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• Silver nanoparticles were produced 
using Poria cocos extract (PC-AgNPs). 

• The PC-AgNPs solution showed a high 
stability with a zeta potential of − 47.3 
mV. 

• PC-AgNPs exhibited excellent catalytic 
activity and stability in 4-NP reduction. 

• PC-AgNPs can be used as highly sensi
tive probes for the detection of Fe3+

ions.  
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A B S T R A C T   

In this study, a simple and environment-friendly method has been successfully applied for the production of 
silver nanoparticles (AgNPs) using Poria cocos extract. The reaction time of 60 min, the temperature of 90 ◦C, and 
silver ion concentration of 2.0 mM were identified as the best condition for the PC-AgNPs fabrication. The XRD 
analysis confirmed a highly crystalline face-centered cubic structure of the biosynthesized material. The PC- 
AgNPs were presented separately in a spherical shape with an average crystal size of 20 nm, as endorsed by 
the TEM and FE-SEM measurements. The presence and crucial role of biomolecules in stabilizing the nano
particles were elucidated by FTIR, EDX, and DLS techniques. The prepared biogenic nanoparticles were further 
applied for the reduction of 4-nitrophenol (4-NP) and colorimetric detection of Fe3+ ions. The study results 
proved that PC-AgNPs exhibited superior catalytic activity and reusability in the conversion of 4-NP by NaBH4. 
The complete reduction of 4-NP could be achieved in 10 min with the pseudo-first-order rate constant of 0.466 
min− 1, and no significant performance loss was found when the material was reused five times. The colorimetric 
probe based on PC-AgNPs displayed outstanding sensitivity and selectivity towards Fe3+ ions with a detection 
limit of 1.5 μM in a linear range of 0–250 μM. Additionally, the applicability of the developed assay was explored 
for testing Fe3+ ions in tap water. PC-AgNPs have a great potential for further applications as a promising catalyst 
for reducing nitrophenols and biosensors for the routine monitoring of Fe3+ in water.  
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1. Introduction 

In the recent years, nanotechnology based on the production of 
materials at nanoscale level has attracted the most attention due to the 
development of new type materials with unique physical and chemical 
properties that are successfully applied in many fields of the industries 
(Beni et al., 2020; Karaman et al., 2021). Among them, silver nano
particles (AgNPs) have attracted great interest for numerous applica
tions in medicine, catalysis, optical devices, biosensors, and water 
treatment due to their exciting properties, such as high catalytic and 
antimicrobial activities, chemical inertness, good photo-electrochemical 
activity, biocompatibility, and simple synthesis (Doan et al., 2021a, b; 
Karimi-Maleh et al., 2020a, 2021; Le et al., 2021a; Pandian et al., 
2021a). One of the most prominent applications of AgNPs is being used 
as an effective catalyst for the reduction of nitroaromatic compounds 
(Zhang et al., 2019). Nitrophenols (NPs), a common type of nitro
aromatics, are classified as extremely toxic to all aquatic life, animals, 
and humans because of their non-biodegradability, carcinogenicity, 
bioaccumulation, and high solubility and stability in water (Kar
imi-Maleh et al., 2020b; Mahmoud et al., 2020). However, they can be 
reduced into harmless aminophenols (APs) compounds, which are po
tential intermediates for producing several important pharmaceuticals, 
cosmetics, agrochemicals, dyes, and polymers using a favoured 
water-soluble reductant sodium borohydride (NaBH4) and suitable 
catalyst (Le et al., 2021b). The high surface area and excellent electrical 
conductivity of AgNPs make them an effective catalyst for this reduction 
process, in which it acts as an intermediate substance to transfer elec
trons from BH4

− to NPs molecules when both of the species are absorbed 
on the catalyst surface (Zhang et al., 2019). 

Recently, AgNPs have also been extensively used for the colorimetric 
determination of toxic metals in the aquatic environment and biological 
system due to their strong surface plasmon resonance (SPR), size- and 
shape-dependent optical properties, and environmental friendliness 
(Uzunoğlu et al., 2020). The principle of colorimetric detection is mainly 
based on the change in color and/or shift of the SPR peak caused by 
binding of the target analyte to the metal nanoparticles surface (Le et al., 
2021c). These signals can be rapidly detected by UV–Vis spectroscopy 
and monitored with the naked-eye inspection. The outstanding advan
tages of the colorimetric sensing method over various analytical so
phisticated instruments (AAS, ICP-MS, XRF, etc.) are its 
cost-effectiveness, simplicity, and rapidity. Many studies have proven 
the effectiveness of AgNPs-based sensors in detecting heavy metals in 
aqueous solutions. For example, Annadhasan et al. successfully pro
duced L-tyrosine-stabilized AgNPs for colorimetric sensing of Hg2+ and 
Mn2+ ions. The proposed assay exhibited high sensitivity to both ions 
with a limit of detection (LOD) of 16 nM (Annadhasan et al., 2014). Also, 
the probe based on AgNPs stabilized with mussel-inspired protein 
developed by Cheon and Park could accurately detect Pb2+ and Cu2+

even at a concentration of 9.4 × 10− 5 and 8.1 × 10− 5 μM, respectively 
(Cheon and Park, 2016). 

Owing to their wide involvement in several important areas, AgNPs 
have been extensively produced in recent years. Various physical and 
chemical methods have been used for AgNPs synthesis (Doan et al., 
2020a; Pandian et al., 2021b). Unfortunately, the high cost and 
complexity of synthesis coupled with the use of hazardous chemicals 
have limited the popularity of these methods. In recent years, green 
approaches using plant extracts have been preferred to fabricate AgNPs 
because of their simplicity, safety, eco-friendliness, and 
cost-effectiveness (Doan et al., 2019). Furthermore, biomolecules pre
sent in plants can serve as both reducing agents and stabilizers simul
taneously, while chemical methods need distinctive reducing and 
stabilizing agents. Several plants have been successfully utilized to 
synthesize AgNPs with diverse sizes and shapes such as Basella alba 
(Mani et al., 2021), Caulis Spatholobi (Le et al., 2021b), Codonopsis 
pilosula (Doan et al., 2020a), Limnophila rugosa (Le et al., 2021a), Erio
botrya japonica (thunb.) (Yu et al., 2019), Holoptelea integrifolia (Kumar 

et al., 2019), and so on. It has been found that diversity in the phyto
chemical components of plants can lead to differences in the structural, 
electrical, and catalytic properties of the biosynthesized AgNPs. There
fore, new plant sources and potential applications of biogenic AgNPs are 
constantly being explored. 

Poria cocos (PC) mushroom (also known as Wolfiporia extensa (Peck) 
Ginns) is a wood-degrading fungus in the family Polyporaceae that 
usually grows on the roots of pine trees. It is widely used as an important 
traditional medicine of China, Vietnam, and other East Asian countries 
for the prevention and treatment of diabetes, cancer, nervous tension, 
hepatitis B, and promoting urination. The PC mushroom is rich in tri
terpenoids, polysaccharides, ergosterol, caprylic acid, and pachymic 
acid, which could be responsible for converting metal ions to metal 
nanoparticles. It has been reported that multifunctional alcohols and 
phenolic compounds usually presented in plant extracts were considered 
as major reducing agents in the biosynthesis of metal nanoparticles 
(Wang et al., 2020). Therefore, among organic compounds extracted 
from PC fungus, polysaccharides may play the most important role in the 
transformation of silver ions into respective AgNPs. The extract from PC 
fungus has been successfully utilized to bio-fabricate gold nanoparticles 
for the anti-obesity in a high-fat diet (Li et al., 2020). To our knowledge, 
the PC extract-mediated biosynthesis of AgNPs for colorimetric sensing 
and catalytic application is not much explored. 

In this regard, this study was designed for the first time to synthesize 
AgNPs using the PC extract as reducing and stabilizing agents (PC- 
AgNPs) and to apply them for the 4-nitrophenol (4-NP) reduction and 
colorimetric detection of Fe(III) ions in an aqueous solution. 4-NP was 
selected as the subject of this work because it is a typical NPs compound 
found most frequently in wastewater from fertilizer, petroleum, and dye 
manufacturing plants (Doan et al., 2020c). Meanwhile, iron is one of the 
most common metals on Earth, so it often enters water sources in high 
concentrations. Although it plays an extremely important role in living 
cells, the excess iron in the body can lead to many dangerous diseases, 
such as Huntington’s, Parkinson’s, Alzheimer’s, immune inhibition, and 
reduced intelligence (Ho et al., 2021; Wechakorn et al., 2021). The 
synthesis process was optimized for the parameters of reaction tem
perature, silver concentration, and time. The green nanoparticles ob
tained at optimal conditions were comprehensively characterized with 
modern instrumental techniques. The performance, kinetic rate con
stants, stability, and reusability of PC-AgNPs for the reduction of 4-NP in 
the presence of NaBH4 were investigated and compared with the pre
viously developed catalysts. Moreover, the applicability of PC-AgNPs as 
a colorimetric sensor for Fe(III) determination was demonstrated with 
tap water. 

2. Experimental 

2.1. Materials 

Sodium borohydride (NaBH4, ≥98.0 %), 4- nitrophenol (4-NP, 
O2NC6H4OH, ≥ 99 %), and silver nitrate (AgNO3, 99.85 %) were pur
chased from ACROS Organics (Belgium). All metal salts with the purity 
≥99.0 % were provided by Merck (Singapore). PC mushrooms were 
taken from Lao Cai province, Vietnam. 

2.2. Preparation of PC extract 

The PC mushrooms were washed, sliced, dried, and ground into a 
fine powder by a blender. The PC powder (3 g) was then dispersed in 
300 mL distilled water and heated at 90 ◦C on a Thermo Scientific 
Cimarec SP88857106 thermomagnetic stirrer with a stirring speed of 
300 rpm and reflux for 60 min. After cooling to room temperature, the 
PC extract was separated from the solid by filtration and stored in a 
refrigerator (2–5 ◦C) for AgNPs synthesis. 
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2.3. Synthesis of PC-AgNPs 

The biogenic AgNPs were synthesized through the reduction of Ag+

ions by the PC extract. Briefly, AgNO3 solution was mixed with the PC 
extract with a volume ratio of 1 : 10 under stirring. The effect of the 
reaction time, temperature, and initial AgNO3 concentration on the 
formation of biogenic AgNPs were studied to find out the optimal syn
thesis conditions. The formation of PC-AgNPs was monitored by UV–Vis 
measurements based on the SPR phenomenon with characteristic peak 
for AgNPs at around 420 nm. The obtained PC-AgNPs solution was 
further used directly for colorimetric detection of Fe(III) in aqueous 
media, while the dried PC-AgNPs were applied for the catalytic reduc
tion of 4-NP. To study physico-chemical properties, solid PC-AgNPs 
were separated from the colloidal solution by centrifugation at 8000 
rpm for 15 min and washed with distilled water three times to remove 
the impurities. The solid PC-AgNPs were then dried in an oven at 60 ◦C 
overnight before analysis. 

2.4. Characterization of PC-AgNPs 

The size and shape of the PC-AgNPs crystals were observed by a 
Tecnai G2 20 S-TWIN (Japan) transmission electron microscope (TEM). 
The morphology of the PC-AgNPs powder was examined by a Hitachi S- 
4800 (Japan) field-emission scanning electron microscope (FE-SEM). 
The chemical composition and distribution of elements on the catalyst 
surface were studied by energy-dispersive X-ray spectroscopy (EDX) and 
element mapping technology conducted on an EMAX Energy EX-400 
analyzer (Horiba, Japan). The X-ray diffraction (XRD) method was 
used for investigating the crystalline nature and phase composition of 
the synthesized samples. The XRD patterns were collected in the 2θ 
range of 10–80◦ on a Shimadzu 6100 X-ray diffractometer (Japan) at a 
voltage of 40 kV with CuKα radiation (λ = 1.5406 Å). The Fourier 
transform infrared (FTIR) spectra were recorded on a JASCO FTIR-4700 
spectrometer (USA) in a wavelength range of 4000–500 cm− 1. The dy
namic light scattering (DLS) and zeta potential measurements PC-AgNPs 
were performed on a Horiba SZ-100 nanoparticle size and zeta potential 
analyzer (Japan). 

2.5. Catalytic activity test 

The catalytic activity of the produced PC-AgNPs for the reduction of 
4-NP with the presence of NaBH4 was explored in a 3 mL quartz cuvette 
with an optical path length of 1.0 cm, as described in the previous study 
(Doan et al., 2020c). Typically, 2.5 mL of 4-NP (1.0 mM) and 0.5 mL of 
NaBH4 (0.1 M) were mixed in the cuvette at room temperature, followed 
by adding 3 mg of PC-AgNPs. After 2 min, the conversion reaction of 
4-NP was examined by a Cary 60 UV–Vis spectrophotometer (Agilent, 
USA). At the end of the reaction, the catalyst was separated from the 
solution by centrifugation, washed with distilled water and ethanol, and 
dried for subsequent reuse. The rate constant and conversion efficiency 
were quantified by Eq. (1) and Eq. (2), respectively. 

kt= − ​ ln At

Ao
(1)  

Concersion(%)=
Ao − At

Ao
× 100% (2)  

where k is the first-order kinetic rate constant (min− 1); t is the reaction 
time (min); Ao and At are the absorbance of the 4-NP solution at initial 
and at any time (dimensionless), respectively. 

2.6. Colorimetric sensing application 

The colorimetric sensing ability of PC-AgNPs was tested with various 
environmentally essential metal ions, including Mn2+, Ni2+, Mg2+, 

Zn2+, Ca2+, Cu2+, and Fe3+. Briefly, 1 mL of the colloidal PC-AgNPs 
solution was added to 2 mL of each sample containing 1000 μM 
testing metal ion at room temperature. After 5 min, the UV–Vis spectra 
of the mixture in the range of 200–800 nm and its color change were 
recorded. The quantitative determination of Fe3+ was operated with 
different concentration ranges of 5–3000 μM. The change in intensity for 
the SPR band of PC-AgNPs was tracked, and the detectable linear range 
was established using a linear regression method. The proposed assay 
was further applied to determine Fe(III) in tap water for validation. Five 
tap water samples were filtered through Whatman filter paper No. 1 and 
supplemented with Fe(III) at concentrations of 15, 50, 120, and 210 μM. 
The Fe(III) amount in the testing samples was rechecked by the PC- 
AgNPs assay and atomic absorption spectroscopy method (iCE 3500, 
Thermo Scientific, Germany) for comparison. 

3. Results and discussion 

3.1. Optimizing synthesis conditions 

The effects of various operational parameters, including reaction 
time, temperature, and metal ion concentration, on the formation of 
nanoparticles were elucidated to establish optimal synthesis conditions. 
Fig. 1a shows the effect of reaction time studied in 15–75 min at a 
temperature of 90 ◦C and Ag + concentration of 2 mM. It can be observed 
that the AgNPs formation was very weak at 15 min, then increased 
intensively with increasing the reaction time from 30 to 75 min. It also 
recorded that the extension of reaction time up to 75 min resulted in a 
rapid aggregation of the formed nanoparticles, leading to an instability 
of the PC-AgNPs colloidal solution. Therefore, the optimum time for the 
PC-AgNPs synthesis was fixed to be 60 min. 

The experiments of the silver ion concentration effect were carried 
out with varying AgNO3 in a range of 0.5–2.5 mM at a temperature of 
90 ◦C and contact time of 60 min. As depicted in Fig. 1b, increasing the 
Ag+ concentration raised the intensity of the SPR peak around 420 nm, 
indicating the enhanced production of PC-AgNPs. The obtained ten
dency was attributed to the increased addition of silver ions which were 
directly converted to AgNPs by phytoconstituents of PC extract. A 
similar result also has been reported for the synthesis of metal nano
particles using Litsea cubeba fruit extract (Doan et al., 2020c). Besides, 
for the PC-AgNPs sample synthesized with 2.5 mM AgNO3, the 
agglomeration and sedimentation of colloidal particles were observed 
after one week due to high particle density, revealing the low stability of 
the solution. This was the reason to choose 2.0 mM as the suitable Ag+

concentration for the PC-AgNPs fabrication. 
The effect of temperature on the formation of PC-AgNPs was exam

ined in the temperature range from 70 to 100 ◦C at optimal reaction time 
of 60 min and optimal Ag + concentration of 2.0 mM. The results are 
presented in Fig. 1c. The conversion at 70 ◦C was relatively low but then 
double and quadruple with temperature rise to 80 and 90 ◦C, respec
tively. The augment in temperature provided more energy to the reac
tion, improving the conversion efficiency of Ag+ into AgNPs (Doan et al., 
2020a). However, the further temperature increment up to 100 ◦C did 
not significantly increase AgNPs formation, possibly because the con
version was saturated. Based on the obtained results, the optimal tem
perature was chosen as 90 ◦C. 

3.2. Characterization of biosynthesized PC-AgNPs 

The size and shape of the prepared colloidal AgNPs crystals were 
confirmed by TEM, as illustrated in Fig. 2a. The TEM image shows the 
well-separated particles in a spherical shape with an average crystal size 
of 20 nm. The FE-SEM analysis was further conducted to understand the 
morphology of the PC-AgNPs powder. No significant difference in the 
size and shape of the produced nanoparticles was detected between TEM 
and FE-SEM methods. The separate monodisperse spherical shape of PC- 
AgNPs was well maintained in the dry powder form (Fig. 2b). The 
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separate distribution of particles affirmed the crucial role of PC extract 
biomolecules in capping and stabilizing AgNPs (Kaithavelikkakath 
Francis et al., 2020). The chemical composition of PC-AgNPs was 
determined by the EDX survey. The EDX spectrum (Fig. 2c) gave strong 
peaks at 2.63, 2.98, 3.15 keV, which indicated the presence of silver 
metal. The characteristic peaks appearing at 0.28, 0.53, and 2.81 keV 
were assigned to C, O, and Cl, respectively. These elements were com
ponents of the organic layer surrounding the nanoparticles. The highest 
weight percent in the PC-AgNPs sample belonged to Ag with 60.17 %, 
followed by C (28.69 %), O (9.84 %) and Cl (1.83 %). Moreover, the 
distribution of the elements that make up PC-AgNPs was mapped and 
shown in Fig. 3d. The FE-SEM-EDX mapping results demonstrated the 
uniform distribution of the elements on the PC-AgNPs surface with a 
density consistent with their mass composition in the sample. 

The crystal structure nature of the synthesized samples was verified 
by the powder XRD measurement. It was found that the PC-AgNPs 
sample gave a typical XRD pattern for plant-mediated AgNPs, as re
ported in numerous studies (Doan et al., 2020a; Hashemi et al., 2020; 
Kumar et al., 2017; Le et al., 2021b). The XRD pattern (Fig. 3a) pre
sented four intensive diffraction peaks at 2Ɵ of 38.1◦ (111), 44.2◦ (200), 
64.3◦ (220), and 77.4◦ (311), which were characteristic for the 
face-centered cubic structure of AgNPs (ICDD PDF No 98-000-0398). 
The sharp and narrow diffraction peaks signified the highly crystalline 
nature of the prepared biogenic nanoparticles (Yu et al., 2019). More
over, the broad peak located around 2Ɵ of 24◦ indicated the presence of 
amorphous carbon from biomolecules covering the nanoparticles (Le 
et al., 2021c). 

The involvement of functional groups responsible for the reduction 
and stabilization of AgNPs was identified by FITR analysis. As displayed 
in Fig. 3b, the FTIR spectra of PC-extract and PC-AgNPs were quite 

similar, indicating that the formed AgNPs were successfully capped by 
the PC phytoconstituents. The spacious absorbance band at 3375 cm− 1 

was responsible for O–H stretching from hydroxyl groups of poly
saccharides and triterpenoids present in the PC extract (Wang et al., 
2020). As indicated in several studies, the hydroxyl groups play the main 
role in the reduction of Ag + to Ago, where they are oxidized to carbonyl 
groups (R–C––O) by the transfer of electrons to Ag+ ions (Behzad et al., 
2021; Kumar et al., 2017; Seku et al., 2018). The occurrence of two 
peaks at 2924 and 2854 was related to C–H asymmetric and symmetric 
stretching vibrations of –CH3 groups. The symmetrical and asymmet
rical stretch of C––C from aromatic rings could be found at 1658 and 
1556 cm− 1 (Yu et al., 2019). The band observed at 1735 cm− 1 was 
assigned to the C––O stretching vibration of carboxyl groups (V.-D. Doan 
et al., 2021a, b). The peaks centered at 1112 and 1035 cm− 1 were 
associated with the stretching modes of the C–O–C of polysaccharides 
(Nejatzadeh-Barandozi and Enferadi, 2012). The band present at 613 
cm− 1 was attributed to the C–H stretching of aromatic rings. 

The DLS measurements were further performed to determine the 
particle size distribution of PC-AgNPs, and the results are given in 
Fig. 3c. According to the DLS diagram, the diameters of PC-AgNPs varied 
from 30 to 320 nm, with an average value centered at 100 nm. The DLS 
size of PC-AgNPs was much larger than that obtained from the TEM 
image (Fig. 2a). The reason for this phenomenon is that the TEM analysis 
provided the size of bare AgNPs crystals, while the DLS technology 
measured the hydrodynamic diameter of PC-AgNPs, including the sol
vated ion and organic layers (Le et al., 2021b). 

The stability of AgNPs in solution is a key factor affecting its practical 
application and expiry date. Generally, the stability of biogenic AgNPs 
largely depends on their size, pH solution value, and an organic pro
tective layer. Empirically, it can be evaluated through the zeta potential 

Fig. 1. UV–Vis spectra of PC-AgNPs solutions at different synthesis time (a), silver ion concentration (b), and reaction temperature (c).  
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value; higher than +30 mV or lesser than − 30 mV is indicative of a 
stable dispersion (Malapermal et al., 2017). As defined in Fig. 3d, the 
zeta potential of PC-AgNPs in neutral conditions was calculated to be 
− 47.3 mV, which was significantly higher than that for biosynthesized 
AgNPs using banana peel extract (− 11 mV) (Kokila et al., 2015), car
boxymethylated gum kondagogu (− 18.7 mV) (Seku et al., 2018), and 
O. basilicum leaf extract (− 24.3 mV) (Malapermal et al., 2017). The high 
zeta potential value of PC-AgNPs indicated an excellent stable dispersion 
of the solution, which was ensured by strong electrostatic repulsions 
between the PC-AgNPs. The negative charge of PC-AgNPs could be 
attributed to negatively charged groups such as –OH and –COOH 
covering the particles. 

3.3. Catalytic properties 

The catalytic properties of the biogenic PC-AgNPs were tested for the 
4-NP reduction with NaBH4. This reaction has been considered as a 
“gold standard” for evaluating the catalytic activity of metal nano
particles like Ag, Au, and Pt (Le et al., 2021c). The catalytic mechanism 
for converting NPs to APs using AgNPs and NaBH4 reductants was well 
documented. The mechanism consists of three main stages. In the first 
stage, the adsorption of NPs on surface of AgNPs was occurred. The 
second stage begins with an electron transport between NPs and NaBH4 
and ends with the production of respective APs. Then, APs molecules 
will be released from the surface of AgNPs, the adsorption process of NPs 
will be resumed and the surface is ready for a new cycle of NPs reduction 
(Albukhari et al., 2019; Shimoga et al., 2020). In this study, the 
PC-AgNPs catalyst was used in small amounts to avoid the overlap of its 
SPR peak and the absorbance band of 4-nitrophenolate anions formed by 

treatment of 4-NP with NaBH4. The progress of the 4-NP reduction re
action with PC-AgNPs was described by the UV–Vis spectra, as shown in 
Fig. 4a. It was obtained that the 4-nitrophenolate peak at 400 nm 
virtually unchanged in the absence of PC-AgNPs, implying that the 
reduction reaction was unfavourable with NaHB4 alone. After the 
addition of PC-AgNPs, the intensity of the 4-nitrophenolate peak 
decreased rapidly, and the absorbance at 300 nm indexed to 4-AP 
increased with the reaction time, providing evidence for the successful 
conversion. The complete reduction was achieved quickly within 10 
min. 

For this kind of catalytic reaction, excess NaBH4 is used most often, 
so its kinetics can be described by the pseudo-first-order reaction (Eq. 
(1)). Accordingly, the reduction rate constant (k) can be calculated from 
the plot of –Ln (At/Ao) versus reaction time t. From Fig. 4b, it was evident 
that the time-dependent of the -Ln (At/Ao) plot was a linear relationship 
with the correlation coefficient R2 of 0.9814, confirming the pseudo- 
first-order kinetics of the reduction reaction. The rate constant for PC- 
AgNPs was calculated to be 0.466 min− 1. The comparison results dis
played in Table 1 indicated that PC-AgNPs exhibited catalytic activity 
comparable to or higher than that of other AgNPs-based catalysts. 

The long-term applicability of the developed catalyst was assessed 
through their reusability and structure stability. The reusability of PC- 
AgNPs was studied for five consecutive recycles and depicted in 
Fig. 4a. No significant change in conversion was noticed in repeated 
catalytic testes; the reduction efficiency of the catalyst for 4-NP only 
decreased by about 2.4 % after five recycles, demonstrating the high 
reusability of the material. The slight decrease in conversion perfor
mance can be related to the possible loss of the catalyst particles during 
collection and drying, as well as deterioration of active sites of the 

Fig. 2. TEM (a) and FE-SEM (b) images, EDX spectra (c), and element mapping (d) of PC-AgNPs.  
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catalyst due to adsorption of by-products. Furthermore, the structure of 
the reused catalyst was checked by the XRD technique. The check result 
(Fig. 4d) showed the same XRD pattern compared with that for the PC- 
AgNPs sample before use, revealing good structure stability of PC- 
AgNPs. Thus, the high reusability and stability of the produced cata
lyst can reduce treatment costs, thereby improving its practical 
applicability. 

3.4. Colorimetric detection of Fe(III) 

The biosynthesized PC-AgNPs were further applied for colorimetric 
detection of metal ions in an aqueous solution. The selectivity of the PC- 
AgNPs detection system was examined with various target metal ions, 
including Mn2+, Ni2+, Mg2+, Zn2+, Ca2+, Cu2+, and Fe3+. The change in 
intensity of the SPR band was tracked by UV–Vis spectroscopy, as shown 
in Fig. 5a. It was found that the addition of Mn2+, Ni2+, Mg2+, Zn2+, 
Ca2+, Cu2+ ions only caused a negligible decrease in the SPR band in
tensity, while the color of the PC-AgNPs solution was almost unchanged, 
suggesting the low sensitivity of the proposed assay for these ions (inset 
in Fig. 5a). Meanwhile, a significant decrease in the intensity of the SPR 
band and the color change of the solution from yellow to colorless were 
observed when Fe3+ ions were introduced. The results proved the high 
selectivity of PC-AgNPs towards Fe3+ ions. 

To explore the Fe3+ sensitivity of the developed sensor, Fe3+ ions 
with different concentrations in the range of 5–3000 μM were added to 
the PC-AgNPs solution, and the SPR band intensity was estimated. From 
Fig. 5b, the SPR band of PC-AgNPs showed a gradual intensity decrease 
and little shift to the direction of shorter wavelength with increasing 
Fe3+ concentration from 5 to 800 μM. This fact was probably due to the 
aggregation of AgNPs and the formation of chelates between Fe3+ ions 

and PC-AgNPs wrapped biomolecules (Annadhasan et al., 2014; Le et al., 
2021c). At concentrations of Fe3+ ≥ 1000 μM, the aggregation of AgNPs 
took place more intensively, as evidenced by the disappearance of the 
SPR band. The quantitative determination of Fe3+ was further estab
lished by finding the relationship between the SPR band intensity and 
Fe3+ ion concentration. Fig. 5c displays the relative sensitivity plot of 
(Ao – A)/Ao against Fe3+ concentrations ranging from 0 to 3000 μM, 
where Ao and A are the absorbance of PC-AgNPs SPR band at zero and 
relative Fe3+ concentrations, respectively (Ho et al., 2021). In the whole 
tested Fe3+ concentration range, the plot was expressed as an expo
nential model. However, the linear relationship for this detection can be 
found in the range of 5–250 μM and interpreted by the regression 
equation (Ao – A)/Ao = 1.62 × 10− 3 [Fe3+]+ 0.166 with a correlation 
coefficient of 0.9373, as depicted in the inset of Fig. 5c. The LOD of the 
testing system was determined according to the standard deviation 
method (Elgamouz et al., 2020) and was found to be 1.5 μM, which is 
lower than the maximum permissible level of Fe3+ (5.36 μM) in drinking 
water regulated by the World Health Organization (Issa et al., 2020). 
More significantly, compared to other recently developed methods for 
the Fe3+ detection (Table 2), the PC-AgNPs assay method provided a 
relatively lower LOD value in a wider linear detection range. This 
statement indicated the high sensitivity of the proposed method towards 
Fe3+ ions. 

The colorimetric sensing of metal ions using biogenic AgNPs gener
ally is based on the aggregation mechanism. The change in distance 
between the aggregated nanoparticles induces the signals of the 
displacement of the SPR peak and the solution color change, which can 
easily be monitored by UV–Vis spectrophotometry or even with the 
naked eye (Liu, 2020). In this study, the aggregation mechanism 
involving in the Fe3+ detection was elucidated by the TEM and zeta 

Fig. 3. XRD pattern (a), FTIR spectra (b), DLS diagram (c), and Zeta potential (d) of the PC-AgNPs sample.  
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potential analysis. It can be observed from Fig. 5d, the individual 
separated PC-AgNPs were agglomerated after incubating with 100 μM 
Fe3+ ions. In addition, the zeta potential of the PC-AgNPs-Fe3+ assay was 
measured to be − 8.7 mV, the absolute value of which was much lower 
than that of PC-AgNPs. This could be the cause of the aggregation of 
PC-AgNPs. The reduction in the absolute zeta potential value of the 
probe was related to the compensation of the negative charge of hy
droxyl and carboxyl groups on the PC-AgNPs surface by Fe3+ cations. 

For validating the applicability of the developed assay, the nano
composite probe was applied to detect Fe3+ in tap water. Different 
calculated amounts of Fe3+ (5, 50, 120, and 210 μM) were added to tap 
water samples, and its final concentrations were rechecked by the PC- 
AgNPs colorimetric sensor and AAS method. The analysis results are 
summarized in Table 3. As expected, the fabricated sensor gave high- 
precision measurement results with the recovery ranging from 98.6 % 
to 107.3 %. The detected Fe3+ concentrations were very close to those 
determined by the AAS technique, demonstrating that the synthesized 
PC-AgNPs can be used as a highly accurate colorimetric nanosensor for 
Fe3+ detection in water. 

4. Conclusions 

The synthesis of AgNPs using Poria cocos extract as reducing and 
capping agents was successfully performed. The main synthesis pa
rameters were optimized with a reaction time of 60 min, a temperature 
of 90 ◦C, and a silver ion concentration of 2.0 mM. The morphology 
study revealed that the biosynthesized PC-AgNPs exhibited a spherical 
shape with an average size of 20 nm. The XRD analysis confirmed the 
face-centered cubic structure of AgNPs. Meanwhile, the FTIR, EDX, and 
DLS measurements proved the existence of an organic layer capping the 
metallic nanoparticles, which played an essential role in stabilizing the 
fabricated metallic nanoparticles. The colloidal PC-AgNPs possessed a 
high negative zeta potential value (− 47.3 mV) and showed excellent 
stability in an aqueous solution. The prepared biogenic AgNPs expressed 
excellent catalytic activity and stability in the reduction reaction of 4-NP 
by NaBH4. The conversion of 4-NP to 4-AP was completed in 10 min 
with the pseudo-first-order rate constant of 0.466 min− 1. PC-AgNPs 
could be recycled five times without significant loss of catalytic per
formance. Additionally, the as-produced PC-AgNPs offered outstanding 
sensitivity and selectivity in the colorimetric detection of Fe3+ ions with 
LOD of 1.5 μM in a linear range of 0–250 μM. The overall results of the 
study demonstrated that PC-AgNPs have a great potential for further 
applications as an efficient catalyst for treating nitrophenols and as 
biosensors for the detection of Fe3+ ions in an aqueous solution. 
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Comparison of first-order kinetic constants for the 4-NP reduction by various 
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Catalyst Rate constant (min− 1) Ref. 

Codonopsis pilosula root-AgNPs 0.23 Doan et al. (2020a) 
Corn-cob-AgNPs 0.30 Doan et al. (2020b) 
AgNPs/Fe3O4@GO 0.304 (Doan et al., 2021a, b) 
Polystyrene based AgNPs 0.40 Huang et al. (2019) 
AgNPs/SBA-15 0.47 Manno et al. (2021) 
Fe3O4 loaded AgNPs 1.26 Alula et al. (2021) 
PC-AgNPs 0.466 This study  
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Fig. 5. UV–Vis spectra of PC-AgNPs solution in the presence of various metal ions (a) and with Fe(III) different concentrations (b), the plot of sensitivity versus 
relative Fe(III) concentrations (c), and TEM image of PC-AgNPs solution after incubating with 100 μM Fe(III) ions. 

Table 2 
Comparison of LOD and linear range of colorimetric detection of Fe(III) by different assays.  

Materials LOD (μM) Linear range (μM) Ref. 

AuNPs@lactose/alginate 0.8 2.0–80 Ho et al. (2021) 
PC-AgNPs 1.5 0–250 This study 
Starch-coated AgNPs 1.8 12.5–125 Vasileva et al. (2019) 
Bauhinia variegate-AgNPs 2.08 6–100 Uzunoğlu et al. (2020) 
Carbon dots 3.8 8.0–80 Chen et al. (2020) 
AuNPs conjugated with glycol chitosan 4.6 1.8–178 Kim et al. (2017) 
N-acetyl-L-cysteine- AgNPs 8.0 8.0–80 Gao et al. (2015)  

Table 3 
Quantification of Fe(III) in tap water samples using PC-AgNPs.  

Samples Spiked Fe(III) concentration (μM) Determined Fe(III) concentration (μM) Recovery (%) 

AAS This assay 

1 15 15.08 ± 0.53 16.17 ± 1.25 107.3 
2 50 51.13 ± 1.42 52.14 ± 0.84 104.2 
3 120 119.04 ± 2.14 118.34 ± 2.46 98.6 
5 210 207.96 ± 2.91 208.32 ± 3.18 99.5  
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