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Abstract
In the present work, silver nanoparticles (AgNPs) synthetized with Cryptocarya alba (Peumo) leaf extract were studied. The
fabrication method was fast, low cost, and eco-friendly, and the final properties of AgNPs were determined by experimental
parameters, such as AgNO3 and Peumo extract concentrations used. Setting suitable experimental conditions, crystalline AgNPs
with apparent spherical forms and average diameter around 3.5 nm were obtained. In addition, the capability of synthesized
Peumo-AgNPs to remove methylene blue dye (MB) in aqueous solution as well as their catalytic effectiveness was also
investigated. The results showed that green synthesized AgNPs can remove fast and effectively the MB dye from aqueous
medium by itself, but better results were found acting like catalyst by using sodium borohydride (NaBH4) in the reaction. In
addition, this green nanomaterial can be recycling several times maintaining initial properties for removal of MB. Thus, AgNPs
synthetized with Peumo leaf extracts could be an excellent catalyst candidate for degradation of blue methylene dye in chemical
industries.
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Introduction

The last advances in material science and technology have
converted nanotechnology as one of the most promising
emerging technologies of the twenty-first century, improving
industrial products and processes (Stark et al. 2015). Within
this broad area of research, metal nanoparticles are one of the
most studied nanostructures due to their excellent properties
such as large surface area and high surface reactivity, which
are useful in a wide variety of application fields (Hoseinzadeh
et al. 2017; Schröfel et al. 2014; Qazi and Javaid 2016; Zhang
et al. 2016). Noble metal nanoparticles such as Ag, Au, and Pt
have showed interesting properties as localized surface plas-
mon resonance, high antimicrobial activity, and catalytic na-
ture. Thus, these nanoparticles have been received a lot atten-
tion for their applications in a wide range of fields, including
electronic, photonic, telecommunications, energy, biology,
and biomedicine (Alex and Tiwari 2015; Daraee et al. 2016;
Haider and Kang 2015; Nasrabadi et al. 2016).

Different approaches have been applied for the fabrication
of noble metal nanoparticles such as chemical, physical,
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electrochemical, biological, and greener methods (Qazi and
Javaid 2016). However, there is a growing interest to develop
eco-friendly techniques to avoid the use of toxic and hazard-
ous chemicals as well as toxic and hazardous waste. In this
sense, the known green synthesis method to obtain nanopar-
ticles is one of the most studied processes in the last decade,
because it offers several advantages in comparison with other
methods as it is a low-cost, eco-friendly, and single-step pro-
cess; does not require any additional energy such as tempera-
ture or pressure; and easily scales up for industrial production
(Abdelghany et al. 2018; Rafique et al. 2017). Different or-
ganisms and derived biocompounds from them have been
explored in the synthesis of silver nanoparticles (AgNPs) in-
cluding bacteria, algae, sugar, and plant extracts. However,
plant-mediated synthesis of AgNPs by using extracts is the
most popular methods, and numerous authors have explored
with different part of plants such as roots, leaves, and fruits
(Carmona et al. 2017a; Saravanakumar et al. 2017; Recio-
Sánchez et al. 2016). Although the mechanism to form
AgNPs by plant extracts remains unclear, many studies sug-
gest that the biomolecules of the plant extract such as poly-
saccharides, polyphenols, and aldehydes can reduce silver
ions to metallic silver state; and other bioproducts including
proteins, enzymes, and amino acids can also stabilize them
without the need of additional chemical. As a result, the
biosynthesizedAgNPs have shown high antimicrobial activity
and also very efficiency catalytic activity to reduce different
organic dyes in water (Francis et al. 2017; Khodadadi et al.
2017; Saha et al. 2017; Vidhu and Philip 2014).

The organic Azo dyes are widely fabricated and used to
stain various materials in the textile, leather, paper, paint, and
plastic industries (Singh et al. 2019). Thus, Azo dyes are a
relevant source of water pollution, because they have been
discharged continuously from these industries through their
effluents. Environmental impacts related with organic dyes
can be related with the bioaccumulation, toxicity, and the ca-
pacity to interfere with photosynthesis activity of autotroph
organisms by blocking sunlight in the water column (Mani
et al. 2019). Among others, methylene blue (MB) dye can
be considered a ubiquitous pollutant in freshwaters because
it has been commonly used in the fabrication of paints, fibers
staining, chemical analysis, and biomedical applications
(Karthik et al. 2016). In addition, several negative effects have
been described for MB, including Serotonin syndrome
(Zuschlag and Warren 2018), toxicity in neonates (Albert
et al. 2003), and genotoxicity (Costa et al. 2016). In this sense,
the presence of MB in untreated waters suggests not only
environmental injuries but also potential health risks.

Although coagulation and/or filtrationmethods are some of
approaches used for dye removal, these techniques are not
sufficient to the complete elimination of colorants from resid-
ual waters, because they show aromatic structure that prevents
their degradation (Khodadadi et al. 2017; Saha et al. 2017).

Thus, the removal of persistent dyes fromwaters by using new
and advance materials must be studied.

Cryptocarya alba, also known as Peumo, is a medicinal
tree with wide geographical distribution in Argentina, Chile,
and Peru. Peumo extracts have been widely used for different
medicinal treatments, and their antioxidant capabilities have
been also studied (Carmona et al. 2017b). These properties
make it a potential candidate as an efficient bioresource for
the synthesis of AgNPs with catalytic activity for removal
organic colorants. In the present work, AgNPs were
biosynthesized by using Peumo extract as reducing and stabi-
lizing agent. In addition, the efficiency of Peumo extract to
remove organic dye methylene blue (MB) and the catalytic
effect of biosynthesized AgNPs obtained from green synthesis
with Peumo extracts have been also analyzed.

Materials and methods

C. alba (Peumo) extracts

C. alba leaves were obtained from the botanical garden of
Universidad Católica de Temuco, Temuco city, Chile (38°
42´ S, 72° 42´ W). To prepare Peumo aqueous extracts, 10 g
of dried leaves were mixed during 4 h with 200 ml of distilled
water in a Soxhlet extractor.

Green synthesis of Peumo-AgNPs

Green synthesis of AgNPs was performed by stirring 1% vol-
ume of C. alba extracts with different concentrations of aque-
ous solution of AgNO3 (Merck Company, Darmstadt,
Germany), which were changed from 0.1 to 10 mM.

UV-vis spectroscopy

Measurements of UV-vis absorption spectra were carried out
with a Shimadzu UV-mini 1240 model spectrophotometer op-
erating with a 1-nm interval and 1-s of integration time, for a
total range of wavelength from 300 to 800 nm.

Transmission electron microscopy

Morphology of biosynthesized AgNPs was analyzed by trans-
mission electron microscopy (TEM) using a JEOLJEM-2011
instrument.

Hydrodynamic size and Z potential

The hydrodynamic size and Z potential were analyzed by
dynamic light scattering (DLS) and laser Doppler velocimetry
(LDV), respectively. The measurements were carried out with
a Malvern Zetasizer Nano-ZS zen 3600 instrument.
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X-ray diffraction

X-ray pattern profile was performed by a Rigaku X-Ray dif-
fractometer Smartlab model, with goniometer Theta-Theta
Bragg-Brentano geometry and solid-state detector D/teX
Ultra 250 model (Rigaku Corporation, Japan). The instrumen-
tal alignment was checked against the NIST SMR 660c LaB6
powder standard and its optic configuration was employedNi-
filtered Cu radiation (30 kVand 40 mA), 0.5° divergence slit,
0.25° antiscatter slit, and both sides with 5° Soller slits. In
preference, pattern was collected in the 30–90° range,
counting 0.5°/sec per step of 0.01°. PDXL 2 v.2.7.3.0 software
and ICDD 2018 PDF-4 reference database were used for
search match phases.

X-ray photoelectron spectroscopy

XPS specta of biosynthetized AgNPs were obtained
with a hemispherical analyzer (Physical Electronics
1257 system). The power of the twin anode (Mg and
Al) with X-ray source was fixed at 200 W and Al Kα
radiation (1486.6 eV) was used. The emission angle of
sample stage was selected to 45°.

Removal of MB dye

On the one hand, to study the degradation rate of MB with
Peumo, 0.5 mg of Peumo dry extracts were added to 10 ml of
aqueous solution of MB with 3.1 × 10−5 M of concentration.
On the other hand, to evaluate the potential application of
AgNPs as catalyst for removal MB in water, 10 ml of aqueous
solution of MB with 3.1 × 10−5 M of concentration were
added to 10 ml of aqueous solution of NaBH4 with 3.0 ×
10−3 M of concentrat ion. Then, 3 mg of AgNPs
biosynthesized with different conditions were added to the
mixture. The resulting mixture was stirred at room tempera-
ture until the solution was colorless. The pH of the reaction
mixture of MB and AgNPs showed pH values ranging from
6.7 to 6.2, but when NaBH4 was added also into the same
mixture the pH increased until 8.1. The progress of the reac-
tion was monitored by UV-vis spectroscopy. When the reac-
tion was completed, the catalyst was washed with distilled
water, sonicated, recovered by centrifugation, and finally air-
dried. Then, the process was repeated to analyze the recycla-
bility of the catalyst.

Results and discussion

AgNPs were synthetized by mixing aqueous solution of
AgNO3 with Peumo extract. Biocompounds of the plant ex-
tract reduce Ag+ ions to Ag0 and induce the formation of
AgNPs. Localized surface plasmon resonance of AgNPs

induces a color change in the solutions and allows to monitor
the formation of AgNPs from UV-vis absorption spectra.
Figure 1 shows the UV-vis absorption spectra measured at
different time-points with fixed experimental conditions of
1% v/v of Peumo extract and 1 mM concentration of
AgNO3. Peumo extract spectrum showed absorption band in
the UV region (300–370 nm) related to the absorbance of all
components from the aqueous extract. After 30min of stirring,
a clear additional absorption band with center at 455 nm can
be observed associated with the localized surface plasmon
resonance property of AgNPs, which confirms the successful-
ly biosynthesis of AgNPs (Mann et al. 2017). For high reac-
tion time-points, the intensity of this band increased, suggest-
ing an increase in the amount of AgNPs synthetized. The

Fig. 1 UV–vis absorption spectra of Peumo extract at 1% v/v and its
mixture with aqueous solution of AgNO3 1 mM, measured at different
time-points
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Fig. 2 UV–vis absorption spectra of AgNPs recorded after 2 h of reaction
using various concentrations of AgNO3. The volume of Peumo extract
was fixed to 1% v/v
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process was completed before 24 h, when the absorbance
spectrum remains unaffected.

Although other plant extracts can reduce Ag+ in less time,
this reaction time was quite efficient in comparison with other
works (Carmona et al. 2017a, b; Khalil et al. 2014). Figure 2
shows UV-vis absorption spectra of biosynthesized AgNPs
using different concentration of AgNO3, fixing Peumo extract

concentration to 1% v/v, and stirring during 2 h. Typical local-
ized surface plasmon resonance absorption band between 350
and 550 nm of wavelength was observed for all the concen-
trations studied. The intensity of the absorption bands in-
creased with the concentration of AgNO3 indicating that high
concentrations of AgNO3 allowed the synthesis of great
amounts of green AgNPs.

Fig. 3 TEM analysis of green AgNPs synthetized with 1% v/v of Peumo. Representative TEM images and histograms of diameter size distribution of
AgNPs synthetized with 1 mM (a) and with 2 mM of AgNO3 (b), respectively

Table 1 Physical-chemical
parameters of green synthetized
AgNPs at different concentrations
of AgNO3 obtained by TEM,
LDV, and DLS methods

AgNO3 (mM) Dry diameter (nm) Hydrodynamic
diameter (nm)

Zeta potential (mV) Mobility (μmcm/Vs)

0.1 16.11 ± 23.3 166.4 ± 4.6 − 13.9 ± 0.6 − 1.09 ± 0.04

1 3.24 ± 3.02 245.4 ± 4.3 − 16.5 ± 1.7 − 1.3 ± 0.1

2 26.16 ± 6.72 407.1 ± 32.9 − 14.6 ± 0.5 − 1.1 ± 0.04

5 16.87 ± 10.01 605.9 ± 36.7 − 13.6 ± 1.5 − 1.1 ± 0.1

10 15.69 ± 10.07 517.6 ± 6.0 − 15.4 ± 0.6 − 1.2 ± 0.04
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To obtain information about appearance and diameter of
biosynthesized AgNPs, TEM images were recorded.
Figure. 3 a and b show representative TEM images and parti-
cle diameter distribution of AgNPs formed with 1 mM and
2 mM of AgNO3 concentration, respectively. The results ob-
tained with 1 mM of AgNO3 indicated that most of AgNPs
showed apparent spherical shapes and some levels of agglom-
eration, with an average diameter around 3.2 nm. Similar
shapes were obtained with 2 mM of AgNO3, but high mean
diameters of AgNPs (~ 26 nm) were found under these exper-
imental conditions. The average diameters of AgNPs obtained
for the rest of AgNO3 concentrations studied in this work are
summarized in Table 1. For lesser concentrations of AgNO3,
AgNPs biosynthesized reached smaller sizes than high con-
centrations. For 0.1 mM of AgNO3, more than the 80% of
AgNPs were a size lower than 10 nm. However, the average
size was 16.1 nm because a high agglomeration of particles
was observed. When the concentration of AgNO3 was in-
creased in the fabrication process, the particle size also in-
creases, and for 2 mM of AgNO3, green AgNPs with an av-
erage diameter of 26 nm were obtained. However, for upper
concentrations (5 mM and 10 mM) the average diameter de-
creased to 16.9 and 15.7 nm, respectively.

Hydrodynamic size and stability of AgNPs were measured
by DLS and LDV techniques, respectively (see Table 1). In all
the cases, the average diameters observed were larger than
TEM results, since metallic nanoparticles tend to agglomerate
easily in aqueous media (Recio-Sánchez et al. 2016). It can be
observed that as the concentration of AgNO3 was increased,
hydrodynamic diameter of AgNPs was also raised, except for
10 mM. Likewise, zeta potential measurements for all studied
AgNPs showed negative charge. The negative charge can be
explained from the nucleation process of the green synthesis
and from the induced charge of residual OH– groups from
Peumo extract molecules linked on the surface of AgNPs

(Chung et al. 2016). Thus, the results suggest an incipient
stability, which was high for 1 mM of AgNO3.

The crystallinity nature of AgNPs was studied from X-ray
diffraction (XRD) measurements. Figure 4 shows the XRD
pattern of AgNPs synthesized with 1 mM concentration of
AgNO3. In the diffractogram, five different distinctive peaks
of metallic silver (according to ICDD PDF card 03-065-2871)
can be observed at 38.28°, 44.40°, 64.57°, 77.48°, and 82.32°,
which correspond to (111), (200), (220), (311), and (222) lat-
tice plane of the cubic silver (space group Fm-3m). According
to the pattern profile analysis, the peaks showed interesting
broadening attributed to nanostructured powder. Thus, the
XRD pattern showed that biosynthesized AgNPs with
Peumo aqueous extract were crystalline. Similar results were
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Fig. 5 XPS survey spectra (a) and high-resolution XPS spectra (b) of Ag
3d band of AgNPs synthesized with various concentrations of AgNO3
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Environ Sci Pollut Res (2019) 26:15115–15123 15119



found for AgNPs obtained with other concentrations of
AgNO3.

In order to investigate the chemical surface of AgNPs, XPS
measurements were also carried out. Figure 5 a shows survey
spectra for AgNPs synthesized at different concentration of
AgNO3. Only C, O, Ag, and Au (Au signal comes from the
substrate) elements were detected on the survey spectra, while
N signal was not detected, supporting the formation of
AgNPs. Figure 5 b shows the Ag 3d band measured for all
the samples. This band was fitted with a doublet placed at
368.3 eV in the case of 0.1 mM, 1 mM, 2 mM, and 5 mM
of AgNO3 samples. This doublet, which is related to the bind-
ing energy of metallic Ag (Kaushik 1991), had an area ratio of
2/3 and a spin-orbit separation (sos) of 6 eV. In the case of the
10 mM sample, an extra doublet in the high energy side was
needed. This doublet was observed at 370.9 eV with a sos of
6 eV. This new contribution was related to Ag–O bonds.
Gozdziewska et al. (2015) suggested that this bond can be

formed between unpaired electrons of nitroxides and conduc-
tion electrons from the silver surface.

The catalytic activity of AgNPs in the reduction of different
dyes, such as 4-nitrofenol (4-NP), MB, and Rodamine-B
(RhB), has been widely studied, and biosynthesized AgNPs
have been demonstrated as very efficient catalytic element,
because of its easy, low cost, and eco-friendly fabrication pro-
cess (Khodadadi et al. 2017; Saha et al. 2017; Vidhu and
Philip 2014). The catalytic ability of these nanoparticles had
been usually investigated by using the reducing chemical
NaBH4 as a model reaction. In the case of MB, it is a dye
widely used in biology and chemistry, which can be accumu-
lated and it could be hazardous for the environment. MB
shows a blue color in oxidized state, but it can be reduced to
the colorless compound called leucomethylene blue reduction
action of NaBH4. This chemical reduction process can be
monitored and characterized by UV-vis absorption spectra,
in which a reduction of the absorbance peak of MB at
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Fig. 6 UV-vis absorption spectra measured at different time-points show-
ing the reduction of MB at room temperature with Peumo extract alone
(a), 0.5 mg of AgNPs synthesized with 1 mM of AgNO3 (b), 3 mg of

AgNPs from 1 mM of AgNO3 (c), and 3 mg of AgNPs synthesized
obtained with 2 mM of AgNO3(d)
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664 nm of wavelength shows this removal (Khodadadi et al.
2017).

In the present study, the activity of Peumo extract to reduce
MB in water was investigated initially. The high antioxidant
activity of this extract was able to reduce MB as Fig. 6 a
indicates. UV-vis spectrum was recorded as a function of time
when 0.5 mg of dry Peumo extract was added to 10 ml of
aqueous solution ofMBwith 3.1 × 10−5 M. It can be observed
that MB showed a maxima absorption band centered around
664 nm of wavelength, which is its typical absorption in aque-
ous solution. The degradation of MB can be easily followed
by the reduction of the absorption maxima band at 664 nm.

After 30 min, Peumo extract was able to reduce almost the
half of the MB. However, when AgNPs biosynthesized with a
concentration of 1 mM of AgNO3 were assessed in similar
experimental conditions by using 0.5 mg, the reduction rate of
MB was clearly higher than Peumo extract alone (Fig. 6b),
and after 30 min the removal was almost completed. When
AgNPs concentration was increased, the rate of reduction also
increases, and with 3 mg of AgNPs was able to reducedMB in
just 1 min, as it can be observed in Fig. 6c. Finally, Fig. 6 d
shows the monitoring reduction of MB with 3 mg of green
Peumo-AgNPs with 2 mM of AgNO3, and they need almost
10 min to complete the reaction. Thus, AgNPs synthesized
with 1 mM concentration of AgNO3 showed the most effec-
tiveness removal activity than the other concentrations studied
here. The above can be attributed that AgNPs formed with
1 mM of AgNPs showed better properties related with the
physical-chemical behavior in water medium such as hydro-
dynamic size, stability, and charge. In addition, AgNPs caped
with –OH groups from phenol compounds of Peumo extracts
can participate also as reducing agents facilitating the removal
of MB without the use of other chemical with similar function
as NaBH4 (Carmona et al. 2017a, b).

In this work, the catalytic reaction of MB degradation was
performed with some variations of pH ranging from 6.2 to 8.1
values in the solution mixture. In the sense, previous studies
indicate that neutral and basic pH favor the removal condi-
tions of MB, since under these pH conditions, the MB is a
cationic molecule that allow the formation of electrostatic in-
teraction between their positively charged ions and the nega-
tively charged AgNPs (Qian et al. 2018). Thus, high pH
values in the catalytic reaction solution improve the capacity
of AgNPs to remove MB.

In order to demonstrate and compare with other studies the
advantages of Peumo-AgNPs for the reduction of MB dye,
comparable experiment conditions were carried out by using
the reducing chemical NaBH4 as a model reaction. Figure 7 a
summarized absorption spectra as function of time reduction
of MB by adding NaBH4, when 10 ml of aqueous solution of
MBwith 3 × 1·10−5 M concentration was mixed with 10 ml of
NaBH4 at 3 × 10−3 M. As can be observed, the reduction was
very slow and after 30 min just a small part of MB was
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Fig. 7 UV-vis absorption spectra showing the reduction of MB by using
NaBH4 at room temperature. Without AgNPs (a) and 3 mg of AgNPs
synthesized with 1 mM of AgNO3 (b)

Table 2 Comparison of time catalysis of MB (with reducing agent
NaHB4) by using different green synthetized AgNPs and other metal
nanoparticles from published literature available until 2018

Catalyst Time Reference

AgNPs/M. glabrata leaf extract 10 min Francis et al. (2017)
AgNPs/fenugreek seed extract 10 min Vidhu and Philip (2014)
AgNPs/peach kernel shell 50 s Khodadadi et al. (2017)
AgNPs/T. spicata leaf extract 2.5 min Veisi et al. (2018)
AgNPs-TiO2/E. heterophylla 70 s Atarod et al. (2016)
Porous Cu microspheres 8 min Zhang et al. (2014)
SiNWAS-Cu 10 min Yang et al. (2014)
Au/Fe3O4@C 10 min Gan et al. (2013)
AgNPs/(P. quassioides bark extract) 20 min Sreekanth et al. (2016)
AgNPs/Peumo extract ˂ 1 min This study
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reduced. When 3 mg of AgNPs biosynthesized with 1 mM
concentration of AgNO3 were added to the mixture, MB was
reduced in less than a minute (Fig. 7b). Similar results were
obtained with AgNPs fabricated with 2 mM concentration of
AgNO3. To show the efficiency of these green catalysts, a
comparison between these findings and reported data of re-
duction time for 100% MB dye reduction with other systems
is shown in Table 2. These findings demonstrated that Peumo-
AgNPs showed an extremely efficient catalytic activity to re-
duce MB dye in water.

Additionally, efficient catalysts with heterogeneous prop-
erties are especially important for commercial and industrial
applications, where recoverability and reusability must be
their main advantages. In this sense, the recyclability of green
Peumo-AgNPs was also studied here and the results indicated
that green AgNPs can be easily recovered from the reaction
solution by centrifugation. Then, the recovered catalyst was
evaluated again in the reduction of MB with the same initial
experimental conditions. As it can be observed in Table 3, the
high stability of the catalysts allowed unaltered catalytic ac-
tivity of MB removal almost constant up to 5 cycles for
AgNPs fabricated with 1 mM concentration of AgNO3.
These results clearly showed that biosynthesized AgNPs with
Peumo extract are a promising catalyst for reduction organic
dyes as MB in water.

Conclusions

Silver nanoparticles with apparent spherical shape and crys-
talline nature were successfully biosynthesized by using
C. alba leaf extract. The process involves a fast, easy, low
cost, and eco-friendly alternative method for the synthesis of
silver nanoparticles. In addition, by simply changing the con-
centration of AgNO3 and plant extract in aqueous solution, the
diameter and stability of biosynthesized nanoparticles can be
modified and controlled from 3.5 to 25 nm.

In this study, also the capacity to reduceMB dye byC. alba
extracts was explored, and it was shown than the high antiox-
idant activity of this extract was able to reduceMB in aqueous
solution. In addition, green synthetized AgNPs with C. alba
have shown a suitable efficiency catalytic activity to reduce

MB in aqueous solution without the use of other reducing
chemicals. However, with the use of the inorganic NaBH4 as
reducing agent, MB dye was completely degraded in less than
1 min, when only 3 mg of biosynthesized AgNPs was added.
In addition, the catalyst can be easily recovered and reused for
several cycles. These results showed the usefulness of this
kind of green synthetized AgNPs in dye degradation, promot-
ing their application for industrial effluents containing organic
colorants.
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