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Abstract
This paper presents the green synthesis of silver nanoparticles (AgNPs) using orange (Citrus sinensis) peel extract. The
effects of different factors such as silver ion concentration, reaction time, temperature, pH, and extract quantity on the AgNPs
synthesis were studied, enabling us to determine optimum synthesis conditions. We characterized the AgNPs with different
techniques: UV–Visible Spectroscopy, Field Emission Scanning ElectronMicroscopy (FESEM), FTIR, andXRD. TheAgNPs
showed yellowish brown to golden brown colors and a surface plasmon resonance (SPR) absorption band around a wavelength
of 420 nm. FESEM images showed polydisperse AgNPs having an average size of about 55 nm. The XRD profile of the
synthesized nanoparticles showed peaks that are characteristic of silver while the FTIR spectrum highlighted the functional
groups associated with reducing silver ions and stabilizing the AgNPs. With the selected optimum conditions, the AgNPs
were formed in less than 1 min. This is the fastest reaction time so far reported and is significantly shorter than in earlier
reports. The AgNPs colloid solution was applied as nanosensor in the visual colorimetric detection of mercury(II) ions in
water. The golden brown AgNPs colloid solution turned colorless and the characteristic SPR absorption band disappeared
when mercury(II) ions were added to the solution. While the AgNPs show good sensitivity and selectivity for the colorimetric
detection of mercury(II) ions with a detection limit of 1.24×10−6 mol/L (0.25 ppm), we also demonstrated the suitability of
the method for detecting mercury(II) ions in drinking water.

Keywords Silver nanoparticles · Fast AgNPs synthesis · Colorimetric Hg2+ detection · SPR absorption band · Green AgNPs
synthesis

1 Introduction

Silver nanoparticles (AgNPs) are a class of noble metal
nanoparticles that have attracted research attention due to
their dynamic properties and vast areas of applications.
These nanoparticles possess the capability to strongly absorb
electromagnetic waves in the visible region, they possess
favorable optical and electrochemical properties and they
also show good biological compatibility and high extinc-
tion coefficient [1–3]. Such properties allow their utilization
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in medical, bioimaging, and biosensing applications [4].
The incorporation of nanomaterials into sensing systems
is advantageous in the area of molecular sensing, as they
offer better stability, enhanced sensitivity, and improved
cost-effectiveness [5]. Orange (Citrus sinensis) peel is the
protective layer of an orange fruit which is made up of an
albedo (inner layer) and a flavedo (outer layer). The peel
biomass possesses high amounts of natural antioxidants like
flavonoids, resins, monoterpenes, phenols, carotenoids, and
saponins which makes it suitable for certain medicinal and
chemical uses, one of which is as reducing agents in the
green synthesis of AgNPs [6]. Generally, plants represents
a good and easily available source of bioactive species such
as polysaccharides, proteins, polyphenols, flavonoids, alka-
loids, amines, ketones, aldehydes, terpenoids, and tannins,
which act as reducing, stabilizing and capping agents in the
formation of nanoparticles [7].
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Routine physical and chemical methods of synthesizing
nanoparticles can be energy and capital intensive, while they
employ toxic chemicals and non-polar solvents, which pre-
clude their use in clinical and biomedical applications [8].
This warrants the development of clean, biocompatible and
benign synthetic methods. In addition, sustainability aware-
ness and concerns also contribute to the need for simple,
reliable, and eco-friendly (green) method of synthesizing
nanoparticles [8, 9]. Several authors have presented compre-
hensive lists of various plant extracts used for the synthesis
of metal nanoparticles [8–10]. Such green synthetic routes
are devoid of complex and multi-step procedures, and so
are comparatively very simple, fast, and cost-effective [8],
thereby, making their exploration and adoption attractive.
Interestingly, water is the main environmentally friendly
solvent used for green nanoparticle synthesis [9]. Other
attractive features of green nanoparticle synthesis include
being one-pot reaction, absence of toxic chemicals, being
amenable to scale up, and colloidal stability due to the pres-
ence of natural products that serve as reducing and capping
agents [7–9].

Mercury is characterized as the most potent pollutant
among all heavy metals and it poses grave concern globally
due to its high persistence in the environment especially in
the oceans and seas [11]. Contamination by mercury occurs
as a result of natural phenomenon such as volcanic erup-
tions or fromhuman activities that utilize or producemercury
compounds in mining, chemical, agricultural, and pharma-
ceutical industries [12]. These processes entail the use of
mercury in fungicides, antiseptics, preservatives, and den-
tal amalgams. There are various analytical techniques used
in the determination of mercury, prominent among them are
the instrumental methods of analysis like cold vapor atomic
absorption spectroscopy [13], flame photometry [14], induc-
tively coupled plasma mass spectrometry [15], and solvent
extraction followed by high-performance liquid chromatog-
raphy (HPLC) [16]. These methods provide exceptional
performance and high sensitivity but they are quite expen-
sive, complex, and they require intricate sample preparation
protocols. Therefore, new analytical methods that may be
simpler and cheaper are being explored.

Colorimetry is a well-known analytical technique that is
commonly used in routine analysis. As of recent, colorimet-
ric sensors have been explored in the detection of Hg2+ and
they have been tagged as simple, rapid, sensitive, and highly
selective [17, 18]. Some of the methods developed for Hg2+

detection utilized fluorophores [19], oligonucleotides and
DNA[20, 21], aswell as organic compounds [22]. In this con-
text, colorimetry is awidely usedmethod becauseAgNPs has
an absorbance peak in the visible wavelength region around
420 nm due to the surface plasmon resonance (SPR) elec-
trons that reside on the surface of the nanoparticles [7]. The
concept of mercury’s optical detection by AgNPs involves

the reaction of silver with mercury to form zero-valent mer-
cury,which leads to decolorization ofAgNPs colloid solution
and the loss of SPR absorption band. This redox reaction
occurs between Ag+/Agnano (E0 <0.79 V) and Hg2+ (E0 �
0.85 V). The reaction is aided by the unique properties pos-
sessed by silver at the nanoscale, which favors the formation
of silver–mercury amalgam [17]. Novel nanocomposite and
mesoporous materials have also been used extensively for
the colorimetric detection, monitoring and removal of mer-
cury(II) as well as other toxic metals. For instance, Awual
et al. [23–28] have used such materials extensively and
showed that a wide variety of metals can be colorimetrically
detected by means of these novel nanocomposite and meso-
porous materials. Specifically, for mercury detection their
methods show excellent sensitivity and selectivity for the
metal ion [23–25].

While all the aforementioned colorimetric methods are
successful in providing excellent detection of mercury,
several of them involve fairly costly and complex sensor fab-
rication as well as long detection times [17, 19–28]. Hence,
there is a need for simple, fast, and cheap colorimetric detec-
tion methods for mercury. In the present work, we have
synthesized AgNPs using orange peel extract as reducing
agent and we have used the resulting AgNPs colloid solu-
tion for a rapid colorimetric detection of mercury(II) ions
in water. The use of orange peel extract as reducing agent is
expected to yield AgNPs that is non-toxic and stable because
of the natural antioxidants present in the extract and the fact
that toxic and hazardous chemicals were not involved [7–9].
The novelty of the present work lies in the optimum synthesis
conditions that produced theAgNPs in less than 1min, which
is the fastest reaction time so far reported. Thus, the present
work is novel in the sense that it presents the fastest synthesis
of AgNPs in a record time of 1 min. The protocol reported
in this study can be employed by other researchers as a sim-
ple, very fast AgNPs synthesis method. Other advantages
of the new AgNPs sensor include low cost, one-pot syn-
thesis, non-toxicity, biocompatibility, good selectivity, and
colloidal stability. While the detection limit and sensitivity
recorded for mercury in the present work is comparable to
what have been previously reported [29, 30], they are not
as good as the low detection limits that have been reported
with nanocomposite andmesoporous sensors and adsorbents
[23–25]. Nonetheless, the current work adds to the repertoire
of lowcost, one-pot, non-toxicAgNPs synthesismethods and
it is the fastest so far reported. Also, colorimetric detection
of Hg2+ with the new AgNPs sensor happens fairly quickly
(within 3 min), compared to methods earlier reported that
took relatively long times of 5–30 min [23–25, 29]. It should
be mentioned that the use of orange peel extract in the cur-
rent work is an elegantway of puttingwastematerials to good
use and it is consistentwith green chemistry and environmen-
tal sustainability goals. The unique optical properties of the
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nanomaterials product coupled with their stability and selec-
tivity provides a viable opportunity for their use as simple
visual colorimetric mercury(II) ion sensors.

2 Experimental

2.1 Chemicals and Solutions

All chemicals and reagentswere used as receivedwithout fur-
ther purification. Silver nitrate, AgNO3 (99.8%) was bought
from Loba Chemie (India), potassium hydroxide (KOH),
and sulfuric acid (H2SO4) were procured from Merck (Ger-
many), while potassium bromide (KBr) was obtained from
Thermo Fisher (UK). The metal salts used (NaCl, CaCl2,
MgCl2·6H2O, AlCl3·6H2O, Cd(NO3)2·4H2O, NiCl2·6H2O,
and Hg(NO3)·H2O were all purchased from Sigma Aldrich
(USA) or Merck (Germany).

2.2 Preparation of Orange Peel Extract

A fresh orange was purchased from a local store located
within King FahdUniversity of Petroleum andMinerals. The
orange was peeled with a clean knife and the peels were cut
into small sizes (about 0.5×0.5 cm2) andwashed thoroughly
with deionized water. 10 g of the orange peels were boiled in
100 mL of water for 3 min followed by filtration. The extract
obtained was then used undiluted in the synthesis of silver
nanoparticles.

2.3 AgNPs Synthesis

For the orange peel-mediated synthesis of silver nanoparti-
cles, 40mLof 0.01MAgNO3 wasmixedwith 5mLof orange
peel extract at room temperature and under constant stirring.
While 40mLof theAgNO3 solutionwas used in all cases, the
AgNO3 concentration, extract volume, extract pH, tempera-
ture, and reaction time were varied as described in the next
section to enable us determine optimumsynthesis conditions.
In all cases, the reaction progress was visually monitored by
observing variations in color of the solution from colorless
to yellow to golden brown. A UV–Vis spectrum was taken at
the end once the golden brown color has been formed in order
to ascertain the formation of silver nanoparticles. Following
a systematic study of the various parameters, we established
a set of optimum reaction conditions to synthesize AgNPs
used for characterization and colorimetric studies. Details of
the optimum conditions are presented in Sect. 3.3.

2.4 Study of Physicochemical Parameters

The green synthesis of AgNPs was conducted under varying
conditions so as to evaluate the effect of different factors on

silver nanoparticles synthesis, size and shape. The effect of
silver ion concentration was examined by using 0.01, 0.02,
and 0.03MAgNO3 in theAgNPs synthesiswithout changing
any other parameter. The effect of orange peel extract volume
was studied by altering its volume (3 mL, 5 mL, 7 mL, and
10 mL) while keeping other parameters unchanged. Sim-
ilarly, we also explored the effect of reaction temperature
on AgNPs synthesis by carrying out the synthesis at 25 °C,
50 °C, and 75 °C. The impact of pH was studied by varying
the pH of the extract in acidic (pH 3, 4, and 5) and alkaline
conditions (pH10, 11, and 12). Finally, we assessed the effect
of reaction time in this investigation by studying the UV–Vis
absorbance spectra of AgNPs produced after 2, 5, 10, 20, 40,
and 80 min of reaction time.

2.5 Characterization of the AgNPs

The knowledge of the physicochemical properties of AgNPs
is important as it greatly helps in evaluating their proper-
ties and potential applications. Therefore, characterization
of AgNPs was conducted in order to assess the functional
aspects of the nanoparticles. In this study, the AgNPs pre-
pared were characterized with UV–vis spectroscopy, X-ray
diffractometry (XRD), Field emission scanning electron
microscopy (FESEM), and Fourier transform infrared spec-
troscopy (FTIR). We measured the UV–Vis absorbance of
the AgNPs colloid solution formed from the synthesis on
a dual beam Genesys 10S UV–Visible Spectrophotometer
(Thermo Scientific) running on VISION Lite software. For
XRD, FESEM, and FTIR characterizations, AgNPs were
synthesized in a large 1 L beaker (using the optimum synthe-
sis conditions) and dried in an oven for 18 h. The resulting
lumps of AgNPs were carefully broken into powder and used
for XRD, FTIR, and FESEM measurements. For FESEM, a
small portion of the nanoparticles was placed on aluminum
foil followed by coating of the foil’s surface with gold before
putting the sample into the FESEM instrument. In FTIR,
AgNPsweremixed with KBr and themixture was pelletized.
The pellets were used for FTIR measurements.

The X-ray diffraction was carried out using a Rigaku
Ultima IV X-ray Diffractometer with a rated tube voltage
of 60 kV and 60 mA current running on PDXL integrated
X-ray powder diffraction software. Field emission scanning
electron microscopy measurements were carried out with
a Quattro S FESEM instrument (Thermo Scientific), while
FTIR spectra were acquired with a Nicolet 6700 FTIR Spec-
trophotometer (Thermo Electron Corporation), running on
an OMNIC software and the resolution was set to 2.0 cm−1.

2.6 Colorimetric tests

All colorimetric measurements were made at room temper-
ature. In conducting Hg(II) detection using the synthesized
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AgNPs, 1 mL aliquot of AgNPs colloid solution was taken
and its UV–Vis absorbance spectrum was recorded as blank.
In order to establish the sensing propensity of the AgNPs for
Hg2+ ions, 4 mL of a 1 mM solution of Hg2+ was added to
1 mL of AgNPs colloid solution and the resulting solution
thoroughly mixed. Various concentrations of Hg2+ were also
similarly tested by adding of 4 mL of solutions containing
different nominal concentrations of Hg2+ ions to each 1 mL
aliquot of AgNPs in order to determine the sensitivity of the
procedure. To investigate the selectivity of the as-synthesized
AgNPs in detecting Hg2+ ions, 4 mL solutions of cations of
representativemetals groups; alkali (Na+), alkali earth (Ca2+,
Mg2+, Al3+), and transition (Ni2+, Cd2+) of 1 mM concentra-
tion were each added to 1 mL aliquot of AgNPs under same
conditions. The changes in color were visually observed and
the corresponding absorbance changes were confirmed with
the UV–Vis spectrophotometer.

3 Results and Discussion

3.1 Green synthesis of Silver Nanoparticles

Upon the addition of orange peel extract to silver nitrate
solutions, a color change was observed from colorless to yel-
lowish brown and to golden brown. The synthesis of AgNPs
was monitored by both visual color changes and UV–Vis
absorbancemeasurements. TheUV–Vis spectra of the result-
ing AgNPs showed a broad SPR absorption with a maximum
absorbance centered in the 410–440 nm region (Fig. 1). This
absorption band is attributable to SPR excitation of silver
nanoparticles with sizes ranging from 2 to 100 nm in aque-
ous medium, and this has been documented in the literature
[31].

3.2 Effects of Various Parameters on the Synthesis
of Silver Nanoparticles

3.2.1 Effect of Silver Ion Concentration

The effect of AgNO3 concentration on silver nanoparticles is
shown in Fig. 1. As the concentration of Ag+ ions increases,
the absorption intensity of AgNPs colloid solution increases.
Some literature reports have established a positive relation-
ship between metal ion concentration and the intensity of
the absorption peaks [32]. The present study explored the
effect of AgNO3 concentration on AgNPs synthesis by using
0.01, 0.02, and 0.03 M AgNO3. For each concentration, the
synthesis was carried out at room temperature in the pres-
ence of 5 mL of orange peel extract, which was added to
the AgNO3 solution without adjusting its pH. The reaction
was allowed to reach completion as indicated by the golden
brown color of the resulting AgNPs colloid solution. This
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Fig. 1 UV–Vis absorbance spectra of AgNPs colloid solution synthe-
sizedwith different concentrations ofAgNO3.Other factors are: volume
of extract: 5 mL; temperature: room temperature; pH of extract: unad-
justed natural pH; reaction time: until completed (golden brown color)

colloid solution exhibited an SPR absorption band at 420 nm
and this band increased in intensity as the concentration of
AgNO3 rose from 0.01 to 0.03 M, suggesting the forma-
tion of more AgNPs with increasing concentration of silver
ion [33]. This can be simply correlated to the Beer Lambert’s
Law (A∝C), as the concentration of silver ions increased, the
absorbance of the resulting AgNPs colloid solution increase
proportionally, signifying ahigher concentrationofAgNPs in
solution. A similar increase in SPR absorption band intensity
with increasing silver ion concentration has been previously
reported [34]. Very minor blue shifts (about 5 nm) may be
discernible from the SPR absorption bands ofAgNPs synthe-
sized with 0.01–0.02 M AgNO3 compared to that of 0.03 M
(Fig. 1), such shifts may be ascribed to the formation of
smaller sized silver nanoparticles at low concentration of sil-
ver ion [35].

3.2.2 Effect of Plant Extract Volume

Figure 2 shows the effect of extract volume on AgNPs syn-
thesis. There was a variation observed in the SPR absorption
bands on increasing the extract volume.When3mLof extract
was used, a flat SPR absorption was observed and the golden
brown color was not observed. This suggests that the natural
antioxidants present in such extract volume are not sufficient
to reduce the silver ions. An increase in volume of extract
to 5 mL produced a marked difference as a highly intense
absorbance was observed, suggesting that sufficient amounts
of natural antioxidants associated with reducing the silver
ions are now available in the 5 mL extract volume, which
results in the formation of AgNPs. Such an effect of increase
in absorbance with larger extract volume has been reported
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Fig. 2 UV–Vis absorbance spectra of AgNPs colloid solution synthe-
sized with different volumes of orange peel extract. Other factors are:
AgNO3 concentration: 0.01 M, temperature: room temperature; pH of
extract: unadjusted natural pH; reaction time: until completed (appear-
ance of golden brown color)

previously [36, 37]. This result shows that an extract volume
of 5 mL is sufficient to react with 40 mL of silver(I) ion solu-
tion, a volume ratio of 1:8. It also means that the amount of
antioxidants present in an extract volume of 3 mL (1:13) is
quite different from the optimal volume ratio required to initi-
ate reduction of silver ion such that observable color changes
characteristic of complete formation of AgNPswere not visi-
ble in a reasonable amount of time. As shown in Fig. 2, when
7 mL and 10 mL of orange peel extract were used, decrease
in absorbancewas observed. This can be ascribed to a change
in volume ratio (1:6 and 1:4 instead of the optimal 1:8) and
the dilution of the resulting colloidal solution, which was
caused by an increase in extract volumes above the optimal
volume of 5 mL mentioned above. This argument is consis-
tent with the observation made in a previous publication on
the green synthesis of gold nanoparticles, where a similar
absorbance decrease was observed and ascribed to dilution
of the colloidal solution [38].

3.2.3 Effect of pH

Another parameter studied was pH and the corresponding
UV–Vis spectra obtained at different extract pHs are shown
in Fig. S1. The pH of the orange peel extract was adjusted
with dilute acid and base as required. Two separate sets of
experiments were conducted, one in the acidic range (pH 3,
4, and 5) and the other in the alkaline range (pH 10, 11, and
12). Using the extract at the stated pHs, we observed that
the formation of AgNPs was progressively faster as the pH
becomes more alkaline. Hence, reactions conducted in alka-
line pH of 12 took about 3 min while the ones conducted

under acidic conditions took about 15 min to complete. At
pH 3, the observed SPR absorption band was weak and a
light yellow color was detected. As the pH increased to 4
and 5, the SPR absorption bands became more intense and
the colors deepened to golden brown (data not shown). The
differences in colors have to do with variations in the pKa
values of functional groups of the natural antioxidants such
as flavonoids, and tannins that participate in the reduction
of silver ion [39]. Generally, it has been established that
alkalinity supports the bioreduction of silver and the sub-
sequent formation of AgNPs in aqueous medium, this helps
to explain the rapidity of the reactions in alkaline pHs and
the relative slowness in acidic medium. It also accounts for
the intensity of the SPR absorption bands, which increased
as the pH increased [40]. Alkalinity is known to induce an
electrostatic repulsion force among nanoparticles, thereby,
effectively preventing them from agglomerating [37]. Also,
the occurrence of surface plasmon resonance is favored in an
alkaline medium [41]. On the other hand, acidity confers a
very high-positive charge on the natural antioxidants (citric
acid, hesperidin, and alkaloids) responsible for reducing sil-
ver ions, thus upon the formation of the nanoparticles, their
stability will be low such that agglomeration will eventually
occur [42].

3.2.4 Effect of Reaction Time

The synthesis of AgNPs was tracked with UV–Vis
absorbance and the spectra recorded at time intervals of
2, 5, 10, 20, 40, and 80 min showed systematic increase
in absorbance as the incubation or reaction time increased
(Fig. 3). The bands formed at 2, 5, 10, and 20 min were
within the range of 420–440 nm while those taken at 40 and
80 min showed a gradual shift below 420 nm. This infers a
steady decrease inAgNPs size over time and similar trend has
been previously reported [43]. The increase in absorbance
with increasing incubation time could be attributed to an
increase in the quantity of silver nanoparticles as the reac-
tion progresses. There were concerns that as the incubation
time increases, there is a big tendency for agglomeration of
AgNPs, thereby, leading to the formation of bigger sized par-
ticles. However, our results here show that the as-synthesized
AgNPs were highly stable and only a minimal agglomera-
tion was observed even after 24 h (data not shown). The
reaction times recorded in this study are significantly shorter
than the 240 min and 24 h reported previously for AgNPs
synthesis using Basil leaf and banana peel extract [43, 44].
The rapid synthesis of AgNPs recorded in this work is due to
the excellent reduction potential of the active biocomponents
and antioxidants present in the orange peel extract. Such nat-
ural antioxidants that actively participate in the nucleation,
reduction, and stabilization of AgNPs include flavonoids,
polyphenols, and citric acid. Flavonoids facilitate the reduc-
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Fig. 3 UV–Vis absorbance spectra of AgNPs colloid solution taken
from reaction vessel at different times. Other factors are: AgNO3
concentration: 0.01 M, volume of extract: 5 mL; temperature: room
temperature; pH of extract: unadjusted natural pH

tion of silver ions to nanoparticles by the tautomerization
of their functional groups from enol to keto form while cit-
ric acid acts both as reducing and capping agents in AgNPs
formation [45–47].

3.2.5 Effect of Temperature

The synthesis of silver nanoparticles varies greatly with tem-
perature. The observed SPR absorption band (Fig. S2) for
reactions conducted at various temperatures shows increase
in absorption intensity as temperature increases. The work-
ing temperature under which the synthesis of AgNPs was
conducted showed significant influence on the synthesis of
AgNPs. At a lower temperature (25 °C), the reaction took
7 min to produce a color change and the SPR absorption was
less intense (Fig. S2). However, as the temperature increased
to 80 °C, the reduction of silver ion went faster; a change
in color was noticed within 2 min and the SPR absorption
becamemuchmorepronounced.Temperature is a critical fac-
tor in the synthesis of AgNPs and it accelerates the rate of the
synthesis reaction by inducing rapid reduction of Ag+ ions
into AgNPs. Previous reports have shown that an increase in
temperature leads to a decrease in the size of silver nanoparti-
cles [48]. This is explained by the fact that as the temperature
increases, the reaction proceeds more rapidly which leads to
the homogenous nucleation of silver nuclei thereby leading
to the formation of small-sized silver nanoparticles [49].

3.3 Optimum Conditions for AgNPs

After the study of physical parameters, a set of working
conditions was selected as optimum reaction conditions that
produced good yield of AgNPs in reasonable time (4 min) as
determined from the absorbance maximum of the UV–Vis
spectra obtained from the study of the physical parameters
(see Figs. 1, 2, 3, and S1-S2). These optimum conditions
were then used to synthesize the AgNPs that was used for
characterization and colorimetric studies. These optimum
conditions are: AgNO3 concentration of 0.01 M, 1:8 volume
ratio of orange peel extract to silver ion (5 mL and 40 mL,
respectively), a temperature of 50 °C, a pH of 10; and a reac-
tion time of 4 min. It must however be pointed out here that
the actual visual color change (golden brown) that signifies
complete AgNPs synthesis was almost instantaneous (less
than min) under the optimum conditions, but we stopped
the reaction at 4 min. Thus, orange peel extract with these
optimum conditions produced AgNPs in less than 1 min. To
our knowledge, this is the fastest procedure so far reported
for green synthesis of AgNPs. So, the novelty of the cur-
rent study lies in this record synthesis time, which can be
adopted by other researchers as a 1-min synthesis method
for producing AgNPs.

3.4 Silver Nanoparticles Characterization

The above-mentioned optimum conditions, which produce
AgNPs in a record time of less than 1 min, were used to pro-
duce large quantities of the nanoparticles as stated in Sect. 2.
The characterization of the resulting AgNPs was then con-
ducted in order to determine their size, surface morphology,
distribution, functional groups, and crystallinity. The results
obtained provided an insight into the characteristics of the
synthesized AgNPs.

3.4.1 Field Emission Scanning Electron Microscopy (FESEM)
of AgNPs

A scanning electron microscope was used to determine
the surface morphology and distributions of the AgNPs
synthesized. FESEM image taken at 16,000 and 30,000mag-
nifications showed an array of polydisperse AgNPs (Fig. 4).
From the image it is apparent that the nanoparticles have
mostly amalgamated into nanoclusters. This might have
occurred as a result of the longer incubation period the
nanoparticles went through, as the incubation and drying
protocols took about 18 h. It might also have arisen from
the sample preparation method used for the FESEM analysis
(see Sect. 2). The nanoparticles are mostly irregular in shape
and their average size was estimated to be about 55 nm. The
morphology of the AgNPs was found to be poorly defined
and irregular. Barros et al. [6] has reported a similar obser-
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Fig. 4 FESEM image of orange peel extract-mediated synthesized
AgNPs

vation with biosynthesized silver nanoparticles and ascribed
the poorly defined morphology to the numerous reduction
routes that silver ions may follow in a complex solution that
contains multiple reducing agents like citric acid, flavonoids,
and hesperidin.

3.4.2 Fourier Transform Infrared Spectroscopy (FTIR)
Characterization

The FTIR spectrum obtained from the AgNPs is presented in
Fig. S3. The spectrum shows that the AgNPs may be func-
tionalized with biomolecules containing –NH2, carbonyl and
–OH groups. The broad peak at 3433 cm−1 can be due to
either O–H or N–H stretching vibrations from hydroxyl and
amine groups of the extract constituents. Furthermore, the
bands located at 2923 cm−1 and 2855 cm−1 were assigned
to C–H stretching vibrations while the peak at 1629 cm−1 is
due to either amide C=O stretching (proteins) or aromatic
C–C stretching (flavonoids). The twin peaks occurring at
1459 cm−1 and 1380 cm−1 are within the range of amide III
band and were assigned to N–H bending and C–N stretching
of protein structures present in orangepeel extract [34]. These
results gave an insight into the functional groups involved in
the synthesis reaction and they suggest that proteinmolecules
in the extract may be involved in the stabilization of AgNPs
through amide bonds [6].

3.4.3 X-ray Diffraction (XRD)

The XRD pattern of the AgNPs shown in Figure S4 obtained
from X-ray diffraction analysis displayed three intense and
sharp peaks and one less defined peak. The diffraction peaks
obtained at 2θ angles of 37.11°, 40.86°, 67.05°, and 79.17°
correspond to the 111, 200, 220, and 311 miller indices. The
observed peaks point to the high crystallinity of the silver

nanoparticles and peaks arising from impurities were not
detected. The narrowness of the peaks suggests a smaller
sized silver nanocrystals. This is based on Scherrer’s equa-
tionwhich states that the peakwidth is amajor determinant of
the size of nanoparticles crystallites [50]. The XRD patterns
in Fig. S4 show good similarity with two different Interna-
tional Center for Diffraction Data (ICDD) files; 87-0717 and
87-0718 [51, 52]. According to the ICDD references, the
orange peel-mediated AgNPs exhibit a face-centered cubic
lattice structure.

3.5 Use of the Green AgNPs as a Colorimetric
Nanosensor

3.5.1 Colorimetric Detection of Hg2+ ion by AgNPs

The colorimetric detection of mercury(II) ions using the syn-
thesized AgNPs revealed a marked difference in UV–Vis
absorbance response and visual color of the colloid solution
after the addition of aqueous solution of Hg2+ ions. These
ions caused a sudden change in the color of AgNPs colloid
solution from golden brown to light brown and finally to col-
orless within 3 min of adding the Hg2+ solution (Fig. 5). This
detection time of 3 min is about two times faster than that of
a similar colorimetric sensor [17], and ten times faster than
nanocomposite sensors [23–25]. The SPR absorption band
of the AgNPs colloid solution also disappeared after adding
Hg2+ ions as shown in Fig. S5. This suggests that the AgNPs
can be used for visual colorimetric detection of Hg2+ ions
in water. However, when other cations (Na2+, Ca2+, Mg2+,
Al3+, Cd2+, Ni2+) were added to the AgNPs colloid solution,
there was no such dramatic change in color and there was
no disappearance of the SPR absorption band of the colloid
solution (Figs. 5 and S5). This suggests that the observed
changes are specific to a peculiar interaction between mer-
cury and nanoscale silver. Thus, the AgNPs are selective
toward Hg2+ ions and show no dramatic changes toward
other cations tested. It may be inferred that the selectivity
of AgNPs toward mercury(II) ions is built upon its ability
to form silver–mercury amalgam [17]; other metallic cations
do not form amalgams with silver and so they do not cause
a significant change in color or loss of SPR absorption band
when they interact with AgNPs [29].

The mechanism of silver–mercury amalgam formation
has been previously described by Rastogi et al. [17], and
it has been established that physical and chemical proper-
ties of nanoscale metal particles are different from those of
bulk metal [53, 54]. The difference in the standard electrode
potential of silver (Ag+/Ag: E0 � 0.79 V) and that of mer-
cury (Hg2+/Hg: E0 � 0.85 V) is very small and is therefore
not expected to favor a fast redox reaction between Hg2+

and Ag0 [17]. In the same vein, the Ag+/Agnano redox poten-
tial for AgNPs is quite different from that of Ag+/AgMetal
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Fig. 5 Picture showing the color change observed after adding various metal ions to the AgNPs colloid solution. As explained in the text, only Hg2+

solution gave a complete disappearance of the golden brown color of the colloid solution. Other metal ions did not show such a dramatic change
in color

in the bulk metal. Thus, there is a progressive decrease in
the redox potential as the size of the metal particle progres-
sively decreases into the nanoscale, which therefore widens
the potential difference between Ag+/Agnano and Hg2+/Hg
and favors reduction of Hg2+ to Hg with partial oxidation
of Agnano [17, 55]. The strong affinity between silver and
mercury leads to the deposition of mercury onto the silver
surfaces thereby leading to the formation of silver–mer-
cury amalgam [56], which is responsible for the significant
decrease in SPR absorption intensity and of course the dis-
appearance of the golden brown color of AgNPs colloidal
solution [17] as shown in Fig. 5. Therefore, the observed
dramatic change in color of AgNPs colloid solution upon
addition of Hg2+ stems from the formation of silver–mercury
amalgam, which is made possible by the nanoscale size of
the silver and the strong affinity between silver and mercury.

The dramatic visual color change observed on adding
aqueous solution of Hg2+ ions to the AgNPs colloid solu-
tion, which also showed up as a complete disappearance of
the SPR absorption band (Figs. 5 and S5) was quantified as
shown in Fig. 6. The net absorbance was plotted for all the
metal ions tested, including Hg2+ ions. Net absorbance is
given by:

Net absorbance � AAgNPs−An+
M

whereAAgNPs is the absorbanceof theAgNPs colloid solution
before adding a metal ion and An+

M is the absorbance of the
AgNPs colloid solution after adding a metal ion. Figure 6
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Fig. 6 Net absorbance recorded for differentmetals.Hg2+ gave the high-
est net absorbance

shows that the largest net absorbance was observed for Hg2+

ions and as shown in Fig. S5, there was a complete loss of
SPR absorption band with the addition of Hg2+ ion, which
led to a flat absorbance response.

3.5.2 Sensitivity of the AgNPs Sensor for Hg2+ Ion

In establishing the sensitivity of synthesized AgNPs toward
Hg2+ ion, the concentration of this cation was varied from
1 to 100 µM as shown in Fig. 7. We observed that with
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Fig. 7 Concentration-dependent plot of net absorbance versus Hg2+

concentration. Increasing Hg2+ concentration gives linearly increasing
net absorbance values. The corresponding absorption spectra are shown
in the inset

every increase in the concentration of Hg2+, the UV spec-
tra showed progressive loss of absorbance intensity and the
color intensity of the solution visually diminished as well.
The variation in concentration was found to produce a linear
response within the range of 1–100µM tested (Fig. 7), with a
limit of detection (LOD) of 1.25×10−6 M (0.25 ppm). This
LOD value is similar to LOD values previously reported for
Hg2+ ion using AgNPs [29, 30], but this value is not as good
as the LOD values reported earlier with nanocomposite and
mesoporous sensors and adsorbents [23–25].

3.5.3 Selectivity of the AgNPs Sensor for Hg2+ Ion
in the Presence of Other Metal Ions

We also tested the robustness of this colorimetric Hg2+ detec-
tion method to possible interferences in samples that may
contain various metals in a single medium. To this end, a
complex mix of different metal ions was prepared in order
to test the possibility of interferences from other metal ions.
Equal volumes (1mL) each of 1mMsolutions of Na2+, Ca2+,
Mg2+, Al3+, Cd2+, Ni2+ and Hg2+ were mixed together and
added to 1 mL of AgNPs colloid solution. Another solution
was made in which all these metal ions were mixed with
the exception of Hg2+ and added to 1 mL of AgNPs col-
loid solution. A third solution containing only Hg2+ was also
prepared and similarly added to AgNPs colloid solution. Fig-
ure 8 presents the corresponding UV–Vis spectra for all the
three solutions. It is clear from the figure that the presence
of other metals did not present significant interference on the
ability of AgNPs to selectively detect Hg2+ ions. Thus, the
colorimetric detection of Hg2+ by AgNPs suffers little or no
interference from other metal ions. For the solution contain-
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Fig. 8 UV–Vis absorbance spectra of AgNPs colloid solution in the
presence of a mixture of metal ions to show that the presence of other
metal ions does not pose interference in the colorimetric detection of
Hg2+

ing all the metal ions except Hg2+ the SPR absorption band
was intact. However, inclusion of Hg2+ in the mixture led to
the disappearance of the band (Fig. 8).

3.5.4 Detection of Hg2+ Ion in DrinkingWater

In addition to the above studies, we tested this visual
colorimetric detection method with drinking water. Initial
colorimetric test revealed that the water sample did not con-
tain detectable amounts of mercury, so we spiked the water
with 4 mL of 20, 40, 60, and 80 µM Hg2+ (Fig. S6). The
recorded absorbance versus concentration as shown in Fig.
S6 is linear. This shows that the orange peel-mediated syn-
thesized AgNPs could be deployed for colorimetric test for
mercury ions in drinking water.

4 Conclusion

A simple, cost-effective, environmental-friendly and green
synthesis of AgNPs using orange peel extract is presented
in this work. The one-pot synthesis employed is based
on the concept of green chemistry and it sidestepped the
use of toxic chemicals such as reducing agents, surfactants
and stabilizers. The physicochemical parameters that influ-
ence the formation of the nanoparticles were investigated,
which enabled us to select a set of optimum conditions
for AgNPs synthesis. These optimum conditions produced
AgNPs within 1 min, which is a record time ever reported
for green AgNPs synthesis. We characterized the resulting
AgNPs to determine their size, crystallinity, surface mor-
phology and surface chemistry using various techniques.
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FTIR results showed spectral signatures characteristic of
the natural antioxidants that may be actively involved in
the reduction of silver nitrate to AgNPs. The XRD pattern
observed revealed that the silver nanoparticles possess crys-
talline face-centered cubic (fcc) lattice structures and the data
are in good agreement with ICDD XRD database. FESEM
images showed polydisperse silver nanoparticles of irregular
shape and poorly defined morphology. The as-synthesized
AgNPs were utilized for visual colorimetric detection of
Hg2+ ions in water and we found the AgNPs to be both sensi-
tive and selective toward Hg2+ ions, giving a detection limit
of 0.25 ppm. Therefore, the detection limit and sensitivity
recorded for Hg2+ ions in the present work is comparable to
what have been previously reported for Hg2+ detection using
AgNPs sensors, it is not as low as the detection limits reported
with nanocomposite andmesoporous sensors and adsorbents.
However, the actual colorimetric detection of Hg2+ with the
new AgNPs sensor is much faster than several other similar
colorimetric methods. The AgNPs are also of low cost, non-
toxic and biocompatible, while they show good selectivity
and colloidal stability. On the overall, the current work adds
to the repertoire of simple, one-potAgNPs synthesismethods
available, and the 1-min synthesis protocol presented can be
employed by other researchers as a very fastAgNPs synthesis
method.

Acknowledgements We thank the Department of Chemistry at King
Fahd University of Petroleum and Minerals for providing the resources
used for this work.
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