Environ Monit Assess (2017) 189: 349
DOI 10.1007/s10661-017-6033-0

@ CrossMark

Eco-friendly synthesis of silver nanoparticles using green algae
(Caulerpa serrulata): reaction optimization, catalytic

and antibacterial activities

Eman F. Aboelfetoh - Rania A. El-Shenody - Mohamed M. Ghobara

Received: 15 October 2016 / Accepted: 30 May 2017 /Published online: 23 June 2017

© Springer International Publishing Switzerland 2017

Abstract Stable colloidal silver nanoparticles (AgNPs)
were synthesized using Caulerpa serrulata (green ma-
rine algae) aqueous extract as an efficient reducing and
stabilizing agent. This method is considered to be a
sustainable alternate to the more complicated chemical
procedures. To achieve the optimization synthesis of
AgNPs, several effects such as extract concentration,
contact time, pH values, and temperature were exam-
ined. The synthesized AgNPs were characterized by
UV-Vis spectroscopy, FT-IR, XRD, and HR-TEM.
The synthesized AgNPs showed an intense surface plas-
mon resonance band at 412 nm at the optimal conditions
(20% (v/v) extract and 95 °C). TEM reveal that higher
extract concentration and higher temperature leading to
the formation of spherical AgNPs with an average par-
ticle size of 10 &2 nm. The synthesized AgNPs showed
excellent catalytic reduction activity of Congo red (CR)
dye from aqueous solutions. The degradation percent-
age of CR with AgNPs accelerated by increasing either
NaBH, concentration or catalytic dosage. The AgNPs
synthesized at higher temperature (e.g., 10Ag-95) ex-
hibited the highest catalytic activity. The reaction kinet-
ics was found to be pseudo first order with respect to the
dye concentration. Moreover, the AgNPs displayed an-
tibacterial activity at lower concentration against
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Staphylococcus aureus, Pseudomonas aeruginosa, Shi-
gella sp., Salmonella typhi, and Escherichia coli and
may be a good alternative therapeutic approach. The
outcomes of the current study confirmed that the syn-
thesized AgNPs had an awesome guarantee for applica-
tion in catalysis and wastewater treatment.
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Introduction

Metal nanoparticles assume a crucial role in a large
number of applications as they show superior physico-
chemical properties (optical, catalytic activity, magnetic,
electronic, and antibacterial properties) due to their sig-
nificantly small size and very high surface/volume ratio
(Indana et al. 2016; Pandey and Ramontja 2016). The
extremely small size of these metal nanoparticles pre-
sents a very high reactive surface area that add to their
significant enhancement in the properties in comparison
to their pure metal counterparts (Indana et al. 2016). The
greatly small size of nanoparticles, particularly in the
case of silver nanoparticles (AgNPs), finds their utility
in various applications such as biomedical, healthcare,
pharmaceutical, cosmetics, environmental, catalysis,
hardware, water treatment, and energy (Abbasi et al.
2016; Gangula et al. 2011; Liu et al. 2015, 2017b; Liu
and Astruc 2017; Ngo et al. 2012; Priyadarshini et al.
2014; Tiwari et al. 2010; Wang et al. 2017).
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AgNPs can be manufactured by several methods
such as chemical reduction, electrochemical techniques,
photochemical reduction, sonochemical, microwave,
y-radiation and laser ablation (Gabriel et al. 2017,
Gurusamy et al. 2017; Khan et al. 2011; Liu et al.
2017a; Pal et al. 2009; Rajabi et al. 2017; Verma et al.
2017; Zhang et al. 2017). Unfortunately, the chemical
reduction method which is commonly used for prepar-
ing AgNPs is still expensive and employ hazardous
organic solvents and toxic reducing agents (Gurusamy
et al. 2017; Loo et al. 2012). Additionally, it is usually
required the presence of a stabilizing agent to avoid
excessive aggregation of the formed nanoparticles
(Khodashenas and Ghorbani 2015; Ren et al. 2015).
Therefore, there has been a growing necessity to substi-
tute the chemical synthetic procedures with eco-friendly
systems.

Currently, the use of green chemistry to protect our
global environment is getting to be focal issues in many
fields of research. Therefore, there is a significant con-
cern in the development of environmental and sustain-
able methods for the synthesis of nanoparticles. Green
synthesis of metal nanoparticles using extracts of natural
products is a promising innovation that would beat the
obstructions in chemical methods indicated so far. Dif-
ferent biological processes have been reported for the
synthesis of metal nanoparticles using various plant
extract, honey, bacteria, and fungi (Ahmed et al. 2016;
Dong et al. 2017; Indana et al. 2016; Kathiraven et al.
2015; Khalil et al. 2014; Loo et al. 2012; Narayanan
et al. 2015; Philip 2010).

Plant metabolites including sugars, terpenoids, poly-
phenols, alkaloids, phenolic acids, and proteins act as
reducing and capping agents for the nanoparticles
(Makarov et al. 2014). These biomolecules contain var-
ious functional groups capable of nanoparticle forma-
tion. Therefore, the resulted nanoparticles are protected
from further reactions and aggregation, which increases
their stability (Makarov et al. 2014). It was found that
the concentration and compositions of these biological
active components control the size and morphology of
the resulted nanoparticles. Recent studies have revealed
that several forms of marine algae have the ability to
produce a variety of nanoparticles (El-Kassas and
Ghobrial 2017; Fawcett et al. 2017; Gonzalez-
Ballesteros et al. 2017). In general, algae are assorted
into three groups in perspective of the algal body or
thallus pigmentation. The color groups are green algae
(chlorophytes), red algae (rhodophytes), and brown
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algae (phaeophytes) (Fawcett et al. 2017; Kim 2011).
Marine plants contain a wide assortment of biologically
active compounds and secondary metabolites that em-
power these plants to act as biological factories for the
production of metal and metal oxide nanoparticles
(Rajakumar and Rahuman 2016). Caulerpa serrulata
is a type of green marine algae belongs to Caulerpaceae.
Caulerpa are particularly well known in the Indo-
Pacific region. Some species of this genus are mainly
used as a human food in the form of fresh vegetables
owing to their delicious taste and their nutritional prop-
erties. Caulerpa contains proteins, minerals, fiber, poly-
unsaturated fatty acids, vitamins, and bioactive anti-
oxidants (de Gaillande et al. 2016a, b; Nagappan and
Vairappan 2014). Caulerpenyne and caulerpin, the most
abundant metabolites of Caulerpa, exhibited powerful
antimicrobial activity against human pathogenic bacte-
ria and antitumor activities for several human cancer cell
lines (Barbier et al. 2001; Fischel et al. 1994; Nagappan
and Vairappan 2014; Sfecci et al. 2017). The measure of
such items changes among species and between various
seasons (de Gaillande et al. 2016; Dumay et al. 2002).
The synthesis of AgNPs via the extract of other
Caulerpa species (Caulerpa racemose) is preformed
(Edison et al. 2016a; Kathiraven et al. 2015). For our
knowledge, there is no published study dealing with the
synthesis of AgNPs utilizing C. serrulata.

The control of water pollution is a challenging task
for researchers around the globe. The major contribution
to water pollution is by dyeing industries. Congo red
dye—a synthetic azo dye—is broadly used as colorant
in several industrial fields such as textile, leather, paper
mill, printing, and cosmetic industries (Saratale et al.
2011; Shah et al. 2016). The removal of azo dyes
including Congo red from discharged sewage remains
of a great concern due to their carcinogenicity, mutage-
nicity, and non-degradability (Priyadarshini et al. 2014;
Shah et al. 2016; Wang et al. 2013).Various techniques
have been employed for the removal of dyes and con-
taminants from wastewaters, such as coagulation, oxi-
dation, membrane separation, adsorption, photocatalytic
degradation, and reduction degradation (Aboubaraka
et al. 2017; Ayati et al. 2014; Garcia et al. 2013;
Gemeay et al. 2017; Nesic et al. 2016; Yian Zheng
2012). Reduction degradation may come to be a new
category of dye wastewater treatment way, since it may
arrange monstrous volume and innumerable concentra-
tions of color wastewater (Chen et al. 2014; Ghosh et al.
2015; Nasrollahzadeh et al. 2016).
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The current study aims to contribute to the develop-
ment of a green, simple, and inexpensive method to
eliminate the toxic dyes from ecosystem. Therefore,
we investigate the eco-friendly synthesis of AgNPs
using C. serrulata (green marine algae) aqueous extract
for the first time, for our knowledge, as a reducing agent
and an efficient stabilizer instead of using harmful re-
ductant and expensive stabilizing agents such as surfac-
tants and polymers. The impact of various parameters
on the synthesis process is studied to achieve the opti-
mum conditions. The potential application of the syn-
thesized nanoparticles was tested in the removal effi-
ciency of azo dye (Congo red) from aqueous solution. In
addition, the antibacterial activity of the synthesized
AgNPs has been investigated.

Experimental
C. serrulata algae extraction

C. serrulata (Fig. 1) was collected from the Red Sea
coast, Egypt (26° 45’ N, 33° 57" E). After cleaning and
drying at room temperature, it was grounded into pow-
der. About 1 g of algae powder was heated in 100 mL of
de-ionized water at 70 °C for 10 mins. The unrefined
extract was filtrated and the filtrate kept in fridge (4 °C).

Synthesis of AgNPs

Typically, a certain volume of the C. serrulata extract
(5-25) mL was added to 10~ M of AgNOj5 solution and
the volume was adjusted to 100 mL with de-ionized
water. The reduction process of Ag* to Ag® nanoparti-
cles was associated with color change of the solution
from yellow to reddish brown depending on different
parameters such as the extract volume, stirring time,

Fig. 1 Photograph of Caulerpa serrulata (green marine algae)

temperature, and pH values. The pH of the solutions is
adjusted using 0.1 M HCI or 0.1 M NaOH solutions.
The synthesis of AgNPs was estimated by UV—Visible
measurements of the mixture through the reaction. The
biosynthesized AgNPs were characterized by HRTEM,
XRD, and FT-IR spectroscopy. Table 1 shows the syn-
thesis conditions and the abbreviation symbols of all
synthesized AgNPs samples.

The catalytic activity assessment

To assess the catalytic properties of the synthesized
AgNPs, the reduction of azo dye (CR) as bio-
refractory and carcinogenic pollutants in the presence
of NaBH, was selected as a model reaction. Briefly,
3 mL of NaBH, solution (1.74 mM) was mixed well
with CR aqueous solution (0.067 mM). To this solution,
certain volume of the synthesized AgNPs was added.
Keep the total volume of the main solution at 10 mL.
UV-Vis spectrophotometer was used to monitor the
progress of the reaction at regular time intervals in a
scanning range 350650 nm at room temperature. In
aqueous medium, CR dye shows maximum absorption
band at 498 nm.

The antibacterial test

The antibacterial activity of AgNPs were investigated
using Escherichia coli, Staphylococcus aureus, Shigella
sp., and Salmonella typhi (gram negative bacteria) and
Pseudomonas aeruginosa (gram positive bacteria). The
minimal inhibition concentration (MIC) of AgNPs for
each test microorganism was determined by applying
agar well diffusion technique (Ashokkumar et al. 2015).
About 50 pL of extract was used as negative control in
all experiments. Approximately, 20 mL of sterilized and
cooled Miiller Hinton agar medium was poured into
sterilized Petri dishes and allowed to solidify at room
temperature. The overnight growth test organisms were
transferred and spread over the agar medium using a
sterile cotton swab for each test microorganism, and
then wells were made. After that, different concentra-
tions of colloidal AgNPs (25, 50, and 75 pL) were
added to the wells. The AgNPs inoculated plates were
incubated at 37 °C for 24 h. After incubation, the zone of
inhibition around the well was measured. All the exper-
iments were followed three times for statistical analysis.

@ Springer
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Table 1 The synthesis conditions of AgNPs samples after 24 h and the catalytic reduction of CR dye (0.067 mM) by the synthesized AgNPs

under different conditions

Synthesis conditions

Catalytic reduction conditions

Samples Extract Temp (°C)  Degradation Time NaBH,conc. AgNPsdosage  Rateconst.  R?
conc. (V/v) % (%) (min) (mM) (mL) (min 1)

SAg 5 27 76.2 20 1.74 0.10 0.06 0.999
10Ag 10 27 90.5 20 1.74 0.10 0.08 0.997
20Ag 20 27 96.0 16 1.74 0.10 0.13 0.994
10Ag-95 10 95 99.3 12 1.74 0.10 0.21 0.995
20Ag-95 20 95 84.9 20 1.74 0.10 0.07 0.998
20Ag 20 27 96.0 16 1.74 0.10 0.13 0.997
20Ag 20 27 99.0 13 3.15 0.10 0.21 0.998
20Ag 20 27 99.0 08 491 0.10 0.46 0.998
20Ag 20 27 99.7 05 5.71 0.10 0.58 0.999
20Ag 20 27 96.0 16 1.74 0.10 0.13 0.994
20Ag 20 27 99.0 12 1.74 0.20 0.26 0.994
20Ag 20 27 99.0 09 1.74 0.25 0.34 0.994
20Ag 20 27 99.0 06 1.74 0.30 0.46 0.995

Characterization of AgNPs

The UV—Visible spectra of AgNPs were recorded using
Cary 400 UV-Visible Spectrophotometer at a resolution
of 0.5 nm. XRD pattern was done by MXP-18 (Mac
science Co. Ltd) diffractometer with Cuko radiation.
FT-IR estimations were completed using PerkinElmer
1430 by employing KBr pellet system. The morpholo-
gy, size distribution, and Lattice structure of AgNPs
were examined by high-resolution transmission electron
microscope (HR-TEM), JEM-2100. The electron dif-
fraction design for a chose zone was additionally record-
ed. 'H and '*C NMR spectra were measured by a Bruker
DRX-400 spectrometer operating at 400 MHz (in
DMSO-d6) with chemical shifts stated as ppm.

Results and discussion
UV-Visible analysis of AgNPs

Noble metal nanoparticles (plasmonic) are distinguished
from other nanoparticles such as semiconductor quan-
tum dots, polymeric, and magnetic nanoparticles by
their unique surface plasmon resonance (SPR). Optical
absorption spectra of AgNPs is dominated by SPR
which illustrates a shift toward the red or blue end
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depends on particle size, state of aggregation, shape,
and the surrounding dielectric medium (Mahmudin
et al. 2015). The synthesis of AgNPs was monitored
by color change and UV—Vis spectroscopy. The forma-
tion of AgNPs was confirmed by changing in the solu-
tion color from pale yellow to reddish brown. To
achieve the optimum conditions for the synthesis of
AgNPs, different factors were studied in this procedure
such as the extract concentration, stirring time, pH, and
temperature.

Effect of extract concentration

The effect of C. serrulata extract concentration on the
synthesis of AgNPs was studied by adding different
extract concentrations (5-25%) to 10° M AgNO;3 so-
lution at room temperature (27 °C) after 24 h. The
intensity of the SPR bands increased and shifted to
lower wavelength (435 nm) while increasing the con-
centration of the extract from 5 to 20% (Fig. 2a). This
blue shift demonstrates a decrease in AgNPs mean
diameter (Khalil et al. 2014). Further increase of the
extract concentration (25%) reduces the intensity of
the SPR band. This is perhaps because of the aggrega-
tion of nanoparticles, which is in concurrence with
previous study (Velammal et al. 2016).
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Fig. 2 UV-Vis spectra of AgNPs formed using 10> M AgNO; after 24 h at 27 °C with a various extract conc. (v/v%), b 10% extract as a
function of contact time, ¢ 10% extract at diverse pH values and d 10% extract at diverse temperatures

Effect of contact time

The reaction between silver ions and the reducing ma-
terials in the extract was followed during 8 days at room
temperature. Figure 2b shows the UV—Visible spectra of
AgNPs as a function of time after addition of 10%

extract. Increasing the contact time resulted in increas-
ing the intensity of the SPR band, with no shift and thus
a rapid increase in the number of AgNPs. This result
implies that the AgNPs prepared by this method is very
stable without aggregation. Amazingly, after 5 months,
AgNPs still stable and no precipitation occurs.

@ Springer
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Effect of pH

It was observed that the color of reaction mixture and
the intensity of the SPR bands were pH-dependent. The
effect of different pH values on the synthesis process of
AgNPs was studied (Fig. 2¢). In the alkaline medium,
the reducing and stabilizing ability of C. serrulata ex-
tract is enhanced. While increasing the pH values from
6.65 t0 9.95, the absorbance was increased and a narrow
SPR band at lower wavelength was noticed (427 nm).
At low pH (4.10), the solution color was turned into
dark red quickly and a broad band at higher wavelength
(470 nm) was detected. The appearance of this broad
band reflected the aggregation of AgNPs. In agreement,
previous studies reported the acid medium enhance the
formation of AgNPs with large particle size, whereas in
alkaline medium, the AgNPs was formed with small
size (Loo et al. 2012; Siddiqui et al. 2017). The present
investigation indicates the formation of large number of
AgNPs with smaller diameter at higher pH values.

Effect of temperature

It is apparent from Fig. 2d that the temperature highly
affect the synthesis process of the AgNPs. At lower
temperature (27 °C), the formation of AgNPs was asso-
ciated with appearance of light yellow color and less
intense SPR band at higher wavelength (440 nm). As the
reaction temperature increases from 27 to 95 °C, the
slow reduction rate of silver ions is enhanced and the
characteristic band for AgNPs was significant after 1 h.
At higher temperature (95 °C), UV-Vis spectra show
sharp intense SPR band at lower wavelength (412 nm),
which clearly indicates the formation of smaller AgNPs.
In agreement with previously published article, as the
temperature was increased, the reactants were consumed
rapidly leading to the formation of smaller nanoparticles
(Ibrahim 2015). Moreover, at 95 °C, the intensity of
SPR band was significantly increased by increasing
the extract concentration to 20% (not shown). The
AgNPs formed at 95 °C by using 10 and 20% extract
were assigned as 10Ag-95 and 20Ag-95 respectively
(Table 1).

FT-IR analysis
FT-IR measurements were recorded to identify the ma-
jor functional groups on the C. serrulata to examine

their possible involvement in the production and
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capping of AgNPs. FT-IR spectrum of C. serrulata
aqueous extract shows different bands positioned at
3429, 2929, 2859, 1730, 1638, 1428, 1379, 1242,
1147, 1034, and 741 ¢cm ™' (Fig. 3a). The presence of
bands at 3447 and 1730 cm ' could be related to
stretching of (O—H) and C=0 groups respectively. Small
bands positioned at 2929 and 2859 cm™' may be due to
(C-H) stretching of alkanes. A sharp intense band ob-
served at 1613 cm ' can be due to the stretching vibra-
tion of alkene C=C group. The observed band at 1194,
1125, and 1023 are due to C-O stretching vibration.
Small bands at 23002336 cm™ ' may indicate the pres-
ence of C=C stretching (Yian Zheng 2012). The main
bands existing in the extract are also present in FT-IR
spectrum of the synthesized AgNPs with lower intensi-
ties and slight shift (Fig. 3a). This strongly recommends
that the extract act not only as bioreductant, but also act
as stabilizers on the surface of the AgNPs. This may
indicate that the extract acted as bioreductant and
stabilizer.

'3C NMR and "H NMR analysis

In agreement with FT-IR, '*C NMR confirm the exis-
tence of aliphatic carbon at 39.3—40.8 ppm, C=C carbon
at 61 ppm and C=C carbon at 70-73 ppm (Fig. 3b). The
C=0 of acetoxy group appeared at 101 ppm (Pretsch
et al. 2000). Furthermore, the 'H NMR support the
previous data (Fig. 3c). The more shielded protons of
CHs;, CH, indicate the presence of peaks at high field
0.84-1.85 ppm, the proton of CH; of acetoxy group
appeared at 2.1-2.9 ppm. The peak at 8.3 ppm refers to
the existence of OH, while the peak at 4.3—-5.59 reflect
the presence of olefinic C-H (Pretsch et al. 2000). Pre-
vious study revealed that the main constituents present
in the organic extract of Caulerpa (green marine algae)
are caulerpenyne and caulerpin (Ciavatta et al. 2006;
Mari¢ etal. 2017; Wells et al. 2016). Based on our NMR
and FT-IR analysis, we could expect that caulerpenyne
and/or its derivatives (Fig. 4) are the possible constitu-
ents of aqueous extract of C. serrulata responsible for
the bioreduction of silver ions.

XRD analysis

The XRD patterns (Fig. 3d) show the distinctive diffrac-
tion peaks of AgNPs at 20 = 38.13°, 44.31°, 65.16° and
77.25°, which matches to the (111), (200), (220), and
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Fig. 3 a FTIR spectra of C. serrulata extract and AgNPs, b, ¢ '*C NMR and "H NMR of extract in deuterated DMSO and d XRD pattern of
AgNPs

(311) lattice planes of face centered cubic crystal struc- nanoparticles but also their sizes. At 95 °C and at
ture (Ashokkumar et al. 2015). lower extract concentration (10%), the AgNPs pos-
sess mainly spherical and ellipsoidal shapes beside
minor amounts of silver nanocubic and nanorods

HR-TEM analysis (Fig. 5a—c). As the extract concentration increases
to 20% at the same temperature, the AgNPs were
In order to acquire more information about the shape exhibited mainly the spherical shape structure and
and size of the synthesized AgNPs, HR-TEM analy- the particle size decreased as shown in (Fig. 5d, e).
sis was employed. It can be noted that the extract Moreover, the average particle size distribution re-
concentration highly effect not only the shape of flects the obvious reduction of AgNPs size as the
Fig. 4 Possible chemical AcO
constituents of aqueous extract of o
C. serrulata responsible for the T ad ",H\
reduction of silver ions, where A A OAc
refers to the caulerpenyne and B, AcO
C denotes its derivatives (Ciavatta “ | %
et al. 2006; Sfecci et al. 2017) A aed | 2 rrr’
B OAc Ag* My 5
oH Reduction o (AR,
- T
s £y
~ 7 OA
C
c AgNPs capped by caulerpenyne (A) and/or its derivatives (B, C)
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Fig.5 TEM images of AgNPs (a—e), SAED image (f) and particle size distribution of AgNPs synthesized at 95 °C for 24 h using 10% and

20% extract respectively (g, h)

extract concentration increases, where at 20% ex-
tract, smaller particles with an average size of
10 = 2 nm was more pronounced (Fig. 5g, h). This
could be due to an increase of capping layer around
the synthesized AgNPs. Additionally, the selected
area electron diffraction (SAED) image reflects the
crystalline nature of AgNPs (Fig. 5f).
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The catalytic activity of the synthesized AgNPs

The catalytic performance of the biosynthesized AgNPs
was assessed in the reduction of aqueous solution of CR
dye in the presence of sodium borohydride (NaBH,) at
room temperature. The color of CR solution with an
excess of NaBH, remained unchanged for 3 h (Fig. 6a),
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indicating that the reduction frequency was negligible in
the absence of the AgNPs. However, as soon as the
biosynthesized AgNPs is added into the reaction medi-
um, the color of CR disappeared within 5 mins (Fig. 6b,
¢), signifying the excellent catalytic activity of AgNPs
for the reduction of CR.

Effect of extract concentration

We have studied the catalytic degradation of CR using
various AgNPs synthesized at two different tempera-
tures (27 °C and 95 °C) using different extract concen-
trations (5%, 10% and 20%). The information acquired
from the catalytic reduction tests were then used to
estimate the reduction degradation percentage (%) of
the CR by the following equation:

AO_At
0

100

Degradation% =

Where Ay is the initial absorbance of CR and A; is the
absorbance of CR after certain time intervals. It is obvi-
ous from Fig. 7a that the reduction percentage of CR by
the AgNPs synthesized at room temperature (27 °C)
increased with the increase in the extract concentration
according the following order 5Ag > 10Ag > 20Ag.
This might reflect the increase in the quantity of AgNPs
in that direction (Fig. 2a). Interestingly, the reduction
rate of the AgNPs synthesized at 95 °C using 10%
extract concentration (10Ag-95) showed higher activity
than that synthesized at room temperature (10Ag). The

observed increase in activity could be attributed to the
significant increase in the number of AgNPs at higher
temperature. On the other hand, at higher temperature,
(95 °C) increasing the extract concentration to 20% as
with sample (20Ag-95) leads to significant decrease in
the catalytic activity. This could be due to the smaller
size of AgNPs as confirmed by TEM and also the
increase in the surface coverage by the biomolecules.
Such increased coverage hinders the diffusion of CR on
the AgNPs surface (Gangula et al. 2011).

Effect of NaBH, concentration

The concentration of NaBH, deeply affects the cat-
alytic reduction percentage of CR. Figure 7b shows
the Degradation percentage of CR with different
concentrations of NaBH, (1.71-5.71 mM) using
10Ag as a catalyst. The reduction percentage of
CR with 10Ag accelerated with the rise in the
NaBH, concentration. The best degradation rate
attained when the concentration of NaBH, was 85
equivalent to CR concentration. The linear relation-
ship between In (A/A,) and the reduction time (min)
(Fig. 8a) shows that the reduction degrada-
tion of CR follows the pseudo first-order kinetics.
This is because the initial concentration of
NaBH, was higher than that of CR, therefore
it remained essentially constant throughout the reac-
tion. The reaction rate constants were estimated from
the slopes of the graphs and recorded with the cor-
responding correlation coefficients (Table 1).
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Fig.7 a Degradation % of CR (0.067 mM) with NaBH, (1.74 mM) and 0.1 mL of AgNPs (5Ag, 10Ag, 20Ag, 10Ag-95, and 20Ag-95) and
b Degradation % of CR (0.067 mM) with various conc. of NaBH, and 0.1 mL of AgNPs (20Ag) after 5 mins

Effect of the catalyst dosage

In order to study the effect of the catalytic dosage on the
degradation percentage of CR, the reaction was per-
formed with varying volumes of the AgNPs in the
presence of constant concentration of NaBHy,
(1.74 mM) and CR (0.067 mM). As illustrated in Fig. 8b,
the rate of degradation increases with the increase in the
catalytic dosage from 0.1 to 0.3 mL. This could be due
to the availability of active sites on the catalyst surface.
The rate constants obtained from the kinetic data for all
the synthesized samples were shown in Table 1. Com-
pared with other catalysts in the reported literatures, the
synthesized AgNPs displayed excellent catalytic perfor-
mance and exhibited higher rate constants (Table 2).
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The catalytic reduction of CR by the synthesized
AgNPs (Scheme 1) could be clarified by Langmuir-
Hinshelwood model. In view of this model, both of the
reactants (CR and NaBH,) were initially adsorbed on
the AgNPs surface and afterward NaBH, gives the
electrons to AgNPs; further, the AgNPs exchange these
electrons to CR (acceptor), achieving the debilitating of
the azo double bond by means of conjugation. The
reduction of CR happens at the surface of AgNPs by
conveying electrons from the donor BH4 to CR. In this
reaction, NaBH, acts as electron donor and hydrogen
supplier (Khodadadi et al. 2017; Sreekanth et al. 2016;
Vidhu and Philip 2014). As a result of the large surface
area of the AgNPs as well as its high negative potential
(—1.80 V vs NHE), it acts as electron transfer mediator

1.6

—a—0.10 mL
—e—0.20 mL
—4—0.25 mL
—v—0.30 mL

1.4 4

124

1.0 H
0.8+
0.6+
0.4 —

0.2 4

0.0.|.|r|v|'|'l'l’

Time (min)

Fig.8 a Pseudo first-order kinetics plots of the degradation of CR (0.067 mM) with various conc. of NaBH4 and 0.1 mL of 20Ag and b The
decrease in absorbance of CR (0.067 mM) versus time in the presence of NaBH, (1.74 mM) and different dosages of AgNPs (20Ag)

@ Springer



Environ Monit Assess (2017) 189: 349

Page 11 of 15 349

Table 2 Comparison of various catalysts in the reduction of CR dye with NaBH,

Catalysts NaBH, (mM) CR conc. (mM) Rate constant (min ) References

AuNPs 150 1 0.219 (Nadaf and Kanase 2016)
AgNPs 10 1 0.148 (Indana et al. 2016)
AgNPs/polymer microgel - - 0.201 (Shah et al. 2016)
AuNPs/polymer microgel - - 0.375 (Shah et al. 2016)
Cuchitosan-cellulose microfibers 100 0.012 0.165 (Kamal et al. 2016)
AuNPs 10 1 0.236 (Ganapuram et al. 2015)
Cu’/SPA-15 25 0.020 0.600 (Ghosh et al. 2015)
AgNPs (20Ag) 5.71 0.067 0.580 This work

between BH, and CR and thus showing higher degra-
dation efficiency for the dye (Edison et al. 2016b).

Antibacterial activity of the synthesized AgNPs

The results of antibacterial activity of AgNPs were
shown in Figs. 9 and 10. The antibacterial activity was
found to be straightly reliant on the concentration of the
AgNPs. The maximum inhibition zone was found in E.
coli 21 mm for 75 puL) and the minimum inhibition

zone was found in S. #yphi (10 mm for 50 pL). Results
dissimilarity might be due to different interactions of
AgNPs with the tested organisms and also due to the
susceptibility of the organism used in the current study.
The main mechanism of AgNPs toxicity probably relat-
ed to the attachment of AgNPs to the negatively charged
bacterial cell wall, where they can disrupt its shape and
permeability of the plasma membrane. Also, all studies
had confirmed that silver ions released from nanoparti-
cle surface contribute to their toxicity. Both AgNPs and

Scheme 1 Proposed mechanism
of the catalytic reduction and
degradation of CR dye by the
synthesized AgNPs at room
temperature

Reduction products *~
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25

Fig.9 Bacteria inhibition zone of
different doses (25, 50, and

75 uL) of AgNPs (20Ag) where A
(Escherichia coli), B (Shigella 20 1
sp.). C (Staphylococcus aureus),
D (Salmonella typhi) and E

(Pseudomonas aeruginosa) 15 1

10 A

Inhibation zone (mm)

DA | B ocC AD OE

25

silver ions invade the bacterial cells and inhibit many
cellular enzymes especially the respiratory chain en-
zymes via adhering to sulfur containing macromole-
cules leading to protein inhibition and death (Salar
etal. 2015).

Conclusions

The present study represents an environmentally sound
method for stable AgNPs synthesis from silver nitrate

-

Fig. 10 Antibacterial test of different dosages (25, 50, and 75 pL)
of AgNPs (20Ag) in a nutrient agar medium against Shigella sp.

@ Springer

50 75
AgNPs conc. (uD

solution using accessible green marine algae (C.
serrulata) aqueous extract. The impact of some synthe-
sis conditions such as extract concentration, the contact
time, pH values and temperature on the size of AgNPs
was investigated and optimized. The results showed that
AgNPs were formed during 24 h and the reduction rate
of Ag ions was enhanced at higher temperature (95 °C)
and higher pH values (>6.65). Moreover, TEM analysis
reveal that higher extract concentration and higher tem-
perature leading to the formation of crystalline, spherical
AgNPs with an average particle size of 10 + 2 nm. The
catalytic results approve that the absence of AgNPs or
NaBHy, did not produce fading or bleaching for the CR
color. Remarkably, upon addition of AgNPs into the
mixture of CR and NaBH,, fast reduction of CR occurs
within 5 mins. Moreover, the catalytic degradation ef-
fectiveness of CR increases by increasing the extract
concentration, NaBH, concentration, and catalyst dos-
age. Additionally, the synthesized AgNPs showed ef-
fective action against both gram negative and gram
positive microscopic organisms. Due to the high degree
of stability of the synthesized AgNPs and their excellent
catalytic ability to degrade the most environmentally
toxic dye (azo). This study reveals the possibility of
producing highly efficient, stable, cost-effective, and
easily recoverable catalyst employed for the elimination
of toxic dyes and other pollutants from the environment.
This could be possible via using the aqueous extract to
synthesize AgNPs onto different solid surfaces such as
silica, TiO,, Fe30y4, carbon nanotubes, and graphene
oxide. Hence, the AgNPs synthesized by the present
strategy will discover promising applications in cataly-
sis and wastewater treatment.
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