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Abstract
In an attempt to create wastewater treatment “green” techniques that are both economically feasible and sustainable without 
using any dangerous chemicals, barley grain (Hordeum vulgare L.) water extract was used to phyto-synthesize silver nano-
particles (Ag°). Barley grains served as a natural reductant and stabilizer at the same time. The role of different synthesis 
conditions and their effect on the efficiency of the green synthesis process were studied and confirmed with characterization 
using several techniques (UV–vis, SEM, EDX, sizing distribution, and FTIR). The Ag°9 formula catalytic reduction was 
inspected against p-nitrophenol (PNP) and methylene blue (MB) as a model of nitroaromatic components and dyes, respec-
tively. The removal studies were conducted using the target pollutants in a single or mixed liquid state. Remarkably, the Ag°9 
particle size was around 20 nm, and its final concentration in the current formula was 2.2 ×  10−7 mol  L−1. The adsorption 
mechanism of the PNP and MB was pseudo-second order. The good fit with the pseudo-second-order kinetic model suggests 
that chemisorption occurs in the sorption process. The formula catalytic activity to remove PNP and MB was 99 and 66% 
at levels 60 and 500 µL from the Ag°9 formula, respectively, within less than 5 min.

Keywords Green silver nanoparticles · Hordeum vulgare L. · Catalytic activity · Wastewater treatment · p-nitrophenol · 
Methylene blue

Introduction

The management of freshwater resources is one of the most 
urgent issues facing the globe today, as two-thirds of its pop-
ulation is predicted to experience moderate to severe water 
stress by 2025 (Zhang and Shen 2017). Moreover, Mashkoor 
et al. (2020) claim that industry, household consumption, 
and agriculture use nearly one-third of the world's renew-
able freshwater supply, and that most of these activities 
contaminate water with various man-made substances like 
pesticides, fertilizers, dyes, and heavy metals.

The US Environmental Protection Agency (US-EPA) has 
identified 129 organic compounds as potentially carcino-
genic pollutants, p-nitrophenol (PNP) being one of them. 
PNP is among the worst organic pollutants that come from 
agriculture and industrial processes. Because it dissolves 
easily in water, it is found in large quantities in soil, air, and 
industrial effluents (Rajegaonkar et al. 2018; Zhang et al. 
2022; Mansee et al. 2023). Also, methylene blue (MB) is 
a dye with several applications, such as aquaculture, anti-
malarial drugs, chemotherapy, and medicine. It is widely 
used in most industries that pollute our atmosphere. These 
compounds are generally stable to light, oxidizing agents 
and are resistant to aerobic digestion (Rajegaonkar et al. 
2018; Rahmi et al. 2019).

Many physical, chemical, and biological remediation 
techniques have been modified to achieve wastewater reuse 
in agriculture and industry safely and without endangering 
the environment (Mansee et al. 2023; Abdelgawad et al. 
2022; Khan et al. 2022; Mansee et al. 2020; Rahmi et al. 
2019). Among such techniques is nanotechnology, which has 
numerous uses in the environment, including remediation, 
monitoring, detection, and pollution prevention (Ganie et al. 
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2021). Metal nanoparticles have been synthesized using a 
variety of chemical, physical, and biological techniques; 
unfortunately, these methods are very expensive and may 
involve dangerous chemicals for synthesis.

Green synthesis is similar to chemical reduction, but 
in this method, expensive chemical reducing agents are 
replaced by different plant extracts for the synthesis of 
metal or metal oxide NPs (Chand et al. 2020). Behravan 
et al. (2019) and Iravani et al. (2011) clarified that the pri-
mary issues encountered are: nanoparticle aggregation, 
stability, control over crystal development, shape, size, and 
size distribution. It has been demonstrated that plants cre-
ate metal nanoparticles faster and more steadily than other 
creatures do. Plant extracts are also undoubtedly preferable 
to plant biomass or live plants when it comes to using a sim-
ple, safe, and green method for the industrial scale-up and 
manufacturing of well-dispersed metal nanoparticles. While 
chemical reduction and the green synthesis of nanoparticles 
are comparable processes, the latter uses extracts of certain 
natural bio-products in place of the former (Khaturia et al. 
2020).

Haldar et al. (2022) concluded that the biosynthesis 
method depends on the presence of phytochemicals like 
alkaloids, phenols, citric acid, polyphenols, terpenes, ascor-
bic acid, flavonoids, and other components in certain plant 
parts (stems, roots, buds, leaves, seeds, and rhizomes), which 
play a crucial role in being reducing agents. Also, Abada 
et al. (2023) added that plant extracts are able to provide 
several phytochemicals like proteins, amino acids, carbohy-
drates, saponins, flavonoids, chromones, steroids, saturated 
and unsaturated fatty acids, terpenoids, and phytol that have 
a great influence on physical and organic chemical funda-
mentals, which play an essential role in improving reduction 
size, rate, and stabilization.

In this context, the study delves into synthesizing silver 
NPs using barley grains. The most important thing about 
barley grains is that they contain antioxidant components 
such as 2″(3″)-o-glycosylisovitexin. Barley grains are read-
ily available on a large scale, making them a cost-effective 
resource for nanoparticle production. Their abundance 
ensures a consistent and reliable supply, reducing depend-
ency on fluctuating market conditions or seasonal variations. 
Moreover, the cultivation of barley is relatively sustainable, 
requiring minimal inputs such as water and fertilizers com-
pared to other crops, thus aligning with eco-friendly prac-
tices (Singh et al. 2024; Duh et al. 2001; Din et al. 2020).

Recently, silver nanoparticles (AgNPs) have greatly 
focused the researcher’s attention because of their impor-
tant application as antimicrobial, catalytic, textile fabrics, 
and plastics to eliminate microorganisms (Fouad et  al. 
2019; Kalpana et al. 2019). As mention by Rajegaonkar 
et al. (2018), green silver nanoparticles (AgNPs) are one 
type of metal nanoparticle that is being extensively studied. 

They further state that AgNPs use the electron relay effect 
between donor and acceptor molecules to function as a 
redox catalyst in the degradation of organic contaminants. 
Karki et al. (2018) and Liao et al. (2019a) reported that 
green silver nanoparticles (AgNPs) are one type of noble 
metal nanoparticle that is being extensively studied. They 
further state that AgNPs have advantages over other noble 
nanoparticles in the catalytic reduction of water pollutants, 
and it was classified as an attractive and ideal catalyst mate-
rial. Also, they summarized the most important advantages 
of AgNPs in the following points: (1) The catalytic activ-
ity of AgNPs is easily tuned using the particle size, shape, 
and temperature; (2) AgNPs catalysts are active under mild 
conditions or even ambient temperature, and (3) AgNPs 
catalysts are particularly suitable for practical applications 
due to their relatively low prices, generally less than 1/50 
of that of Au or Pt and about 1/25 of that of Pd; and (4) 
AgNPs catalysts are endowed with high application value 
owing to their relatively low toxicity. They also added that 
Ag-based nanocomposites are also outstanding catalysts for 
many catalytic reduction reactions, such as aqueous phase 
organic pollutants’ reduction, nitrogen oxide (NOx) reduc-
tion, and acetylene reduction, due to their relatively low cost 
and high catalytic activity.

Although 4-nitrophenol (4-NP) is a highly toxic com-
pound (Bilal et al. 2021), its reduction product, 4-aminophe-
nol (4-AP), is considered less toxic and has many beneficial 
uses, including corrosion inhibition, anticorrosion lubrica-
tion, drying agents, and photographic development (Saran 
et al. 2018). Therefore, one of the most important objectives 
of this study was to present an environmentally friendly, 
economical, and simple model that has the ability to reduce 
4-NP to 4-AP. According to Liao et al. (2019b), the most 
commonly used but highly efficient strategy for the catalytic 
reduction of 4-NP to 4-AP is effectively utilizing metal NPs. 
Among these metal NPs catalysts, AgNPs have been widely 
used as one of the most effective catalysts. The expected 
reaction pathway for the catalytic reduction of 4-NP to 4-AP 
through Ag-based NPs catalysts with  NaBH4 can be sum-
marized as follows:  NaBH4 is first converted to B(OH)4− and 
active hydrogen species via hydrolysis reactions. The gener-
ated active hydrogen species and 4-NP are then adsorbed on 
AgNPs surface. Next, the active hydrogen species adsorbed 
on the surface of AgNPs. Next, the active hydrogen species 
adsorbed on AgNPs surface will further react with 4-NP to 
produce 4-AP. Notably, all reduction reactions are carried 
out on the surface of Ag NPs with an adsorption–desorption 
equilibrium.

Liao et al. (2016) studied the catalytic activities of poly-
styrene-methyl acrylic acid/silver (PSMAA/Ag) nanocom-
posite. They found that PSMAA/Ag nanocomposite exhibits 
high catalytic activity for the reduction of 4-nitrophenol to 
4-aminophenol. Liu et al. (2023a) synthesized small-sized 



Applied Water Science (2024) 14:205 Page 3 of 14 205

silver (Ag) nanoparticles (NPs) on sepia eumelanin (SE) and 
artificial allomelanin (AMNP) and used it to remove PNP 
and MB. Zhu et al. (2023) prepared  ZnFe2O4 (ZFO) with 
Ag-doping. They found that the prepared  MoS2/Ag-ZFO (T) 
has excellent photocatalytic performance under real environ-
ment water. Liu et al. (2023b) used ultrafine Ag nanoparti-
cles (average size of approximately 4.37 nm) decorated on 
the surface of pure silicon zeolite nanoparticles (PSZN) as a 
low-cost and environmentally friendly in situ reduction strat-
egy. The prepared Ag/PSZN nanocomposites showed ultra-
high catalytic activity for the reduction of 4-nitrophenol and 
methylene blue. Moreover, it showed outstanding recyclabil-
ity of 93% and 86% removal of 4-NP and MB, respectively, 
after 10 cycle reactions, and stability after 300 days of stor-
age at room temperature. Ouyang et al. (2024) introduced 
an efficient catalyst, composed of silver-decorated polydo-
pamine coatings on pure silicon zeolite (PSZN/PDA/Ag), 
capable of removing methylene blue (MB) and 4-nitrophenol 
(4-NP) in water effectively. Chand et al. (2020) used extracts 
of different plants (onion, tomato, and acacia catechu alone) 
to create silver nanoparticles in an environmentally friendly 
manner, and they used the produced AgNPs as catalysts to 
remove methyl orange, methyl red, and Congo red. Another 
study looked at how silver nanoparticles made via microbio-
logic synthesis catalytically reduced p-nitrophenol (PNP) 
and methylene blue (MB), and they came to the conclusion 
that extracellular AgNPs displayed outstanding catalytic 
activity for the reduction of PNP and MB (Rajegaonkar et al. 
2018). The current study aimed to develop a safe, economi-
cal, efficient, and environmentally friendly synthetized Ag° 
formula by using the water extract of barley grain  (BGex.) 
as a naturally reducing, stabilizing, and capping agent for 
nanosilver green synthesis. Also, find the ideal operating 
parameters for eliminating PNP and MB from artificially 
contaminated water.

Material and methods

Green synthesis process

Extracting the reducing agent from barley grains  (BGex)

Fresh barley grains were obtained from the local grain market 
to extract the reducing and capping agents without solvents. 

The water extraction process was conducted according to 
Duh et al. (2001) and Chand et al. (2020) with some modifi-
cations. The collected grains were thoroughly washed with 
distilled water, followed by deionized water, to remove dust 
particles. Then, a series of barley extract concentrations (10, 
20, and 30%, w/v) was prepared by boiling the grains with 
deionized water at 80 °C for 20 min (Table 1). Finally, the 
solution was let for coaling and then filtered.

Phyto‑synthesis of silver nanoparticles (Ag°)

The Ag° phyto-synthesis process was carried out according 
to Shimoga et al. (2020a, 2020b). In this section, different 
operating factors were studied in order to optimize the reduc-
tion of  Ag++ to Ag° using the previously prepared barley 
water extract, as illustrated in Table 1. These factors were: 
 AgNO3/BGex. ratios (1:1, 1:2, and 1:3), level of  BGex pH 
(natural and 12), concentration of  BGex (10, 20, and 30%), 
and  AgNO3 final concentration (2 and 4 mM). Generally, 
all the phytosynthesis steps were carried out using deion-
ized water under the following conditions: shaking at 90 °C 
for 20 min in a dark environment. Visual observation of the 
solution's color change from yellow to brownish-yellow to 
deep brown was the primary method used to monitor the 
reduction process. The produced Ag° particles were scanned 
by UV–visible Spectrophotometer Alpha 1502 (Laxco, Inc., 
Bothell, WA 98021, USA) at an interval of 50 nm between 
250 and 750 nm to confirm the reduction process. From the 
UV–vis spectrum data, the Ag°9 formula was selected for 
further investigation without any purification process.

Characterization of the Ag°9 formula

Standard methods for studying nanomaterials were used 
to recognize the main characteristic of the Ag°9 formula 
(Chand et al. 2020). The surface morphology and element 
contents of the Ag°9 formula were examined using scanning 
electron microscopy (SEM) in combination with an energy-
dispersive X-ray (EDX, MODEL JSM-IT200). The chemi-
cal constituents responsible for the reduction of silver ions 
and the capping agent of silver nanoparticles were studied 
using FTIR spectroscopy. A small amount of Ag°9 formula 
was crushed with KBr powder, and the FTIR analysis was 
measured in the 4000–500  cm−1 region using a PerkinElmer 
spectrum analyzer. The Malvern Zeta Sizer was utilized to 

Table 1  Summary of the 
optimal green synthesis 
conditions

Phyto-synthesis parameter Ag°1 Ag°2 Ag°3 Ag°4 Ag°5 Ag°6 Ag°7 Ag°8 Ag°9

Extract pre-concentration (%) 10 10 10 10 10 10 10 20 30
pH level 7 7 7 12 12 12 12 12 12
AgNO3: extract ratio (v:v) 1:1 1:2 1:3 1:1 1:2 1:3 1:3 1:3 1:3
AgNO3 final concentration (mM) 2 2 2 2 2 2 4 4 4
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examine the size and dispersion of nanoparticles in aqueous 
media at a temperature of 25 °C.

Investigation of the optimum operating conditions 
through batch sorption experiments

A series of batch experiments (Ag°9 dose, contact time, and 
the initial concentration) of different target pollutants were 
conducted to evaluate the catalytic potential of the Ag°9 
formula for removing p-nitrophenol (PNP), methylene blue 
(MB), and their mixture from synthetically contaminated 
water.

The pH point of zero charge  (pHpzc)

pHpzc for the Ag°9 formula was determined according to 
Singh et al. (2023). Two milliliters of the Ag°9 formula were 
added to 20 ml of 0.1 mM NaCl with a pre-adjusted pH 
range of 2 to 11 using 0.1 M NaOH or HCl. After 24 h of 
shaking, the final pH values were measured. Plotting the 
difference between the initial and final pH values versus the 
initial pH values was done. As shown in Fig. 3, the  pHpzc 
was determined from the pH axis intersection point.

Sorbent dose

To study the impact of Ag°9 dosage on the removal of PNP, 
MB, and their mixture, various sorbent doses of 20, 40, 60, 
120, 240, and 500 µl  mL−1 were tested at normal pH and 
room temperature.

For each case, a water solution of the 100  µg   mL−1 
tested pollutants was scanned at its specific λmax (PNP, 
365–500 nm; MB, 550–700 nm; and PNP-MB mixture, 
365–700 nm) using a UV–vis spectrophotometer; the con-
trol sample was distilled water. In the case of PNP samples, 
300 µl  mL−1 of  NaBH4 (0.5 mM) was added. Then, various 
Ag°9 doses (20, 40, 60, 120, 240, and 500 µl  mL−1) were 
added to the previous samples. After 60 min of shaking, the 
reaction progress was recorded using a UV–visible spec-
trophotometer, and then, the removal efficiency (R, %) was 
calculated as mentioned in Eq. 1. (Albukharia et al. 2019).

where Ci and Ct are the initial and final concentrations of the 
target pollutant (µg  mL−1), respectively.

Initial concentration and sorption kinetics

The influences of contact time (5 to 240 min) and the initial 
concentration of the target pollutant on the Ag°9 sorption 
capacity were examined using different initial concentrations 

(1)R(%) =
Ci − Ct

Ci

× 100

of PNP (2–500 µg  ml−1) and MB (10–100 µg  ml−1) while 
conserving other experimental conditions as illustrated in 
the sorbent dose section. The removal efficiency (R, %) and 
amount of sorbed pollutant (qe, mg  g−1) were monitored 
using a UV–visible spectrophotometer and calculated as 
mentioned in Eqs. 1 and 2, respectively (Mansee et al. 2023).

where qe is the amount of sorbed pollutant per gram of Ag°, 
V refers to the volume of solution,, C0 and Ce are the initial 
and final pollutant concentrations, and m is the weight of 
Ag°.

PNP‑MB mixture

In this section, an artificially contaminated water sample 
contains a mixture of PNP-MB at 100 µg  mL−1 for each of 
them and 300 µl  mL−1 of  NaBH4 (0.5 mM) was prepared. 
The samples were scanned (365 to 700 nm) before and after 
5 min of incubation with 500 µg  mL−1 Ag°9, and the effect 
of temperatures (5 to 45 °C) was also studied. The removal 
percentage was calculated using the previously mentioned 
in Eq. 1. Also, FTIR analysis was carried out on Ag°9 after 
the sorption process to test the effect of interaction between 
the PNP-MB mixture and Ag°9 on the functional groups, as 
mentioned in the characterization section.

Results and discussion

Spectroscopic measurements of green synthetic Ag°

To investigate the formation and stabilization of the green 
synthesized Ag°, UV–vis spectroscopy was utilized accord-
ing to Chand et al 2020. As shown in Table 1, nine Ag° 
colloidal solutions were synthesized under different oper-
ating parameters. Visual inspection and the surface plas-
mon resonance data from the spectroscopic scan in Fig. 1a 
were used to assess the synthesized Ag° formulae. As per 
earlier research, the excitation of Ag° surface plasmon res-
onance, which signifies the decrease and uniform disper-
sion of spherical Ag° particles, is responsible for the color 
changes observed in Ag° colloidal solutions (Shimoga et al. 
2020a, 2020b; Chartarrayawadee et al. 2020). The results 
of this study indicate that all Ag° colloidal solutions exhibit 
absorption peaks in the 400–450 nm range, confirming the 
effectiveness of the green synthesis method (Chand et al. 
2020; Gopinath et al. 2017). Thus, the Ag°9 formula has the 
sharpest plasmon and more density compared to the other 
formulas. Hence, the Ag°9 formula was the promised one 

(2)qe =
V
(

C
0
− Ce

)

m
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and was chosen to complete further studies for its well-band 
development and absorbance intensity.

The potential functional groups in the biomolecules found 
in the plant extract that could be responsible for the reduc-
tion of  Ag++ into Ag° were identified using FTIR analysis. 
Figure 1b represents the FTIR spectra of both  BGex. alone 
and the green synthesized Ag°9. According to Chartar-
rayawadee et al. (2020), the high similarity between the 
FTIR data for the plant extract  (BGex.) and its green nanofor-
mula (Ag°9) indicated that both tested samples had the same 

function groups, with a noticeable change in peak intensi-
ties and some shifting in their positions. Chand et al 2020 
reported that the intense and wide peak at 3500–3200  cm−1 
denotes the N–H, O–H, and H-bonded stretching vibrations 
of amide, amide groups, phenols, and alcohols, respec-
tively. The bands appearing in the range of 1700–1600 and 
1300–1000  cm−1 denote the C=O and C–O stretching vibra-
tions, respectively. These biomolecules might be acting as 
reducing and stabilizing agents. On the other hand, Sharma 
et al. (2017) and Kalpana et al. (2019) concluded that the 
band appearing in the ranges of 1700–1600  cm−1 in the 
spectrum indicates the formation of Ag° and is capped with 
different biomolecules.

Scanning electron microscopy 
(SEM))‑energy‑dispersive X‑ray spectrometer (EDX)

The surface morphology of the Ag°9 formula was observed 
using SEM at a magnification of 35,000 and a scale of 
500 nm, Fig. 2a. The SEM image observed that the mor-
phology of the Ag° 9 formula is near to being spherical in 
shape, and its particle sizes ranged from 5 to 24 nm. Accord-
ing to the EDX result, the green synthesized Ag°9 produced 
a strong signal at 3 keV, which confirmed the existence of 
Ag metal, Fig. 2b. The percentages of the elements in the 
Ag°9 were 22.28% C, 3.54% N, 31.98% O, 7.48% Na, 7.5% 
Cl, 6.49% K, and 15.73% Ag. Albukhari et al. (2019) syn-
thesized silver nanoparticles (AgNP) using Duranta erecta 
leaf extract as a reducing agent. In the EDX profile, they 
observed a peak for silver at 3 keV, which confirmed AgNPs 
formation. Also, they reported that the other peaks observed 
were from plant-based capping agents.

Particle size distribution

For the particle size distribution, it can be observed that 
the Ag°9 colloidal solution has three peaks (Fig. 2c). Based 
on the intensity, about 70% of the particles in the current 
colloidal solution represent the small size of nanoparticles 
(27 nm), 18.8% represent the large size of Ag° (243 nm), and 
10.3% of the particles represent the micro-size (5417 nm). 
Chartarrayawadee et  al. (2020) used Lysimachia Foe-
numgraecum extract for silver nanoparticle green synthesis. 
When they studied the particle size distribution, they found 
that the nanoparticles' colloidal solution showed three dif-
ferent mean particle sizes presented as three picks. They 
concluded that these picks, due to nanoparticles, are capped 
by surfactants found in phytochemicals in the plant extract. 
Also, the mean particle should be the hydrodynamic diam-
eters of AgNPs coated with phytochemicals (hydrodynamic 
radius), because phytochemical coatings on AgNPs are 
resulting in substantial changes in the hydrodynamic radius. 
This result suggests that the phytochemicals found in the 

Fig. 1  Green synthesized silver nanoparticles spectroscopic measure-
ments: a UV–vis spectra of nine Ag° formulas reduced by Hordeum 
vulgare L. water extract, b FTIR of  BGex. and the Ag°9 formula
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Fig. 2  Scanning electron 
microscopy image (a), EDX 
image (b), and sizing distribu-
tion (c) of green synthesized 
Ag°9 formula
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plant extract are capped on AgNPs. They added that the 
third peak might be the size of the self-assembled surfactant 
aggregates or surfactant micelles that existed at high concen-
trations of the plant extract. The Ag° final concentration in 
the current formula was calculated theoretically according 
to Attatsi and Nsiah (2020) and the result illustrated that 
one litter of the Ag°9 formula contained 2.2 ×  10−7 mol Ag°.

Catalytic application

In order to assess the effectiveness of the present Ag°9 for-
mula in remediating artificially contaminated water that con-
tains PNP, MB, or their combination, serial batch experi-
ments were carried out in this section.

pH point of zero charge  (pHpzc)

The degree of adsorbent surface ionization is expressed by 
this parameter (pHpzc). When the adsorbent surface is posi-
tively charged, it attracts anions at pH values below  pHpzc, 
while when it is negatively charged, it attracts cations at pH 
values above the pHpzc point (Singh et al. 2023; Azeez et al. 
2018). For the current results, the pH of the Ag°9 formula 
was 11 and its  pHpzc was 9.25 (Fig. 3) which was fairly basic 
and able to adsorb cations. Also, the pH of all studied syn-
thetically contaminated water was in a basic range, which 
was suitable to adsorb cations such as PNP (Bilal et al. 2021) 
and MB (Khan et al. 2022).

Adsorbent dose

The effects of the Ag°9 formula (20 to 500 µl   mL−1) on 
removing PNP, MB, or their mixtures in water samples 
that were intentionally contaminated were assessed. From 
Fig. 4a, it was observed that 100% of the PNP was removed 
from the tested sample due to the addition of 60 μl of Ag°9 
formula, while 76% of the MB was removed using a higher 

dosage of Agº9 (500 μl  mL−1). The power of the current 
green formula was evident in these results, even in minute 
quantities. While, in the case of the PNP-MB mixture, the 
removal percentages decreased as compared to the individ-
ual of each target (PNP or MB), Fig. 4b. Generally, the data 
shown in Fig. 4a, b illustrate that Agº9 has a higher ability 
to remove PNP than MB. It might be due to the chemical 
and physical properties of MB. Hence, Khan et al. (2022) 
cited that the MB is highly water-soluble and thus forms a 
stable solution with water at room temperature and is posi-
tively charged. These properties confirm the high stability 
and protection of MB from degradation, illustrating the need 
for a higher dose of Ag°9 than that of PNP.

Contact time and sorption mechanism

Depending on the results obtained from the section of adsor-
bent dose, the Ag°9 dosages of 60 and 500 μl  mL−1 were 
selected to evaluate the role of contact time (5:240 min) on 

Fig. 3  pH point of zero charge 
of the Ag°9 formula

Fig. 4  Effect of Ag°9 doses on the removal efficiency (%) of PNP 
and MB separately (a), and PNP-MB mixture (b) from artificially 
contaminated water (Ag°9 dose ranged from 20 to 500  μl  mL−1, 
PNB, MB, and PNP-MB concentration = 100  μg  mL−1, reaction 
time = 60 min, the yellow bares refer to PNP removal %, while blue 
bares refer to MB removal %)
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the removal of 100 μg  ml−1 PNP and MB, respectively, from 
an artificially contaminated water sample. The recorded 
data represented a fast removal of either PNP or MB in 
less than 5 min. As a result of adding the Ag°9 formula 
to the target contaminated samples, the solution optical 
density at 400 nm for PNP (Fig. 5a) and 665 nm for MB 
(Fig. 5b) decreased sharply in less than 5 min of incubation. 
Meanwhile, new peaks appeared at 450 and 600 nm, and 
the increase in its optical density was parallel to the reduc-
tion observed in the intensity of the mean PNP and MB 
peaks, respectively. Thus, it can be observed that the tested 
green formula (Ag°9) was able to remove 100 µg  ml−1 PNP 
and MB from artificially contaminated water in less than 
5 min of incubation. Therefore, a contact time of 5 min was 

selected for additional investigations. A similar observation 
was made by Rajegaonkar et al. (2018) when they investi-
gated the catalytic reduction of PNP and MB by microbio-
logically produced silver nanoparticles and found that the 
microbiologically produced silver nanoparticles could rap-
idly reduce PNP. Additionally, they saw a discernible drop 
in MB absorbance during the course of the incubation time.

To understand the adsorption mechanisms of the target pol-
lutants (PNP or MB) using the Ag°9 formula, the adsorption 
mechanisms were investigated by applying various kinetic 
models, including pseudo-first order, pseudo-second order, 
power fraction, and Elovich (Table 2). According to the deter-
mination of coefficient values (R2) of the tested adsorption 
kinetic models, the pseudo-second-order model recorded the 

Fig. 5  UV–Vis spectra of PNP (a), MB (b) before and after treated 
with Ag°9, pseudo-second-order kinetic model for PNP (c) and 
MB(d) reduced by Ag°9 formula (contact times = 5 to 240 min, pol-

lutant concentration = 100 μg  mL−1, Ag°9 dosages = 60 μl  mL−1 for 
PNP samples, Ag°9 dosages = 500 μl  mL−1 for MB samples)
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highest R2 values (1.00) for both pollutants in Table 1 and 
Fig. 5a, b. Whereas, the lowest R2 values were observed for 
the power fraction and Elovich models, and there is no sig-
nificant difference between both models for each pollutant, 
which represent the same values of 0.22 for PNP and 0.93 MB. 
The determination coefficient value of the pseudo-first-order 
model was ineffective in describing the adsorption process 
of the PNP, while the MB showed a relatively close value to 
unit (Table 2). The wellness of total PNP and MB sorption in 
the pseudo-second-order model suggests that the rate-limiting 
step in the sorption of PNP and MB onto the Ag°9 formula 
is the chemical sorption that is affected by the active sites of 
the adsorbent at ambient temperature (Mansee et al. 2023). 
This model considers that a quick reaction reaches equi-
librium quickly in the beginning, followed by a slow reac-
tion that can continue for extended periods. Adebayo et al. 
(2021) and Duman et al. (2020) studied the removal of MB 
by agar/κ-carrageenan hydrogel. Mansee et al. (2023) stud-
ied the removal of PNP using activated biochar. They found 
that pseudo-second order is the most suitable kinetic models 
for MB and PNP by agar/κ-carrageenan hydrogel and by acti-
vated biochar, respectively. qe and qt = the sorption capacities 
(mg  g−1) at equilibrium and contact time (t, min), respec-
tively; k1  (min−1) = the constant extent of the pseudo-first; k2 
(g  mg−1  min−1) = the constant of pseudo-second-order sorp-
tion models and k2  qe2 (min) is the initial sorption rate mg 
 g−1  min−1; a = constant (mg  g−1); b = the rate constant  (min−1) 
of the power fraction model; α = the initial sorption rate (mg 
 g−1  min−1); β = constant of the Elovich model (g  mg−1).

Efficiency of Ag°9 for removing different 
concentrations of targeted pollutants

For PNP samples, the results showed increases in the sorbed 
amount of PNP per unit mass of Ag°9 with increasing the 
initial concentration of PNP (Fig. 6a). It may be due to 

the escalation in the mass driving force that permits more 
PNP molecules to pass from the solution to the surface of 
the adsorbent (Hamadeen et al. 2021). It can be concluded 
that 60 µL of Ag°9 formula was able to remove 99% of 

Table 2  Kinetic models 
parameters for PNP and MB 
sorption by the Ag°9 formula

Kinetic parameters Ag°9 formula

PNP MB

Pseudo-first order ln
(

qe − qt
)

= ln qe − k
1
t qe (mg  g−1) 55.601 7.020

K1  (min−1) 0.0107 − 0.014
R2 0.4585 0.9884

Pseudo-second order t∕qt =
1

k
2
q2
e

+
1

qet
qe (mg  g−1) 20,000 128.21

K2 (g  mg−1  min−1) − 9*10–6 0.01
R2 1.000 1.000

Power fraction ln qt = ln a + b ln t a (mg  g−1) 20,341.13 117.92
b  (min−1) − 0.0012 0.0149
R2 0.2173 0.9299

Elovich qt = � ln (��) + � ln t β (g  mg−1) − 24.14 1.8588
R2 0.2166 0.9283

Fig. 6  Removal percentage of target pollutants by the Ag°9 formula 
after 5 min of incubation [a PNP concentrations = 2 to 500 µg  ml−1, 
Ag°9 dose = 60  µl   ml−1, contact time = 5  min., and b MB concen-
trations = 10 to 100  µg   ml−1, Ag°9 dose = 500  µl  ml.−1, contact 
time = 5 min]
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500 µg  ml−1 of PNP within the first 5 min. These results were 
confirmed by Devi and Ahmaruzzaman (2018) when they 
used green nanosilver for PNP reduction, and they found 
that 98.3% of the PNP was removed within 11 min. Also, 
Shimoga et al. (2020a, b) report that the silver nanoparticles 
have a beneficial and catalytic ability to degrade and redact 
PNP in the presence of aqueous sodium borohydride.

For MB samples, the results clarify that 500 µL Ag°9 
was able to remove 68% of MB after 5 min of incubation 
(Fig. 6b). The same behavior was observed in the case of 
MB. This finding was agreement with Wang et al. (2018) 
when they studied the effect of initial MB concentration on 
the hydrogel beads of poly (vinyl alcohol) -sodium alginate- 
chitosan-montmorillonite removal efficiency. Therefore, it 
can be clarified that the present green nano formula (Ag°9) 
demonstrates superior performance in removing PNP more 
than those for MB.

The powerful Ag°9 formula for remediating PNP‑MB 
mixture from artificially contaminated water

The efficiency of the current catalytic model was tested 
against a mixture of PNP-MB at different temperatures (5, 
25, and 45 °C). When the reaction temperature increased 
to 45 °C, a slight increase in the removal percentage was 
observed (Fig. 7a). When the temperature decreased to 5 °C, 
the removal percentage decreased to 83 and 45% for PNP 
and MB, respectively. This finding was confirmed by Soni 
et al. (2018). When they studied the effect of temperature 
on MB removal, they concluded that as the temperature is 
increased, there is a decrease in the viscosity of the dye 
solution due to an increase in the rate of diffusion of the 
dye molecules across the external boundary layer. Figure 7b 
illustrates the UV spectra of the PNP-MB mixture before 
and after adding Ag°9. It was noticed two peaks at 400 and 
665 nm, representing the presence of PNP and MB, respec-
tively. Moreover, the optical densities of the PNP and MB 
were similar to their intensities in their single solution. At 
room temperature, a fast decline in those two peaks of inten-
sity was achieved immediately by adding Ag°9, resulting in 
a 92% reduction in the case of PNP and a 55% reduction for 
MB after 5 min of treatment. Here, in this reaction, the Ag°9 
shows outstanding activity, and reduction from either PNP 
or MB, respectively, was completed in 5 min. FTIR analysis 
was also used to study the effect of the interaction between 
the PNP-MB mixture and Ag°9 on the functional groups. 
The main functional groups of Ag°9 before and after use 
in mixture treatment of artificially contaminated water are 
illustrated in Fig. 7c. The FTIR spectrum of the Ag°9 for-
mula before the adsorption shows different peaks at 3412.3, 
2090, 1644.4, 1364.8, 1156.2, 1080.4, and 1023.5  cm−1, 
while in the case of the Ag°9 formula after the adsorption 
process the peaks formed at 3412.3, 2085.2, 1639.7, 1151.5 

and 1018.8  cm−1. It was clarified that some of these func-
tional groups shifted after the adsorption process, indicating 
a surface complex and electrostatic attraction with target 
pollutants. According to Mansee et al 2023, the formation 
of new absorption bands could be explained as follows: the 
change in the absorption intensity, and the wave number 
shift of the functional groups could result from the interac-
tion of the sorbed component (PNP and MB) with the active 
sites of the sorbents (Ag°9). Also, Liu et al. (2022) reported 
that the rate of adsorption or removal may be related to 
different factors, such as the activated site's electrostatic 
attraction with charged molecular groups or complexation 
mechanism. Thus, in this investigation, the complexation 
mechanism explains the removal of pollutants through a 
mixture efficiency interaction.

A comparative account of PNP and MB adsorption 
by Ag° 9 with other sorbents

The present product Ag°9 as a sorbent material capacity 
was compared with different previous sorbents for remov-
ing PNP and MB (Fig. 8a, b) from contaminated water. The 
data reported in recent literature (2019–2023), (El Ouardi 
et al. 2019; Albukharia et al. 2019; Priyadarshini et al. 2021; 
Zhang et al. 2022; Erdem and Çetinkaya 2022; Mansee et al. 
2023; Dao and Le Luu 2020; Bansal et al. 2021; Munir et al. 
2020; Bayomie et al. 2020; Ullah et al. 2022; Zein et al. 
2023) were compared on an equal basis using sorbent dose 
and the percentage of target pollutant removal with those 
of Ag°9. It is quite apparent that the green Ag°9 formula 
is able to achieve the same rate of removal by using trace 
doses (2*10–6 and 1*10–5 g  L−1 for removing PNP and MB, 
respectively). Thus, it is clear and obvious that the Ag°9 
formula has shown promise and great potential as a green, 
low-cost sorbent for effective removal of p-nitrophenol and 
methylene blue from contaminated wastewater.

Conclusions

Green silver nanostructured materials are considered to be 
the most promising catalysts for  NaBH4-assisted PNP and 
MB reduction because of their unique advantages, such as 
the tunable shape and size of Ag NPs, high catalytic activ-
ity and stability, easy preparation, relatively low cost and 
toxicity, and environmental benignity. The present study's 
outcomes demonstrated the effectiveness of nanosilver 
green synthesis using Hordeum vulgare L. water extract 
in addition to its efficiency in remediating high concentra-
tions of the PNP, MB, and PNP-MB mixtures of artificially 
contaminated water. To the best of our knowledge, this 
is one of the first reports of using Hordeum vulgare L. 
for the green synthesis of nanosilver without using any 
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solvents. Moreover, their application for remediating arti-
ficially contaminated water with PNP and MB, either in 
a single or mixed case, is also shown as a new investi-
gation. The spectroscopic measurements confirmed the 
presence of Ag° at a mean size of 27 nm. The Ag°9 for-
mula achieved simultaneous and maximum elimination by 
using 60 µl/ml for PNP and 500 µl/ml for either MB or 
PNP-MB mixture during the first minute of incubation. 

Also, the current formula provided fast removal of target 
pollutants higher than 92 and 55% for PNP and MB in 
mixed cases within 5 min, respectively. The adsorption 
of the PNP and MB by the current formula was fitted to 
pseudo-second-order model. Therefore, this study provides 
an eco-friendly method for synthesizing Ag°, which can 
be used in the effluent treatment of different types of toxic 
organic pollutants.

Fig. 7  UV–vis spectra of artifi-
cially contaminated water con-
taining a mixture of PNP-MB 
before and after treatment with 
Ag°9 (a), effect of temperature 
on the removal percentage 
(b), and FTIR spectra of the 
Ag°9 formula before and after 
the remediation process (c) 
(PNP-MB = 100 µg  ml−1, Ag°9 
dose = 500 µl  ml−1, and contact 
time = 5 min)
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