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A B S T R A C T

Green synthesis of silver nanoparticles (AgNPs) is of particular interest due to their catalytic and antibacterial
properties. In this study, the extract of Crocus Haussknechtii Bois was used to synthesize small-sized AgNPs and
the effective parameters were investigated. The experimental optimization of temperature and pH reveals that
spherical nanoparticles with a size of about 10–25 nm could be obtained using 0.5mL of AgNO3 (20mM) and
0.5mL of the plant extract with total volume of 20mL at pH=7 and temperature of 75 °C within 120min. The
catalytic activity of synthesized nanoparticles was evaluated in the degradation of a Congo Red dye in the
presence of sodium borohydride. The results indicate that 16.67 μM Congo Red dye could be degraded in only
220 s (first-order kinetic model constant of Kapp= 0.011 s−1 for only 5.39 μg of synthesized AgNPs). The rate of
degradation is one of the highest values reported for catalytic reduction of Congo Red dye. In addition, the
synthesized AgNPs showed a significant inhibitory effect against both gram-positive and gram-negative bacteria,
where the minimum inhibitory concentration (MIC) values of 26.9 and 20.2 μg/mL were obtained for synthe-
sized AgNPs against S. aureus and P. aeruginosa, respectively.

1. Introduction

Plant extracts are rich of different chemicals such as polyphenols,
flavonoids, fatty acids, etc., that make them a potential candidate to be
used as a green reducing agent for synthesis of metal nanoparticles as
well as bioapplications. Green synthesized silver nanoparticles (AgNPs)
usually serve good catalytic properties due to the high conductivity of
silver in nanoscale as well as important biological properties such as
antibacterial and antioxidant depending on the intrinsic properties of
plant extract [1–3]. The catalytic and antibacterial properties of bio-
synthesized AgNPs strongly depend on the size of AgNPs, where the
AgNPs with smaller size show better performance than larger AgNPs
[4–8]. A simple literature survey indicates hundreds of reports on the
green synthesis of metal nanoparticles using various kind of plant ex-
tracts. Due to unique properties of each plant (and also each part of
plant), the final nanoparticles not only have plasmonic properties but
also have the bio-related properties of their plant extract source, such as

antibacterial, antioxidant, etc. [2,9–12]. Therefore, investigation of the
potential of new plant extracts to be used as reducing agent for
synthesis of metal nanoparticles could result in exploring new nano-
materials with new or enhanced properties.

Synthesis conditions highly control the quality and size of bio-
synthesis of AgNPs using plant extract. Hence, systematic study of the
practical operational conditions on the size of the final AgNPs could
help to better understand the synthesis procedure for further scaling up
[13]. On the other hand, the dependency of activity of each plant ex-
tract on operational parameters (e.g., temperature and pH) is not clear
due to the complexity of the plant extract and various chemical com-
position in each type of plant extract [14–16]. Thereby, the operational
parameters must be optimized for each plant extract to obtain the de-
sired size of metal NPs as a product.

Crocus Haussknechtii Boiss, locally known as (Pēēshūkk), JoeQāsem
saffron or Zagros saffron, belongs to the lily family that is most com-
monly grown in Zagros mountains in Iran, northern Iraq, and southern
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Jordan. The bulb of JoeQāsem saffron plant contains phenolic com-
pounds, flavonoids, and antioxidant properties that inhibit fat perox-
idation [17,18] as well as antibacterial properties [19]. Therefore, It
could have the potential to be used as a reducing agent for the green
synthesis of silver nanoparticles with both catalytic and antibacterial
activity.

Congo red (CR) [1- naphthalenesulfonic acid, 3, 3′-(4, 40 -biphe-
nylenebis (azo) bis (4- amino) disodium salt] is a carcinogenic anionic
dye with high toxicity that is widely used in different industries, like
printing, pulp and paper, textile, leather, and cosmetic manufacturing,
where significant amount of CR is entered to environment and espe-
cially, aquatic systems as the effluent of these industries [20]. The CR
dye could cause very serious health problem for human as well as the
environmental problem [21]. The benzene and naphthalene rings in the
CR dye cannot be degraded using conventional treatment methods due
to high physicochemical, thermal, and optical stability of the CR mo-
lecules [22]. Hence, catalytic degradation of CR dye in the presence of a
strong reducing agent like sodium borohydride (NaBH4) is of interest
and has received much attention in recent years [20]. Therefore, de-
veloping new catalysts and obtaining the optimum conditions for
maximum removal of dye in a short time is of importance and interest.

In this paper, we aim to bio-synthesize small-sized AgNPs using
Crocus Haussknechtii Boiss bulb extract with considerable catalytic ac-
tivity as well as antibacterial properties. The small-sized AgNPs were
obtained through the systematic study of the effective synthesis para-
meters. The green synthesized AgNPs showed exciting catalytic activity
for reduction of Congo Red dye as a model. Moreover, they showed
antibacterial activity against Pseudomonas aeruginosa and
Staphylococcus aureus as model gram-negative and gram-positive bac-
teria strain, respectively. These findings could expand our knowledge in
the biosynthesis of silver nanoparticles and future environmental and
bio-applications of silver nanoparticles.

2. Materials and methods

2.1. Chemicals

Silver nitrate (99%), potassium carbonate (99%), sodium borohy-
dride, and Mueller Hinton Broth were purchased from Merck, Germany.
Crocus Haussknechtii plants were collected from the Zagros mountains of
Ilam, Iran. Pseudomonas aeruginosa (ATCC-27853) and Staphylococcus
aureus (ATCC-25923) bacteria were received from the Iranian Research
Organization for Science and Technology (IROST). All chemicals were
used without further purification.

2.2. Plant extract preparation

Crocus Haussknechtii plant bulbs were cleaned with deionized water
in order to remove any dust and impurities, dried at room temperature
for 48 h and finally, ground. Then, 50 g of obtained powder was mixed
with 70% methanol-water solution, and the extract was obtained within
24 h by a Soxhlet extractor. Finally, the extract was filtered with filter
paper (0.2 μm pore size), kept for further experiments at 4 °C and dark
condition.

2.3. Synthesis of AgNPs

In a typical synthesis, certain volume of Crocus Haussknechtii Boiss
(CHB) extract (VCHB, varied from 0.1mL to 0.9mL) was diluted to
19.5mL using DI-water and the pH of the solution adjusted by K2CO3
solution (0.5M) to the specified value in the range of 7–10. Finally, the
solution was heated up at a specific temperature (in the range of
30–100 °C) using an oil bath under vigorous stirring. Finally, 0.5 mL of
AgNO3 solution (20mM) was added to the solution. The color change of
the solution of bright yellow at the beginning to brownish-yellow at the
end of the synthesis indicates the formation of silver nanoparticles [23].

The reaction solution had a total volume of 20mL in all experiment.
The effect of different parameters including pH, temperature and CHB
extract were investigated. The growth kinetics of nanoparticles was also
monitored using UV–Visible spectrophotometer in the range of
300–800 nm.

2.4. Characterization of synthesized silver nanoparticles

The formation and optimization of AgNPs were studied using a
UV–visible spectrophotometer (Agilent Technologies/USA (Cary100)
model). Synthesized nanoparticles were characterized using X-Ray
diffraction (X'Pert PRO MPD Panalytical Company (Netherlands)) at
room temperature and pressure and a 5-80o angle with a step size of
0.02°, time-step of 20 s and using CuKα radiation (λ=0.1546 nm). A
Fourier Transform Infrared Spectroscopy (FTIR) was performed on the
AgNPs, using a device model VERTEX70 manufactured by Bruker,
Germany. Surface morphology of synthesized AgNPs was investigated
using a scanning electron microscope (SEM) (Tecan-Mira III, Czech
Republic). The size of the AgNPs was estimated using images obtained
by a transmittance electron microscope (EM208S Philips model,
Netherlands) with accelerator voltage of 100KV. The hydraulic dia-
meter and zeta potential of the samples were measured by a Zetasizer
Nano ZS (Malvern). A Linseis STA model PT-1000 thermogravimetric
analyzer (nitrogen environment, 10 °C/min) was used to analyze the as-
synthesized AgNPs.

2.5. The catalytic efficiency of biosynthesized AgNPs

The catalytic activity of the synthesized AgNPs was evaluated in the
reduction reaction of Congo-Red (CR) as a model dye in the presence of
NaBH4 as a reducing agent. Optimum conditions including the con-
centration of AgNPs, pH of the dye solution, and concentration of
(NaBH4) to maximize the degradation rate of CR were determined. In a
typical experiment, 1 mL of CR dye solution (CR=5.0*10−5 M) was
transferred to a 3mL cuvette. Next, water was added to the solution
(1.9-VAgNPs mL). The pH of the solution was adjusted at this step. Then,
0.1 mL of ice-bathed NaBH4 solution with particular concentration
(CNaBH4

= 4.15*10−2M, 8.30*10−2M, and 1.66*10−1M) was added to
the dye solution quickly. Finally, the precise volume of synthesized
AgNPs (0–150 μL) was added to the solution in one shot. The total
volume of the reaction solution was kept at 3mL for all experiment. The
degradation of CR dye was monitored by measuring its absorbance
spectrum. In all of the experiments, a freshly ice-bathed NaBH4 solution
was used. All experiments were repeated three times at dark condition,
and the mean values were declared as final results.

2.6. Antibacterial test

Minimum inhibitory concentration (MIC) of as-synthesized AgNPs
was evaluated against two strains of bacteria, P. aeruginosa and S.
aureus using serial dilution method [24].

Antibacterial test of synthesized AgNPs and Crocus Haussknechtii
extract was carried out against two bacteria P. aeruginosa and S. aureus
to monitor the bacterial growth. To achieve this, Mueller Hinton Broth
solution was prepared for cultivating of bacteria. The bacterial sus-
pension was prepared at a concentration of 0.5 McFarland; the optical
density of the bacterial suspensions at the wavelength of 620–450 nm
was 0.11 (OD620= 0.11). First, the as-synthesized AgNPs were con-
centrated 10 times to obtain a 539.3 μg/mL stock solution. Then,
briefly, 10, 25, 50, 75, 100, 125, and 150 μL of AgNPs and the extract
were separately added to test tubes containing 500 μL of the bacterial
suspension. The volume of all test tubes was diluted to 2mL with
Mueller Hinton Broth solution. The final concentration of AgNPs in the
test tube would be 2.7 μg/mL −40.45 μg/mL. A tube containing
2000 μL of suspension of each bacterium is prepared for positive control
of the cultivation. To complete the process, all tubes were incubated at
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37 °C up to 24 h. The optical density of the tubes was measured at a
wavelength of 620–650 nm and different time interval (up to 24 h) and
by a FULLY AUTOMATIC ELISA, commercially known as DYNEX (DS2),
manufactured in the United States. The MIC was determined according
to the growth curve. All experiments were repeated three times, and the
mean values were reported.

3. Results and discussion

3.1. Formation of AgNPs

Biomolecules (phenolics and flavonoids) contained in the Crocus
Haussknechtii extract have a dual role in reducing and covering silver
ions (stabilizers) in AgNPs synthesis [25–27]. The oxidation of phenolic
groups leads to the formation of unstable phenoxy radicals. These ra-
dicals are stabilized by the continuous displacement of electrons in the
aromatic ring and consistently reduce the Ag+ ions and the Ag0 nuclei
produced from the clot (or flocculation) [26]. The change in the color of
the synthesis solution from pale to yellow and, in the process, into a
bold brownish color indicates the successful synthesis of AgNPs. The
color change is directly related to the progress of the reaction [28,29].
The extinction spectra of the AgNPs absorption peak strongly depends
on the size and shape of the particles. The peaks in the extinction
spectra of metal NPs are due to collective oscillations or vibrations of
free electrons, which are caused by the transmission of a band due to
the exposure to light with a particular wavelength and their stimulation
[30–32]. Spherical silver nanoparticles have one localized surface
plasmon peak (LSPR) located around 400 nm that could be redshifted to
higher wavelengths with an increase in the size of AgNPs [33].

The change in pH affects the reducing ability of the biomolecules
that existed in the plant extract. Hence, the size of final AgNPs strongly
depends on the pH of the reaction [34]. Fig. 1 reveals the effect of pH
on absorbance spectra as well as growth kinetics of AgNPs using CHB
extract. As can be seen, the λmax for final AgNPs (at 160min) has a blue
shift (from 434 to 419 nm) with an increase in the pH of the solution
(from 7 to 10, respectively). This blue shift is due to the formation of
smaller AgNPs at higher pH compared which cause a decrease in λmax
and full width at half maximum (FWHM) of LSPR peak [35] (see Fig. S1
for average sizes measured by dynamic light scattering technique). As
the diameter of the particles decreases, the energy required to stimulate
surface plasmonic electrons increases; Thereby, the absorption peak
moves toward the short wavelength region [28]. This trend is similar to
what has been reported for synthesis of AgNPs using tannic acid (a
polyphenolic compound) as reducing agent [25]. Indeed, polyphenolic
compounds in the CHB extract are very weak reducing agents in neutral
pH. This leads to slow nucleation and growth, resulting in formation of
large AgNPs. At alkaline pH, they can get hydrolyzed and become
stronger reducing agents. Therefore, faster nucleation and growth re-
sults in formation smaller nanoparticles with more blue shift in LSPR
peak [25,36].

The pH not only affects the size of the final AgNPs but also is very
effective in their growth kinetics. It is understood from Fig. 1 that the
amount of absorption peak is increased over time, which means the
synthesis of more AgNPs. Increasing the intensity of LSPR peak can be
due to the redox reaction between active biomolecules and Ag+ ions
[26]. The increase in pH from 7 to 10 will shorten the induction period
from 30min to 3min as well as the termination time for the synthesis of
AgNPs (Fig. 1). This equilibrium between the nucleation process and
growth only depends on reducing agent's ability that is a function of pH
at a constant temperature, because the silver monomer activity has a
lower sensitivity to the pH in the examined range [37,38]. The faster
induction time is because of formation many nuclei and consequently,
the formation of small AgNPs compared with the conditions with longer
induction time. Stabilized phenoxy radicals are responsible for the
coating of the Ag+ nucleus; hence, low pH causes poor interaction
between the Ag0 nucleus and the phenolic groups –OH [39]. Therefore,

the reaction will be terminated due to the consumption of silver ions
and their reduction to AgNPs. Overall, these results indicate that the
nucleation and growth processes of AgNPs are effectively regulated by
changing the pH of the reaction solution [34]. Based on the results
presented for synthesized AgNPs, at pH=10, the smallest nano-
particles produced in the least time (120min) comparing to other pH
values. Therefore, pH~10 was selected for further experiments.

Fig. 2a shows the UV–Vis spectrum of synthesized nanoparticles as a
function of the amount of CHB extract. The synthesis was performed by
mixing different amounts of CHB extract (0.25, 0.5, 0.75 and 1mL)
with a constant concentration of silver nitrate solution at 50 °C, pH 10
and 120min (total volume of 20mL). As can be seen, the λmax has
minimum value when 0.5 mL of CHB extract was used in the synthesis
procedure, which could be corresponded to the formation of smaller
AgNPs compared to other studied conditions. The increase in the size of
AgNPs at low concentrations can be due to the clotting of un-
consolidated nuclei or the sedimentation of these nuclei on the surface
of stable AgNPs in the synthesis solution [26]. An increase in the size of
AgNPs at high concentrations of the extract is due to the presence of
excess biomolecules, which causes secondary interaction on the surface
of newly formed AgNPs [27]. Also, It is clear that the quality of sphe-
rical nanoparticles is related to the equilibrium of nucleation processes
and core evolution, which can be understood according to the limited
reaction mechanism [40–42]. Fig. 2b illustrates the concentration of
0.5 mL of extract as the optimal choice, where small-sized AgNPs could
be obtained.

3.2. Effect of temperature on the formation of AgNPs

The extinction spectra of AgNPs at various temperatures under op-
timal conditions are presented in Fig. 2c. The data shows that the in-
crease in temperature increases the synthesis of AgNPs. The size of
AgNPs (corresponding to λmax) decreases with increase in the tem-
perature of the reaction up to 75 °C. This trend could be due to faster
synthesis at higher temperatures. The kinetic energy of the reducing
agent molecules in the CHB extract increases and the consumption rate
of Ag+ ions increases to form the nucleus and a secondary reduction on
the surface of formed AgNPs is stopped [43]. The smallest size of the
synthesized AgNPs is observed at a temperature of 75 °C. At higher
temperatures, the size of AgNPs increases that might be due to the
destruction of the biomolecules or the crossing of the extraction boiling
point, as some biomolecules might be evaporated at high temperatures
[44]. Hence, the optimum temperature was set to 75 °C, where the
AgNPs have λmax at 410 nm (see Fig. 2d).

3.3. Characterization of AgNPs

Fig. 3a shows the X-ray pattern of AgNPs surface synthesized in
optimum conditions using the extract of Crocus Haussknechtii. Position,
height, and width of the XRD peak depend on the nature of the nano-
crystals [40]. In Fig. 3a, sharp peaks indicate the formation of silver
nanoparticles with small crystallite size and high crystallinity [45,46].
In the XRD spectrum, the Bragg peaks in the range of (2Ɵ) and amounts
of 38.07°, 44.31°, 64.58° and 77.49° are specifically for silver nano-
crystals. Miller index for them is equal to (111), (200), (220), and
(311), respectively. Regarding the peaks of Fig. 3a, the formation of the
main phase is related to silver nanocrystals and corresponds to the
standard powder diffraction card of the Joint Committee on Powder
Diffraction Standards (JCPDS), silver file No. 04–0783 [46]. Peak in-
tensity represents a high percentage of silver nanocrystals.

The value of d (the interplanar spacing between the atoms) is cal-
culated using Bragg's Law (1) [41].

=d n n
2 sin

1 (1)

The size of the crystal side “a” is calculated from Eq. (2), which
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Fig. 1. UV–vis spectra of AgNPs synthesized at different pHs.is show increase in absorbance as a function of time and graphs Kinetics synthesis; (a,b)pH=7, (c,d)
pH=8, (e,f)pH=9 and (g,h)pH=10. (Extract concentration 0.5mL and Temperature 50 °C).
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corresponds to its standard value of 4/086(Å) [46].

= + +a h k l( )
2 sinhkl
2 2 2

(2)

The study of the XRD spectrum and calculations shows that syn-
thesized nanoparticles are in a shape of cubic crystals (FCCs) [45].
Additional information is presented in Table S1.

In the XRD pattern (Fig. 3a), non-specific peaks at 2θ= 5.67°,
12.34° and 24.28° are also shown, which are related to the biological
molecules of the extract, which in turn, may be formed due to the
crystallization of the biochemical phases existed on the surface of
synthesized nanoparticles [47]. The XRD pattern shows that AgNPs
formed by reducing the Ag+ ions by the extract is naturally crystalline
[48,49].

Fig. 3b reveals the FTIR spectrum of the AgNPs synthesized with
Crocus Haussknechtii extract in an optimal mode. As can be seen in
Fig. 3b, a high and broad peak appears in 3430 cm−1, and this ab-
sorption frequency belongs to the OH group of polysaccharides of plant
extracts [50]. The peak 2920 cm−1 can be assigned to the tension of
(CeH) bonding in alkanes or secondary amines [50]. Amide bonds in
polypeptides and proteins create well-known waves in the infrared re-
gion of the electromagnetic spectrum [51]. The observed absorption
bands of 1632 cm−1 and 1653 cm−1 belong to amide groups (RNH2-C-
C=O) or carbonyl groups (RC=OR) contained in the extract [52]. The
1007 cm−1 peak is related to the elongation of alkyl halides or the
elongation of the ethers (-C-O-C-). The absorption band of 832 cm−1

and 703 cm−1 could be assigned to either alkene (RHC=CHR) or sul-
fide polysaccharides (C-O-SO4). Polysaccharides are a reducing agent
that can reduce silver and synthesize nanoparticles through biogenic

action [50]. The major peak of 1402 cm−1 represents the binding of
AgNPs with oxygen in the macromolecular of the extract (carboxylic
acid group (RCO-O-)) [53]. A summary of FT-IR results is presented in
Table 1.

The carbonyl group is more capable of binding to metals than
proteins and amino acids, and also proteins probably form a coating
layer on the surface of metal nanoparticles [54]. This coating is useful
for preventing the accumulation and stability of nanoparticles [52].
Proteins can be linked to AgNPs by any of the free amino groups or
residues of cysteine. The long-term stability of AgNPs in green synthesis
is obtained by surface binding of proteins. Reviewing the report of re-
searchers shows that proteins can provide a supportive environment for
metal nanoparticles during their growth stages. Moreover, carboxyl
groups (-C=O), hydroxyl (-OH), and amine groups (-NH) contained in
the extract also stabilize AgNPs in green synthesis [54,55]. The ex-
istence of the organic layer on the surface of AgNPs was further con-
firmed by TGA analysis of the as-synthesized AgNPs. As can be seen in
Fig. S2, there is a weigh loss for temperatures above the 150 °C (espe-
cially around 300 °C), indicating the decomposition of organic mole-
cules on the surface of AgNPs, which is usually could be observed in
plant extract-assisted synthesized metal nanoparticles [56,57].

The SEM image of the synthesized AgNPs is shown in Fig. 3c.
Generally, nano-sized metals tend to nucleate and form and propagate
bipolar on their limited surface with particles with lower energy levels
[46]. In Fig. 3c, it can be seen that spherical AgNPs are well dispersed
in solution and have a size between 17 and 45 nm. Agglomeration of
AgNPs occurred at the preparation stage for imaging and could be due
to the small size, high energy, and also the high tension above the outer
surface of the nanoparticles. Proper particle size creates a large surface

Fig. 2. Extinction spectra, maximum Localized surface plasmon resonance peak and average diameter of synthesized Ag nanoparticles as a function of the volume of
CHB extract (a,b) and reaction temperature (c,d). All experiments were performed under the optimum conditions except the varied parameters. The total volume of
reaction is 20mL, and 0.5mL AgNO3 (20mM) was used for the synthesis. The average diameter for each sample measured by the dynamic light scattering technique.
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that increases the catalytic activity of nanoparticles [46,58]. The TEM
image of AgNPs (Fig. 3d) shows that the particle size is< 20 nm and
the size distribution is in the range of 10 to 20 nm. TEM image shows
that AgNPs synthesized at optimized condition (pH=7 and T=75 °C)
are mostly spherical with well the dispersion of nanoparticles, which in
agreement with the LSPR band of the synthesized AgNPs using CHB
bulb extract. Besides, the increase in pH of reaction from 7 to 10 results
in the formation of bigger nanoparticles, which is consistent with our
previous results (the effect of pH, Fig. 1) where a red-shift was observed
in LSPR peak of as-synthesized AgNPs with decrease in pH of synthesis
reaction.

Fig. S3 shows the stability of the as-synthesized AgNPs under op-
timal conditions as a function of storage temperature. As can be seen,
the AgNPs had considerable stability with negligible change in their
average size and more importantly their polydispersity index (PDI) up
to 70 °C, indicating that the as-synthesized AgNPs could be used for the
applications/reactions in solution at high temperature.

3.4. Catalytic study

The impact of AgNPs on the chemical degradation of CR molecules
by NaBH4 was investigated. In general, the degradation reaction is re-
lated to the theory of bonding separation energy (separation or dis-
member enthalpy), and the reduction of bonding separation enthalpy
makes the degradation easier. The color degradation reaction, due to
the low energy separation of the CR molecule bond, produces two
different products (molecules), and in terms of electron transfer is si-
milar to the reduction-oxidation reaction (Redox) [59]. Breaking the
(-N=N-) chain of the color molecules leads to the formation of aromatic
amine products (Scheme.1) [20,60,61]. AgNPs, through the transfer of
electrons between the receptor and the donor, as well as the binding to
sulfur and oxygen atoms of the color, cause the weakening of the azo
double bond and activate this bond that helps the color degradation
reaction [62]. The progression of the color degradation reaction is

Fig. 3. Characterization of synthesized AgNPs under optimized conditions: a) X-ray diffraction pattern, b) FT-IR spectrum, c) SEM image, and d) TEM images of Ag
NPs synthesized at d) pH=7 and T=75 °C, and e) pH=10 and, T=75 °C. The inset figures show the size distribution of the nanoparticles obtained by analysis of
the nanoparticles using ImageJ software.

Table 1
The leading bands of the FT-IR spectrum.

Band (cm−1) Description

3430 OH group of the plant extract Polysaccharides
2920 Alkane CeH stretching (RCH2-CH3) or secondary Amine
1653 and 1632 Amide groups (RNH2-C-C=O) or Carbonyl groups (RC=OR)

contained in the extract
1402 C-O Stretching (Carboxylic acid group (RCO-O-))
1007 Stretching of Alkyl halides or stretching of Ethers (-C-O-C-)
832 & 703 Alkanes (RHC=CHR) or Sulphide Polysaccharides (C-O-SO4)

Scheme 1. Degradation of Congo Red by NaBH4 through cleavage of azo bonds.
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confirmed by observing the color change of the solution of the corre-
sponding SPR peak reduction reaction. The absorption peak of this
color is about 496 nm and 350 nm, which is related to the (n-π⁎)
transmission and is assigned to the (-N=N-) bond [60].

Since the concentration of NaBH4 is much greater than the Congo-
Red color concentration, it is expected that the color degradation re-
action will proceed with the pseudo-first-order reaction. Therefore, the
reaction rate (d[A]/dt=−kt) is determined from the line slope of the
absorption-time curve. The kinetics of the reaction can be described by
the equation [ln [A/A0]=−kt], where k is the reaction speed constant

min−1, t is the reaction time, A and A0 are, respectively, the amount of
color absorption at time t and zero [63].

3.4.1. Effect of nano-catalyst
Reduction of CR molecules by NaBH4 in the absence and presence of

AgNPs has been shown in Fig. 4. As can be seen, the reduction of CR dye
in the absence of AgNPs is prolonged, while only 55% of CR dye has
been degraded in 60min reaction. Reducing reaction of CR molecules in
an aqueous environment is thermodynamically possible with the ad-
dition of a NaBH4 reducing agent, but is not ideally suited to kinetics.
The slow rate of a reaction without catalyst may be due to the high
potential difference between the donor (BH−4 , −0.8 V) and the receiver
(-N=N-, −0.206 V) [60]. A catalyst is required to direct electrons from
NaBH4 to molecules of the color [20]. However, the AgNPs could cat-
alyze this reaction, and the majority of CR dye content could be de-
graded in the presence of AgNPs. This phenomenon can be explained by
the reduction-oxidation reaction (Redox) and electron transfer on the
surface of AgNPs. In short, BH−4 ions donate electrons to AgNPs, while
Congo-Red color molecules absorb electrons from the surface of AgNPs
[63]. As can be seen in Fig. 4c, the degradation of CR dye in this cat-
alytic reduction reaction follows the first-order kinetic model. For fur-
ther investigation, the activity of AgNPs, higher amount of AgNPs
(50 μL, 100 μL, and 150 μL) was also added to the reaction solution.
Reduction of 95% of the color molecules occurs throughout 18min for a
concentration of 50 μL, 9min for both 100 μL and 150 μL of AgNPs. By
increasing the concentration of nanocatalysts, a considerable increase
in the rate of degradation reaction was observed. Increasing the reac-
tion rate at high concentrations of nanocatalysts is due to greater access
to active sites at the nanocatalysts level. In this situation, the molecules
of color get faster access on the electrons [60] (See Fig. S4 and Table
S2).

At 150 μL concentration, irregularities are observed in the UV
spectrum (See Fig. S4). Reaction speed at 150 μL concentration is not
significantly different from the 100 μL concentration. Due to the de-
gradation of color in the shortest time and the best activity of AgNPs in
a volume of 100 μL, the optimal amount of nano-catalysts was selected
as 100 μL for continuation. During the CR catalytic reduction reaction,
AgNPs are used to a very small amount so that their SPR band does not
overlap with the CR spectrum. The peak of the CR spectrum at 496 nm
differs considerably from the peak of the AgNPs and provides a clear
picture of the catalytic activity of the AgNPs.

It is worth noting that both AgNPs and CR molecules possess a ne-
gative surface charge (Zeta potential value of −35.4 ± 2.1mV
and−17.4 ± 3.2mV, respectively). However, we observed catalytic
reduction of CR dye molecules in the presence of NaBH4. The same
observation also is reported in many literatures [20,60,64,65], in-
dicating that although the opposite surface charge might help to better
adsorption of dye on the surface of AgNPs, the reduction reaction could
take place independent of surface charges. In addition, similar surface
charge for metal nanoparticle and dye has advantage over the condition
that catalyst and dye have opposite surface charge. The former condi-
tion leads only to degradation of dye while the latter condition might
include both adsorption and degradation processes [20].

3.4.2. Influence of dye solution pH
The pH of the reaction is one of the critical factors that can affect the

amount of degradation. Therefore, catalytic experiments were con-
ducted at different pH (2, 5, 7, 9, and 12) with a constant amount of
AgNPs (100 μL) to determine the effect of pH on degradation rate.
According to Table S3 and Fig. 5a, it is evident that pH changes have
not had much effect on AgNPs as a catalyst in the Congo-Red color
degradation reaction. The reaction at pH=2 has the lowest reaction
rate which could be attributed to the rapid decomposition of NaBH4 in
acidic solutions. Also, increasing the pH to values higher than 7 de-
creases the reaction speed. At pH values> 7, the levels of the

Fig. 4. The UV–Vis spectra for degradation of Congo Red dye using NaBH4
solution a) without AgNPs as a catalyst, b) in the presence of 100 μL AgNPs as a
catalyst, and c) First-order kinetic degradation of CR dye with and without
catalyst.
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nanoparticles are negatively charged and cannot function properly ac-
cording to their capabilities [60,63]. According to Table S3, the best pH
for the color degradation reaction is the same as the initial pH value of
pH=7 in the range of studied pH.

3.4.3. Effect of NaBH4 concentration
Fig. 5b shows the effect of the change of NaBH4 concentration on

the color degradation reaction using three concentrations
C1= 4.15*10−3M, C2=8.30*10−3M, and C3= 1.66*10−2M, with
other parameters, kept constant. Obtained data are shown in Fig. 5b
and Table S4. A 2-times and 4-times increase in the concentration of
NaBH4 could reduce the completion time of the reaction in 6.5 and
4min, respectively. It is evident that the reaction rate and the degree of
color degradation increase with increasing NaBH4 concentration. The

Fig. 5. The first-order kinetic model for degradation of CR dye in the presence
of AgNPs a) at different pH using 8.3mM NaBH4, and b) using different NaBH4
concentrations at pH=7. The concentration of CR dye is 16.67 μM, and the
volume of AgNPs is 100 μL.

Table 2
A summary of biosynthesized metal nanoparticles using plant extract for catalytic reduction of CR dye using NaBH4.

Catalyst Size (nm) Name of substrate Mass of catalyst (g) Kapp (s−1) Knor (s−1 g−1) Initial concentration of
CR

Time for degradation of
CR

Ref

AuNPs 14 Basillus maris flavi 0.005 0.0036 72 1mM 20min [66]
SMG/AuNPs 12 ± 2 Salmalia malabarica gum 0.3 0.0039 0.013 1mM 10min [64]
AgNPs- sal DOC 35–70 Sal deoiled seed cake(DOC) 1*10−6 – – 25 ppm 15min

95%
[25]

AgNPs 20–40 Ginkgo biloba leaves 0.01 0.00094 0.09 10 ppm 50min [67]
AgNPs 8.35 Hamamelies virginiana leaf 0.005 – – 1.44*10−3M 4min [65]
AgNPs 11 Bunium persicum 0.005 – – 10 ppm 3min [68]
Bentonite/

CuNPs
23.94 Bentonite-Thymus vulgaries

leaf
0.001 – – 1.44*10—5M 40 s [69]

Ag/rGO – Abutilon hirtum leaf 0.005 – – 1.44*10–5 M 95 s [70]
AgNPs 10 nm CHB bulb extract 5.39× 10−6 0.006a

0.007b

0.011c

1112a

1297b

2039c

1.67*10–5 M >500 s
~450 s
220 s

This
study

a Concentration of NaBH4= 4.15mM.
b Concentration of NaBH4=8.30mM.
c Concentration of NaBH4= 16.6mM.

Fig. 6. Antibacterial activity of small-sized AgNPs synthesized at optimum
conditions against a) S. aureus and b) P. aeruginosa bacteria.
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reason for this increase can be the increase in the density of the number
of electrons transferred from the BH−4 ion to the AgNPs, which can
increase the reaction rate [60,63]. Table 2 present a summary of re-
cently reported data on biosynthesized metal nanoparticles using dif-
ferent plant extract to be used as catalyst for the reduction of CR dye. As
can be seen, unfortunately, the mass of catalysts have not reported in
the most of literature and, a meaningful comparison is not possible;
however, the considering the initial concentration of CR dye and the
required time for degradation of CR dye indicates that the efficiency of
the synthesized AgNPs in this study is comparable with other bare
metal nanoparticles.

3.5. Antibacterial properties

The antibacterial properties of small-sized AgNPs synthesized under
optimum conditions (pH=7, T=75, 0.5mL CHB extract) was eval-
uated against S. aureus and P. aeruginosa bacteria as Gram-positive and
Gram-negative bacteria, respectively. Among different sizes of AgNPs,
small-sized AgNPs are of interest due to the higher surface to volume
ratio compared with larger AgNPs that provides a larger area to interact
with bacteria [71].

Fig. 6 shows the effect of different amount of as-synthesized AgNPs
on the growth of S. aureus and P. aeruginosa bacteria within 24 h. The
results suggest that 20.22 μg/mL and 26.97 μg/mL of as-synthesized
bacteria could inhibit the growth of P. aeruginosa and S. aureus bacteria,
respectively. These results are consistent with the minimum inhibitory
concentration of as-synthesized AgNPs using serial dilution method,
where MIC values of 20.2 and 26.9 were obtained against P. aeruginosa
and S. aureus bacteria, respectively . Fig. S5 shows that alone plant
extract also has some antibacterial properties at high concentrations.
Considering the unfortunate results of the plant extract in preventing
the growth of both bacteria (See Fig. S5), it can be concluded that
optimally synthesized silver nanoparticles have excellent performance
in controlling the growth of both bacteria and this effect is only due to
the presence of synthesized silver nanoparticles. There have proposed
two possible mechanisms for the performance of silver nanoparticles
[72]; one silver nanoparticle provides a large surface for contact with
bacteria that attaches particles to the cell membrane and can easily
penetrate the bacteria. Another possibility is that silver nanoparticles
target respiratory chain in the bacterial mitochondria, which causes the
death of the cell. Specifically, the plant-mediated synthesized AgNPs
could inhibit the growth of bacteria via two main mechanisms [1]: i)
generating of reactive oxygen species (ROS) like hydroxyl radical and
superoxide anions, and ii) bond formation between released Ag+ ions

and sulfhydryl groups of intracellular proteins and direct denaturation
of the proteins. By comparing the rate of bacterial growth for two
studied bacteria, it could be fund that the as-synthesized AgNPs have
more antibacterial effect on P. aeruginosa (Gram-negative) than S.
aureus (Gram-positive). This difference in resistance of bacteria could
be explained by difference in cell wall thickness [73], where cell wall in
S. aureus and P. aeruginosa have a thickness of 18 nm and 2.4 nm, re-
spectively [74,75]. Table 3 presents the reported MIC value for AgNPs
synthesized various plant extract against S. aureus and P. aeruginosa. As
can be seen, the AgNPs synthesized using CHB extract have a con-
siderable inhibitory effect on both studied gram-positive and gram-
negative bacteria, which shows the enormous potential of CHB extract-
synthesized AgNPs for future antibacterial applications.

4. Conclusion

The obtained results confirm the green synthesis of silver nano-
particles for the first time by Crocus Haussknechtii extract. The results
indicate that the plant extract in the synthesis of silver nanoparticles
plays a dual role in reducing and stabilizing. The effects of pH, con-
centration, and temperature on the size of AgNPs and their growth
patterns were investigated. The optimum conditions of pH=7, 75 °C
and 0.5 mL extract, and 120min reaction was found to reduce the
0.5 mmol AgNO3 to obtain the small-sized AgNPs. The results show that
by controlling the operating factors, spherical nanoparticles with size in
the range of 10–20 nm in size could be obtained with both high cata-
lytic activity and antibacterial properties. A small amount of synthe-
sized AgNPs (5.39 μg) could catalyze the reduction of Congo Red by
sodium borohydride with first-order kinetic model constant of
0.011 s−1. In addition, the obtained AgNPs showed strong inhibitory
effect against both S. aureus and P. aeruginosa with MIC value of 26.9
and 20.2 μg/mL. The results of this study could be used for further
environmental application or antibacterial applications.

Contributions
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lyzed the data. M.T.Y and T.K. led the project. M.M and M.T.Y wrote the
first draft of the manuscript. All authors confirmed the final version of
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Table 3
A survey on MIC values reported for silver nanoparticles synthesized by different plant extracts against different bacteria for 24 h growth study.

Bactri name Mean size (nm) Plant Value bactri
(cfu/mL)

MIC (μg/mL) Ref.

S. aureus 20–30 Fenugreek leaves 105 12.5 [76]
S. aureus 3–6 Sida cordifolia 1.5×108 25 [77]
S. aureus

P. aeruginosa
10 Fritillaria flower 108 8000

4000
[78]

S. aureus
P. aeruginosa

3.9 ± 1.6 Camellia sinensis 1.5×108 250
30

[79]

S. aureus 12 nm Pectin (from orange peels) – 80–160 [80]
S. aureus

P. aeruginosa
5–55
Depending on
extract

Leaf extracts from Myrtaceae family: Callistemon lanceolatus, Decaspermum
parviflorum, Eucalyptus citriodora, Melaleuca cajuputi, Rhodomyrtus tomentosa,
Syzygiupam campanulatum, and Xanthostemon chrysanthus

– Varied in range of
7.8–62.5

[81]

S. aureus
P. aeruginosa

12–20 extract of saffron (Crocus
sativus L.) wastages

106 No inhibition
250

[82]

S. aureus 12 ± 0.6 Schinus molle “anacahuita” 106 54 [83]
20 ± 1 Equisetumgiganteum “cola de caballo” 13.3

S. aureus
P. aeruginosa

17.6 Spirogyra varians 106 500
500

[84]

S. aureus
P. aeruginosa

10–25 Crocus Haussknechtii Bois 1.5 × 108 26.9
20.2

This
study
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