPs
powder  displayed  numerous  absorption  peaks  at
3  434,  1  634.77,  1  383.27,  1  357.32,  1  081.64,  and
497.34 cm−1. A wide peak at 3 434 cm−1 is defined by
the presence of hydroxyl groups (O–H) present in the
capping  agent.  The  peak  at  1  634.77  cm−1  represents
the  C=C  frequency.  The  peak  at  1  383.27  cm−1  is
attributed to the symmetric stretching of the carbonyl
side  groups  found  in  capping  and  stabilizing  agents.
The  peak  at  497.34  cm−1  indicates  the  stretching
frequency  of  ZnO  NPs.  Functional  groups  found  in
phytochemicals have a strong affinity toward Zn ions

 

200

0.1

0.2

0.3

0.4

A
bs

or
ba

nc
e 

(a
.u

.)

0.5

0.6

0.7

300 400 500
Wavelength (nm)

379 nm

350 nm

600 700

Extract
ZnO NPs

80

60

40

20

0
1 2 3 4 5

(α
hv

) (
(e

V
·c

m
−1

)2 )

Energy (eV)

Eg=3.26 eV

Tauc plot

Fig. 2 UV–Vis spectrum of ZnO NPs (blue)  and P. granatum
peel extract (red). Energy band gap Tauc plot.

 

3 500

Tr
an

sm
itt

an
ce

 (%
)

3 000 2 500 2 000
Wavenumbers (cm−1)

1 500 1 000 500

3 
43

7.
95

3 
43

4.
30

1 
70

9.
42

1 
62

1.
24

1 
63

4.
77

1 
38

3.
27

1 
35

7.
32

1 
08

1.
64

82
4.

04

49
7.

34

1 
44

4.
07

1 
33

1.
45

1 
17

9.
28

1 
07

0.
45

75
7.

91

57
0.

19
47

5.
77

Fig. 3 FT-IR spectrum of P. granatum peel extract (black) and
ZnO NPs (red).

 

Table 1 UV  wavelength  comparison  of  ZnO  NPs  prepared
using different fruit peel extracts

Fruit Wavelength（nm） Reference

Actinidia deliciosa 362 [23]

Banana 315–350 [24]

Citrus sinensis 370 [25]

Hylocereus polyrhizus 369 [26]

Hylocereus undatus 360 [27]

P. granatum 350 Present study
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and probably contribute to the formation of ZnO NPs.
Furthermore,  phytochemicals  cause  ZnO  NPs  to
coalesce to stabilize and cap them.

 XRD analysis

Sample crystallinity is defined with the XRD analysis
technique.  The  degree  of  crystallinity  and  the
difference  of  a  particular  element  in  relation  to  its
ideal  composition  and  structural  condition, may  also
be  inferred  from this  analysis.  The  interaction  of  the
X-ray  beam  with  the  atomic  planes  gives  rise  to
partial  transmission of the beam while the remaining
radiation  is  absorbed,  refracted,  scattered,  and
diffracted by the sample. Each element diffracts the X
-ray differently depending on its  atomic arrangement
and type of atoms. Moreover, the hexagonal common
crystal  structure  of  the  ZnO  NPs  is  attributed  to  its
related face velocities and crystal symmetry [31]. The
ZnO  NPs  were  penetrated  by  X-rays  and  scanned
across  the  region  of  2θ,  between  0°  and  80°.  As
shown in Fig. 4, the peaks were hexagonal and almost
in accordance with the reported data (jcpds-79-0206).
Specific  reflections  were  present  at  31.87°,  34.43°,
36.13°,  47.24°,  56.62°,  62.85°,  67.8°,  and  69.02°
corresponding  to  (100),  (002),  (101),  (102),  (110),
(103), (112), and (201) orientations respectively. The
diffractograms  did  not  show  any  peaks  associated
with  the  secondary  phase  or  impurities.  The
polycrystalline structures of the ZnO NPs are clearly
visible  in  the  peak  at  (101).  Using  the
Debye–Scherrer equation (D = 0.9λ/(βcosθ)) where λ
is  the  X-ray  wavelength  (generally  1.5406  Å),  β  is
full width at half maximum of the peak located at 2θ,
and  θ  is  the  Bragg  angle  of  diffraction,  the  average
crystallite  size  of  ZnO  NPs  was  calculated  to  be
41.23 nm.

 SEM

SEM was used to determine the surface morphology,
size,  and  shape  of  the  green  synthesized  ZnO  NPs
(Fig.  5)  [17].  The  detector  produces  and  records
signals  from  electron  beams  to  ZnO  NPs  [32].
Analysis  of  thin  films  of  samples  was  performed  on
carbon-coated  copper  grids  prepared  by  dropping  a
very  small  quantity  of  sample  over  the  grid.  SEM
characterization  of  ZnO  NPs  revealed  a  spherical
shape  and  size  range  of  27–99  nm  and  an  average
particle size of 49.52 nm; a comparison of shape and
size of ZnO NPs produced by other fruit peel extracts
is  shown  in  Table  2  [22,  25−26,  32−33].  Moreover,
the  NP  size  distribution  diagrams  (Fig.  6)  show  that
55% of  NPs  were  between  27  and  45  nm, with  only
about 10% of the NPs having dimensions between 81
and 99 nm. According to this diagram, most NPs are
designed  with  dimensions  <50  nm,  which  can
enhance  their  performance  in  organic  dye  removal
and radical scavenging.
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Fig. 5 SEM images of ZnO NPs and size average chart.
 

 DPPH  test  and  antioxidant  activity  of  ZnO
NPs

The DPPH test is a common method to determine the
ability of  radical  scavenging in synthesized NPs [34,
35].  The  DPPH  scavenging  activity  of  ZnO  NPs
synthesized  with  P.  granatum  peel  extract  was
compared with that of ascorbic acid (Fig. 7). The ZnO
NPs exhibited the highest radical scavenging activity
at  a  concentration of  200 μg/mL, exceeding ascorbic
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acid  in  this  regard.  Table  3  shows  the  antioxidant
activity  of  ZnO  NPs  synthesized  from  P.  granatum
peel extract.
 
 

Table 3 Antioxidant activity (% of inhibition) of ZnO NPs
Concentration

(μg/mL) Ascorbic acid(Control) ZnO NPs
(P. granatum-mediated)

12.5 26 47.16

50 46 71.78

100 55 74.94

150 61 78.48

200 70 80.39

250 90 82.57

 Catalytic activity of ZnO NPs

ZnO NPs were investigated for their catalytic activity

using  MB  as  a  dyestuff  model  with  NaBH4  as  a
reducing  agent  and  monitoring  of  the  reduction
through  a  UV–Vis  spectrophotometer.  During  the
test,  MB,  which  exhibits  a  characteristic  absorption
peak at 670 nm, is reduced to leuco-MB.

As  part  of  the  study  to  investigate  what  effect
NaBH4  may  have  as  a  catalyst  and  whether  it  can
degrade organic dye, two samples were prepared, one
in  the  presence  of  the  catalyst  and  NaBH4  and  one
with NaBH4 only. The spectral analysis indicates that
the reaction occurred rapidly in  the presence of  ZnO
nanocatalyst  and  was  completed  with  a  90%
reduction  of  MB  in  20  min  compared  with  the  5%
reduction of MB in the absence of a catalyst (Fig. 8).

Figure  9  illustrates  the  UV–Vis  spectrum  of  MB
reduction in the presence of ZnO NPs. In addition, the
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Table 2 Morphological and size comparison of fruit peel extract-mediated ZnO NPs

Fruit Particle size（nm） Shape Reference

Actinidia deliciosa 8.2 spherical and hexagonal [22]

Hylocereus polyrhizus 52.5 spherical [25]

Hylocereus undatus 70 spherical [26]

Citrus aurantifolia 50 spot-like [32]

Pithecellobium dulce 30 spherical [33]

P. granatum 49.52 spherical Present study
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spectrum  of  MB  and  saturated  MB  in  darkness  is
shown.  By  demonstrating  that  90%  of  MB  could  be
reduced in 20 min using ZnO NPs, this study clearly
confirms  the  efficiency  of  the  catalytic  reduction  of
MB  by  green  synthesized  nanocatalysts.  Table  4
summarizes  the  MB  degradation  achieved  using
different  NPs.  Figure  10  illustrates  the  relevant
mechanism  of  MB  degradation  whereby  the  organic
dye is converted into CO2 and inorganic ions.
 
 

H3C CH3

BH−
4

Methylene blue

ZnO NPs

CH3 CH3

N NS+

N N
H

SN +N
H

Leuco methylene blue

Fig. 10 Relevant mechanism of degradation of methylene blue
by ZnO NPs.
 

Environmentally  friendly  catalytic  procedures  are
highly desirable, preferably in aqueous environments.
Avoiding the use of volatile organic solvents, NaBH4

is  a  preferred  water-soluble  reducing  agent  for
representative  reductions,  and  an  organic  color
reduction  can  be  justified  based  on  the  electron
transfer.  ZnO,  as  a  semiconductor,  can  efficiently
transfer  electrons  between  receptors  and  donors.
Consequently,  electrons  will  be  transferred  to  the
receptor  (MB)  with  the  help  of  the  donor  (BH4

–).
Initially,  the dye and NaBH4 molecules  are  absorbed
onto  the  surface  of  ZnO  NPs.  Upon  absorption,
NaBH4 becomes a strong nucleophilic agent, and the
dye  acts  as  an  electrophilic  agent.  In  the  solution,
ZnO  NPs  function  as  relay  systems  to  assist  in  the
transfer of electrons required for the dye degradation
process from NaBH4 to the organic dye molecules. A
dye  molecule  is  degraded  into  small  colorless
products including CO2, H2O, and SO4

2–. This process
converts MB to leuco-MB [35, 37–39].

The  presence  of  effective  substances  and
phytochemicals  on  the  surface  of  NPs  prevents  the
uncontrollable  growth  of  the  particle  size  as  a
stabilizing  agent  and  the  accumulation  and  adhesion
of  NPs  to  each  other.  The  first  important  effect  of
phytochemicals  on  the  catalytic  activity  of  NPs  is  to
maintain  and  limit  the  size  of  nanocatalysts,  and  by
creating  stability,  the  nanocatalysts  can  be  reused
[40]. In addition, by preventing NPs from aggregating
and increasing the ratio of surface area to volume, the
number  of  active  sites  increases.  Consequently, NPs
can  transfer  more  electrons  from  the  acceptor
(organic  dye)  to  the  donor  (borohydride).  Therefore,
the presence of active substances and phytochemicals
at  the  surface  of  NPs  increased  the  catalytic
properties of the NPs. Furthermore, with the stability
promoted by the  capping agents,  the  pollutant  dye is
removed more quickly [41].

 Recyclability of nanocatalysts

It  is  important that  a catalyst  demonstrates both high
activity  and  stability  when  used  at  a  large  scale.
Therefore, the ZnO NPs were re-used to degrade MB
for  four  consecutive  cycles  to  determine  the
efficiency of their recycling, and no significant loss of
catalytic  activity  was  observed  after  these  four
successive rounds of degradation (Fig. 11).
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FT-IR,  XRD,  and  SEM  analyses  were  also
performed  to  ensure  that  the  physical  and  chemical
properties  of  the  nanocatalyst  were  maintained  after

 

Table 4 Comparison of the catalytic activity of distinct NPs with ZnO mediated by P. granatum peel extract

NP Plant name Target pollutant Degradation DegradationTime (min) Reference

ZnO Conyza canadensis Methylene blue 85.3% 20 [18]

Au (Gold) Nigella arvensis Methylene blue 44% 2 880 [36]

Ag (Silver) Costus Pictus Methylene blue 85% 316 [37]

Au (Gold) Costus Pictus Methylene blue 42% — [37]

ZnO P. granatum Methylene blue 90% 20 Present study
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the  four  successive  cycles.  No  transfer  or  identified
change  in  the  chemical  properties  of  NPs  occurred,
and  the  FT-IR  spectrum  of  recycled  ZnO  NPs
remained  similar  to  the  spectrum  of  NPs  before  the
organic dye removal reaction (Fig.  12).  In the FT-IR
spectra,  the  peaks  of  various  functional  groups,  such
as  C–O, C=O,  and  C–H  bonds, were  still  present  in
the  NP  samples,  and  no  significant  shifts  were
observed.  Thus,  NPs  remained  in  their  original
chemical  form.  In  addition,  XRD  analysis  was
performed  to  compare  two  unused  and  recycled
samples  (Fig.  13).  The  NPs  retained  significant
stability  by  maintaining  their  crystalline  phase  and
size corresponding to hexagonal shape in accordance
with the reported data (jcpds-79-0206).
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Thus,  the  NPs  were  not  significantly  affected  by
the  recycling  process  and  their  physical
characteristics  remained  intact  even  after  multiple
uses.  This  indicates  that  ZnO  NPs  are  highly  stable,
which makes them ideal for various applications.

To  assess  the  morphological  stability  of  the
recycled  nanocatalysts,  field  emission-SEM  images
were  prepared  to  ensure  that  the  biosynthesized
nanocatalysts  retained  their  original  shape  and  size.
The  NPs  were  spherical  and  their  dimensions  were
between  32  and  70  nm,  with  an  average  size  of
59.94  nm  (Fig.  14).  Therefore,  the  nanocatalyst
retains  its  physical  and  chemical  properties.  In
addition,  the  synthesis  method  allowed  for  the  reuse
of  the  nanocatalyst  and  the  ability  to  recover  and
recycle  the  catalytic  material,  making  this  a
sustainable  approach.  Notably,  by  maintaining
properties  and  recyclability,  these  NPs  follow  all  12
principles of green chemistry.

The  performance  and  activity  of  the  ZnO  NPs  in
removing  MB  dye  from  water  environments  are

influenced  by  the  dimensions  of  the  NPs  and  their
surface-to-volume  ratio.  Additionally,  their  spherical
shape and appropriate dimensions provide them with
an  optimal  chance  of  absorbing  dye  onto  the
nanocatalyst  surface.  Biomolecules  on  NP  surfaces
increase their antioxidant activity, because of the use
of active ingredients in this synthesis, and in this case,
pomegranate  peel  extract,  which  is  a  rich  source  of
biomolecules.  Compared  with  vitamin  C, which  is  a
strong  antioxidant,  phytosynthesized  ZnO  NPs  are
more  effective  at  lower  concentrations  in  radical
scavenging.  The  produced  NPs  in  this  study  are
derived from natural sources and are economical and
safe and thus can be mass produced;  therefore,  these
NPs  may  help  produce  significant  developments  in
the  biomedical  and  environmental  fields  and
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Fig. 13 XRD pattern of unused (black) and recycled (red) ZnO
NPs.
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contribute to the preservation of the environment and
human  health.  Multifunctional  ZnO  NPs  could  be
synthesized  by  conducting  further  studies  on
phytosynthesized  NPs  described  here,  utilizing
previous  research  outcomes  and  optimizing  them.
This would help advance the use of green synthesis in
nanotechnology  and  encourage  other  researchers  to
conduct safer and environmentally friendly studies.

 Conclusion

This study developed an efficient, cost-effective, and
sustainable method for ZnO NPs phytosynthesis using
pomegranate  peel  extract.  Based  on  the  12  green
chemistry  principles,  no  harmful  solutions  or
substances  were  used  in  this  study,  and  the  final
product  was  also  recyclable  and  reusable.  Typically,
plant  leaf  extract  is  used  in  green  synthesis  of  metal
oxide NPs, although mass production of these NPs is
prevented because of biodiversity protection concerns
and  the  extinction  of  rare  species.  This  study, make
good  use  of  pomegranate  peel  extract,  a  plant  waste
material  that  contains  beneficial  compounds  and
active  substances  suitable  for  biosynthesis.  Based on
FT-IR  and  UV–Vis  spectrophotometry,  the  extract
used in this study reduces Zn ions and stabilizes ZnO
NPs,  proving  that  waste  materials  can  be  used  to
synthesize metal oxide NPs with unique properties. In
view of  the  physicochemical  properties  of  these  NPs
and  their  practical  dimensions  and  structure,  which
are <100 nm and hexagonal, the ability to remove MB
from  an  aqueous  environment  in  a  short  period  of
time  is  a  very  promising  usage  in  this  field.  These
NPs  also  exhibited  more  antioxidant  properties  than
those  of  ascorbic  acid,  a  strong  antioxidant,  at  low
concentrations  and  up  to  200  μg/mL.  Accordingly,
phytosynthesized  ZnO  NPs  from  pomegranate  peel
extract  are  multifunctional  and  competitive  NPs
because  of  their  radical  scavenging  abilities,  in
addition  to  the  color  removal  property  using  only
NaBH4.
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