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ABSTRACT

Two routes green and chemical were used to synthesize zinc oxide nanoparticles (ZnO NPs).
Gelidium pulchellum extract was used as a bioreducing agent in this work. The formation of ZnO
NPs was evaluated by Fourier transform infrared analysis with signals at 441 and 428 cm™ for
green and chemically synthesized ZnO NPs, respectively. ZnO NPs exhibiting hexagonal and
cubic mixed phases were observed from the transmission electron microscopy and X-ray diffrac-
tion analysis with an average particle size of 17 nm for green and 22 nm for chemical. ZnO NPs
showed a considerable antibacterial activity towards gram-positive bacteria Staphylococcus aureus,
Bacillus subtilis, and Enterococcus faecalis than toward the gram-negative one. The outcomes of this
study revealed the maximum inhibition zone for gram-positive bacteria growth (B. subtilis) was
(27.3 £ 2.5 mm) by green ZnO NPs with the concentration of 100%. While the minimum inhibi-
tion zone was (11.3 + 0.57 mm) represented by gram-positive bacteria (S. aureus) by chemically
synthesized ZnO NPs with the concentration of 10%. So the antibacterial influences of ZnO NPs
might be related to the characteristics of definite bacterial species, the size of the nanoparticles, and
the synthesis methods (physical, chemical, or biological). Decolorization of Congo red (CR) dye
was 85% after the first 3 min of the contact time with ZnO NPs.

Keywords: Zinc oxide nanoparticles; Green synthesis; Gelidium pulchellum; Antibacterial effects;
Dye removal

1. Introduction

Algae are known as “bio-nano-factories” because of
their ability to synthesize metal nanoparticles [1,2]. The
capacity of algae to aggregate and reduce metal particles
makes them a predominant candidate for nanoparticles

* Corresponding author.

biosynthesis [2]. A wide-ranging of plant extract are oper-
ated for the biosynthesis of ZnO NPs including marine
macroalgae [3-11].

Based on their broad biological applications, the vast
field of nanotechnology and nanoparticles has extended
beyond imagination. The compounds obtained from
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macroalgae are accounted for a wide scope of biological
applications such as antifouling, antibacterial, and anti-
coagulant applications [12-14]. Antibacterial applications
of nanoparticles for instance magnesium oxide, ZnO, and
titanium dioxide, and their specific poisonous effect on
microorganisms determine their possible usage as anti-
bacterial agents. Some of these recent studies have shown
that marine algae are ideal for using silver, gold, and zinc
nanoparticles [15-22].

ZnO NPs as a semiconductor have been rising into
consideration for their extensive scope of utilizations, for
instance, optoelectronics, optics, biomedical, electronics, and
dye removal using ecofriendly synthesis constituents like
fungus, leaf extract (aloebarbadensis) bacteria, and marine
macro-algae Sargassum muticum [3,23-28].

Gelidium pulchellum was selected in this study because
it has antibacterial activities against a widespread range
of gram-negative and positive bacteria and fungi such as
(Micrococcus luteus, Bacillus subtilis, Staphylococcus aureus,
Escherichia coli, Enterobacter aerogenes, Klebsiella pneumonia,
Candida albicans, and Aspergillus niger) [29,30]. The present
study describes the quick synthesis and characterizations
of ZnO NPs prepared either by green technique using
G. pulchellum or chemically and their antibacterial appli-
cation, besides investigating the ability of ZnO NPs for
adsorption of CR dye from aqueous solution. It is worth to
mention that, this work is the first to report the usage of the
aqueous extract of G. pulchellum as a bio-reducer for ZnO
NPs synthesis.

2. Materials and methods

A schematic diagram of the experimental procedures
and the phycosynthesis route of ZnO NPs can be shown in
Figs. 1 and 2, respectively. The Congo red dye (C.I. 22120)
(C,,H,NNa,0.S,) (Mwt = 696.67) was bought from Sigma-
Aldrich (Germany) and used without any modifications.

2.1. G. pulchellum collection

G. pulchellum was carefully collected and separated from
rocks substrata at the vicinity of Qait bay citadel (31.213040,
29.884139), West of Alexandria, Egypt. Algae were cleaned
with tap water to eliminate impurities and the sample was
examined by compound microscope following the standard
taxonomic keys as described by Feldmann [31] and was
confirmed using algae base website. The washed samples

were dried at 60°C to achieve final moisture content <10%
before being grounded into a fine powder using a blender.

2.2. Synthesis and characterization of ZnO NPs

Dried G. pulchellum powder (2 g) was added to 100 mL
double distilled water followed by heating up to 100°C,
afterwards it was filtered via filter paper 41. Before complet-
ing the reaction, the small portion of the extract was intro-
duced to gas chromatography-mass spectrometry analysis
which was carried out by following the method mentioned
by Azizi et al. [3]. The gas chromatography-mass spectrom-
etry (Agilent 7890A, USA) connected with mass detector
(Agilent 5975C, USA) was used for chemical analysis of algae.

The synthesis of green and chemical ZnO NPs was
carried out following the procedure mentioned elsewhere
[27]. 50 mL of G. pulchellum aqueous extract was added to
(2 mM) solution of Zn(Ac),-2H,O followed by the addition
of 2 M NaOH drop wise until the pH became 12. The mix-
ture was left for 2-3 h under continuous stirring at 65°C.
The pale white solid product was collected through cen-
trifugation at 5,000 rpm for 10 min and carefully washing
with DDW and left to dry at 80°C overnight. The pure ZnO
NPs were gained by calcination of ZnO at 500°C for 4 h.
For chemical synthesis, same procedures were followed
without adding the aqueous extract of G. pulchellum.

The properties of green and chemically synthesized ZnO
NPs using G. pulchellum extract were investigated by Fourier
transform infrared spectroscopy (FTIR; IR Affinity-1S
FTIR spectrometer Shimadzu, Japan). Raman spectroscopy
were obtained using a Bruker Senterra Raman micros-
copy (Germany). X-ray diffractograms for ZnO NPs were
obtained using a (BrukerMeasSrv (D2-208219)/D2-2082019
diffractometer) operates at 30 kV, 10 mA with Cu tube
(A =154 A) with range from 0° to 100°. The microstructure
and the average size of ZnO were investigated by scanning
electron microscopy (SEM; Joel 6360LA, USA) and trans-
mission electron microscopy (TEM; Tecnai™ G2 Spirit, FEI,
USA). The particle size analyzer (PSA) and the specific sur-
face area [Brunauer-Emmett-Teller (BET)] were also mea-
sured. UV-vis spectra are observed in the 200-800 nm range.

2.3. Antibacterial effect

The indicator bacteria operated in the present exami-
nation were; B. subtilis ATCC 23857, E. faecalis ATCC
29212, S. aureus ATCC 6538, and E. coli ATCC 25922. These
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Fig. 1. Scheme of experimental procedure.
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Fig. 2. Scheme of phycosynthesis route of ZnO NPs from G. pulchellum extracts.

were provided by the Microbiology Laboratory, NIOF,
Alexandria, Egypt.

Each extract was examined to check if it contained
antibacterial agents by well-cut diffusion method. 100 pL
from different concentration (100%, 75%, 50%, 25%, and
10%) prepared by dilution of ZnO NPs suspension solu-
tion (1 g/100 mL) were pipetted into each well. All plates
were incubated for 24 h at 37°C. After the incubation
period, the radius of clear zone around each well was lin-
early measured in millimeter (mm). Each set was pre-
pared in triplicate and results were expressed as mean
value + standard error of the mean of growth inhibition
zones diameters obtained [32].

2.4. Congo red adsorption study

CR dye adsorption study was carried out in batch
form to examine the effect of different parameters for
example reaction time, adsorbent amount, and primary
concentrations of dye. Dyes solutions with known con-
centrations were prepared and required amount of ZnO
NPs was added followed by shaking on an orbital shaker,
finally, the initial and residual concentration of CR dye was
determined at 495 nm [17,26,28,33,34].

3. Results and discussion
3.1. Gas chromatography-mass spectrometry study

A broad range of compounds such as phenols, alcohol,
esters, and ethers could be observed in the chromatogram.
The gas chromatography-mass spectrometry analysis of
ethanol extract of G. pulchellum showed 16 chemical com-
pounds, Fig. 3. Among these compounds: 7.92 min 1-hexade-
canol, 9.38 min phenol, 2,4-bis(1,1-dimethylethyl), 10.26 min
1-monolinoleoylglycerol trimethylsilyl ether, 19.38 min
phthalic acid, di(2-propylpentyl) ester, and 22.12 min
cholesta-3,5-diene.
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Fig. 3. GC-MS chromatogram of G. pulchellum extract.

3.2. FTIR analysis

The FTIR spectra were obtained by (IR Affinity-1S FTIR
spectrometer Shimadzu, Japan). The signal at 441 cm™
and strong E2 mode of vibration at 428 cm™ verify the
existence of green and chemically prepared ZnO NPs,
respectively. The spectrum in Fig. 4 agrees with the pre-
vious studies (sharp significant band at 539 cm™ might
be corresponding to either a local vibration mode related
to oxygen vacancies and zinc interstitials or to the donor
defects [35]. The bands at 1,540 and 1,570 cm™ correspond
to the asymmetric and symmetric stretching vibrations of
carboxylic group, while the broad and small peaks at 2,291
and 3,448 cm™ are attributed to carbon dioxide stretching
mode and hydroxyl group [36-42].
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Fig. 4. FTIR spectra of green and chemical ZnO NPs.

3.3. Raman spectra analysis

The Raman spectra were obtained using a Bruker
Senterra Raman microscope (Germany). The samples were
excited by a laser beam of 532 nm (green laser); the samples
were exposed to a laser beam for 1 s at 10 mW power with
aperture 25 mm x 1,000 mm. In our investigation ZnO NPs
(Fig. 5) shows prominent vibration peaks at 334, 442, and
582 cm™. A maximum peak at 442 cm™ corresponds to E2.
The peak at 582 cm™, situated between Al and E1 optical
phonon mode, rises due to oxygen imperfection. The peak
at 334 cm™ is allocated to Al transverse mode and rises
as a result of the anisotropic nature in the force constant.

3.4. X-ray diffraction pattern study

X-ray diffraction (XRD) pattern of ZnO NPs were
obtained using a (Bruker Means Srv (D2-208219)/
D2-2082019 diffractometer); operates at 30 kV, 10 mA with
Cu tube (A = 1.54 A) with a range from 0 to 100°A. Fig. 6
shows the XRD patterns of both green and chemically syn-
thesized ZnO NPs. The peaks indicate that the ZnO powder
is highly crystalline, and altogether peaks are in suitable
arrangement with the cubic shape of: ZnO, 65-2880 refer-
ence pattern for both green and chemically synthesized
ZnO NPs, and with a hexagonal structure of: ZnO NPs,
05-20664 reference pattern for green ZnO NPs and 65-2880
reference pattern for chemically ZnO NPs. From the above
results, a mixed phase of hexagonal and cubic is present
by comparing with the mentioned reference patterns. The
percentage of hexagonal to cubic in green ZnO NPs is 3:1
(74.4:25.5) while the percentage of hexagonal to cubic in
chemical ZnO NPs is 2:1 (66.6:33.3). The strong narrow dif-
fraction peaks specify the well crystalline nature of ZnO NPs.

3.5. SEM study

The morphology of the nanostructure ZnO was inves-
tigated by using a SEM (Joel 6360LA, USA). Fig. 7 demon-
strates the SEM analysis that confirmed the synthesized

ZnO NPs. For green ZnO NPs the external surface is rod-
like particles that are interconnected creating holes and
thus yielding a large surface area. While the chemically
synthesized ZnO NPs has a surface with nanostructures in
the shape of nano-flakes and small apertures.

3.6. TEM study

The size of ZnO NPs was determined by TEM; Tecnai™
G2 Spirit, FEI, USA), operated at high voltage range of
20-120 kV/ LaB6. The TEM analysis (Fig. 8), indicates that
the particles size fluctuated between 8 and 26 nm with aver-
age particle size of 17 nm for green ZnO NPs and between
11 and 39 nm with mean particle size of 22 nm for chemical
ZnO NPs.

3.7. Particle size analyzer

The particle size (by PSA) and surface area of the par-
ticles were also determined. It was observed that the green
ZnO NPs have uniform particle size in range of 3 nm but
the chemical ZnO NPs have non-uniform particle size in the
range from 3 to 4 nm as detected by 10.9° test angle Fig. 9a.
While the green ZnO NPs were similar and uniform as dis-
tinguished by the 90° test angle with the range of 95 nm as
shown in Fig. 9b.

3.8. Ultraviolet-visible spectroscopy analysis

UV-visible spectroscopy was carried out to study fur-
ther the optical property and to determine the bandgap of
the nanorods. The ambient temperature ultraviolet-visible
spectra of the ZnO NPs dispersed in ethanol are presented
in Fig. 10. ZnO NPs shows a strong band at 376 nm due
to an excitonic transition at ambient temperature [43].

3.9. BET analysis

ZnO NPs surface area was between 27.41 and 24.84 m?/g
with varied pores — 0.07132 and 0.06205 cm’/g for green
and chemical ZnO NPs respectively, at temperature of
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Fig. 5. Raman spectra of (a) chemical and (b) green ZnO NPs.

500°C (Table 1). The reduction in surface and pore vol-
ume as a result of different synthetic conditions such as
higher calcinations temperature may minimize the pores
which will lead to a reduction in specific pore volumes
and surface area [44,45].

4. Antibacterial application

When ZnO NPs were tested in B. subtilis, S. aureus, E. coli,
and E. faecalis, the bacterial growth was inhibited effec-
tively (Table 2 and Fig. 11). The antibacterial effect of ZnO
NPs was clearly evaluated by the occurrence of an inhi-
bition zone. The antibacterial activity was less noticeable
with the gram-negative than the gram-positive bacteria;
similar outcomes were verified in the study by Zhongbing
et al. [46]. In this study, it was also noticed that these are
highly sensitive against different concentration of ZnO NPs
s, the growing resistance has also been improved by rising
the concentration of ZnO NPs. The inhibition zone area
matches each type of bacteria, type of method used to syn-
thesize nanoparticle (chemical or biological methods), and

the concentration and volume of ZnO NPs. The maximum
inhibition zone for the growth of gram-positive bacteria
(B. subtilis) was (27.3 + 2.5 mm) and it was given by ZnO
NPs with concentration of 100% which were synthesized
from the extract of G. pulchellum. While the minimum inhi-
bition zone was (11.3 + 0.57 mm) represented by gram-pos-
itive bacteria (S. aureus) and it was given by ZnO NPs with
concentration of 10% which were synthesized by chemical
method. It is worth to mention that the minimal concentra-
tion of ZnO NPs % which were synthesized by green method
gave high inhibition zone (24.1 + 1 mm) for the growth
of (B. subtilis).

Gram-positive bacteria have a thicker cell wall (20~
80 nm), compared to thin, 7-8 nm thick peptidoglycan
layer for gram-negative bacteria. The size of nanoparticles
within these ranges will easily move through the peptido-
glycan, and is therefore, very harmful. According to the
results and based on the TEM analysis ZnO NPs (average
particles diameter 17 and 22 nm), we could assume that
ZnO NPs are active antibacterial agents for both gram-
positive and gram-negative bacteria. ZnO NPs are thought



428 M.A. Hassaan et al. / Desalination and Water Treatment 218 (2021) 423435

_- 1 lraw
I PDF 65-2880 Zn © Zinc Oxide
| PDF 89-1397 Zn O Zinc Oxide
| PDF 85-3411 Zn O Zinc Oxide
1 | PDF 78-2205 Zn O Zinc Oxide
3000— § PDF 89-0510 Zn O Zinc Oxide
1 PDF 36-1451 Zn O Zingite, syn
§ PDF 05-0664 Zn O Zincite, syn
2000—
2
2 B
p=1
o
(&)
1000—
1 p— " lJ ' Jl. JJIA " /)
o L) frim UMMM WWM.M.MW L A
T o B e L e B B B B S e e e S
10 20 30 40 50 60 70 80 90
2Theta (Coupled TwoTheta/Theta) WL=1.54060
1 | 2.raw
3000+ | PDF 85-2880 Zn O Zinc Oxide
1 | PDF 88-1397 Zn O Zinc Oxide
2000+
=
=
3
<t
o 4
1000
07...4 W‘M\J\u
L L U [ e e e
10 20 30 40 50 &0 70 a0 90

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 6. XRD patterns of the synthesized green and chemical ZnO NPs.



M.A. Hassaan et al. / Desalination and Water Treatment 218 (2021) 423435 429
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Fig. 8. TEM images of the synthesized: (a) green and (b) chemical ZnO NPs.

Table 1
BET surface area and porosity of ZnO NPs

Type Surface area (m?/g) Diameter of pores (nm) Volume of pores (cm?/g)
Green ZnO NPs 27.41 10.40 0.07132
Chemical ZnO NPs 24.84 9.99 0.06205

to destroy bacterial cell membrane lipids and proteins,
which causes the leak of intracellular components and
eventually bacterial cell death [46,47]. Synthesized ZnO
NPs with average particles size around 12 nm can slow
the bacterial development up to 100% at 3 mM [48]. The
outcome of ZnO NPs antibacterial application indicates
that both green and chemically synthesized ZnO NPs are
antibacterial agents, however green synthesized method
was preferred because it is considered as environmentally
friendly.

5. Congo red adsorption study
5.1. Influence of contact time

The impact of contact time on the elimination of the
CR dye color is examined when the contact period var-
ies from 3 to 180 min at adsorption condition of 0.1 g ZnO
NPs/10 mL CR dye solution of 50 ppm with an agitation
speed of 200 rpm, natural pH (pH = 6) and ambient tem-
perature. The experiments were repeated three times. From
Fig. 12 it is clear that by increasing the contact time, the
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Table 2

Antibacterial activity from different concentration of (ZnO NPs) against gram-positive and negative bacterial pathogens

Inhibition zone (mm) at various concentrations
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Chem. Green Chem. Green Chem. Green Chem. Green
12
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decolorization of CR dye is also improved until it reaches
the highest decolorization rate of 100% and 82% after
20 min of contact time with green and chemically ZnO NPs,
respectively. There is no considerable change in the CR dye
removal rate after the first 20 min. The CR dye adsorption
process with ZnO NPs is rapid as 85% of the CR dye was
removed after the first 3 min of the contact time. This may
be due to the presence of the active adsorption spots and
the uncovered surface is higher in the first phase [49,50].

5.2. Influence of green ZnO NPs dose

The influence of ZnO NPs dose on the CR dye removal
is examined with doses varying from 0.01 to 0.1 g/10 mL
at adsorption circumstances of 20 min, 200 rpm, pH 6,
and 50 mg/L dye concentration at ambient temperature.
The experiments were repeated three times. The decolor-
ization of CR dye increases slowly and attains the maxi-
mum removal of 100% using 0.1 g/10 mL (Fig. 13) due to
the large available active spots and surface area which
may facilitate CR dye penetration. From the experimental
results, 0.1 g/10 mL of the ZnO NPs is the optimum dose
for CR dye solution. Increasing the adsorbent dose above
0.1 g/10 mL may lead to accumulation/overlapping of the
vacant sites of adsorption [51].

5.3. Influence of Congo red dye initial concentration

The initial concentration of CR dye ranges from 25 to
100 mg/L at the previously determined optimum operat-
ing conditions of adsorption which are ZnO NPs dose of
0.1 g/10 mL, 20 minute contact time, pH 6, and 200 rpm agi-
tation speed at ambient temperature. The experiments are
triplicated. From Fig. 14, it is clear that the green synthe-
sized ZnO NPs leads to 100% CR dye removal for 25 and
50 mg/L dye concentrations. By increasing the initial CR
dye concentration above 50 mg/L, the removal of CR dye
color decreased. This may be due to the fact that at low CR
dye concentrations, the percentage ratio of the amount of
adsorbate ions to the vacant active sites of ZnO NPs is low
resulting in more CR dye color removal Fig. 15. However,
by increasing the initial CR dye concentration, the existing
active sites are way fewer and henceforth the CR dye color
removal is less [52-54].

6. Conclusions

The present study suggests that the capability of mac-
ro-algae to reduce metal ions makes predominant candi-
date for synthesis of nanoparticles. ZnO NPs synthesis was
characterized by FTIR spectroscopy, Raman spectroscopy,
SEM, TEM, and XRD analysis. The FTIR bands at 441 and
428 cm™ for green and chemical ZnO NPs, respectively,
moreover to a sharp significant band at 539 cm™ repre-
senting the existence of both green and chemical ZnO NPs.
According to the TEM and XRD analysis, the ZnO NPs have
a mixed phase of both hexagonal and cubic structures with
particle size ranging from 8 to 26 nm and 11 to 39 nm for
green and chemically synthesized ZnO NPs, respectively.
The results exhibited that green synthesized ZnO NPs
showed greater antibacterial inhibition zone (27.3 + 2.5 mm)
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Green ZnO NPS Chemical ZnO NPs

Fig. 11. Antibacterial activity with different concentration (100%, 75%, 50%, 25%, and 10% for 1-A, 2-B, 3-C, 4-D, and 5-E,
respectively) of green and chemical ZnO NPs assayed by the agar well diffusion method in petri plates. ZnO NPs poured in the
wells shows the zone of inhibition against (a and b) E. coli, (c and d) B. subtilis, (e and f) S. aureus, and (g and h) E. faecalis.
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Fig. 15. Mechanism of Congo red dye removal by green ZnO NPs.

than chemical synthesized ZnO NPs (11.3 + 0.57 mm) on
both gram-positive and negative bacteria. Therefore, an
environmentally friendly method using G. pulchellum was
proposed to synthesize ZnO NPs. The green ZnO NPs
were more effective than chemically synthesized ZnO
NPs and showed great efficiency by completely removing
the color of CR dye (100% after 20 min).
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