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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• AgNPs, Ag/CuNPs and CuNPs were used 
for adsorption of CR and tested against 
the pathogenic microorganisms. 

• Catalytic and sonocatalytic activities of 
nanoparticles for hydrogen evolution 
were investigated. 

• Reusability and hot filtration tests were 
performed.  
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A B S T R A C T   

Metallic Ag, Cu and bimetallic Ag/Cu nanoparticles (NPs) easily and economically synthesized by green synthesis 
method using Helichrysum arenarium plant extracts used as reducing agent were characterized with analysis of 
SEM (Scanning electron microscopy), TEM (Transmission electron microscopy) and BET (Brunauer-Emmett- 
Teller). The adsorption study of the synthesized nanoparticles for Congo Red (CR) azo dyestuff was carried out 
and dyestuff removal properties were investigated in detail. At 100 min, the CR removal percentages were found 
to be 90.2 %, 77.8 % and 66.1 % by Cu NPs, Ag/Cu NPs and Ag NPs, respectively and the adsorption was found to 
be in accordance with the second order kinetic model and Langmuir isotherm model. In reusability studies of Cu 
NPs adsorbent, CR removal was found to be 90.2 %, 88.9 % and 83.4 % in three experimental cycles, respec
tively. For antimicrobial activity of Helichrysum arenarium extract, Cu NPs, Ag/Cu NPs and Ag NPs were used to 
against 6 pathogenic microorganisms via disc diffusion assay. As a result of the antimicrobial assay, while 
Helichrysum arenarium extract did not show any effect against the tested pathogenic microorganisms, both Ag NPs 
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and Ag/Cu NPs showed an inhibition zone diameter against the tested pathogenic microorganisms (p < 0.05). It 
is conceivable that it would be effective in controlling the growth of resistant microorganisms in aqueous media 
since it produces a similar level of inhibition in methicillin-resistant and non-resistant S. aureus. Finally, the 
catalytic activity of the synthesized nanoparticles was evaluated in hydrogen (H2) production by hydrolysis of 
NaBH4. Based on experimental results, the efficiency of hydrogen production was determined as Cu NPs > Ag/Cu 
NPs > Ag NPs. The optimum conditions for the highest yield of H2 were investigated and the catalysis results 
were compared with sonocatalysis. This research shows that NPs can be synthesized in a simple, economical and 
environmentally friendly way and has a wide range of uses.   

1. Introduction 

Nanoparticles can find a place in many application areas owing to 
their unique properties, such as larger surface areas, larger surface 
charges, smaller sizes, higher reactivity, excellent morphological prop
erties, amorphous and crystalline structures [1–4]. Metallic nano
particles are widely used in catalyst synthesis, biosensor production 
studies, imaging and drug delivery systems, both medical and environ
mental applications, and electrical-electronic device component prepa
ration [5–9]. The “Green Synthesis” method, in which various plant 
(leaf, fruit, bark, seed, etc.) extracts are used, has attracted as consid
erable attention in recent years due to the fact that compounds, such as 
polyphenols, polysaccharides, phenols, carboxylic acids, flavonoids, etc. 
act as reducing, capping and stabilizing agents in the synthesis of metal 
nanoparticles [10–13]. The green synthesis of metallic nanoparticles 
using plant extracts represents an advance over both chemical and 
physical synthesis methods because it is easy, simple, cost-effective and 
it is possible for large-scale nanoparticle synthesis. Furthermore, it not 
only eliminates the need for high energy, temperature and pressure but 
also eliminates the expensive, toxic and hazardous chemical reducing 
agents and toxic solvents. In principle, in the bioreduction mediated by a 
plant extract, the aqueous extract is mixed with an aqueous solution of 
the metal salt of interest. Metallic nanoparticles synthesized with plant 
extracts can be useful and effective in many applications, such as 
biosensor, biomedical, catalysis, adsorption, agriculture and antimi
crobial [14–18]. In this research, both metallic and bimetallic nano
particle synthesis using Helichrysum arenarium extract were carried out 
by using economical and environmentally friendly green method. 
Among metallic nanoparticles, while silver nanoparticles (Ag NPs) have 
a very high antibacterial effect [19,20], copper nanoparticles (Cu NPs) 
have antimicrobial, antifungal and antiviral properties [21,22]. 

As a result of the intensive development of the pharmaceutical, 
agricultural, textile and chemical industries, many chemical compounds 
reaching the aquatic environment, such as pesticides, steroid hormones, 
antibiotics or dyestuffs, cause severe pollution to water bodies in the 
worldwide and pose a serious health risk factor [23–26]. Synthetic dyes 
are among the most widely discharged pollutants due to their large-scale 
production and use in many industries, such as food, textiles, paper, 
leather, cosmetics, pharmaceuticals and plastics [23,24,27]. Due to their 
carcinogenic, teratogenic, mutagenic, toxic and allergic effects, dyestuff 
pollution in water can be dangerous for aquatic organisms [24,27–29] 
and can also damage the kidney, lung, liver, brain, reproductive and 
central nervous system through the food chain [27,30,31]. Therefore, it 
has become a necessity for the environment and public health to treat 
wastewater containing dyes before it is released into the environment 
[31–33]. Researchers are working on the effective removal of pollutants 
using one method or a combination of different methods. Versatile 
techniques including physical, chemical and biological methods are 
being investigated as efficient and economical alternatives [34]. In the 
removal of dyestuffs from wastewater, some physical, chemical and 
biological treatment methods, such as electrochemical process [35], 
coagulation-flocculation [36], photocatalysis [37], membrane separa
tion [38], adsorption [39], ion exchange, oxidation, advanced oxidation 
processes, biodegradation [26,40,41] are applied. Among these 
methods, adsorption method stands out with its some advantages, such 

as being economical, easy applicability, high efficiency, ease of regen
eration and no pre-treatment [42]. Among all types of dyes, azo dyes, 
which are the most widely produced and used, are highly resistant to 
heat, light and oxidizing agents. Azo dyes can be degraded into toxic 
amino acids by human intestinal flora and into carcinogenic amines by 
bacteria in human skin [43]. In this study, it was aimed to remove Congo 
red (CR), an azo dye, from aqueous media by adsorption using metallic 
and/or bimetallic nanoadsorbents. In addition, the antibacterial activity 
of all synthesized nanoparticles against to 6 pathogens was investigated 
in order to obtain healthier and better quality water. 

Renewable energy sources, such as hydrogen, wind, geothermal, 
tidal, hydroelectric and solar energy should be used to save the world 
from increasing global warming to find a permanent solution to 
increasing energy demand and to limit the use of fossil fuels [44,45]. 
Hydrogen has the potential to be the energy source of the future 
compared to other energy sources [46]. Hydrogen production by hy
drolysis of sodium boron hydride is both environmentally friendly and 
stable. Cu NPs, Ag NPs and Ag/Cu NPs will be used as nanocatalysts to 
increase the efficiency in the hydrogen production. In heterogeneous 
catalyst, the interaction takes place on the surface. Therefore, the per
formance of the heterogeneous catalyst depends on the activity of the 
surface area to which the substrate is exposed [47,48]. The exposed 
surface area increases as the active particle size decreases; however, 
very small particles have a high tendency to agglomerate. This is one of 
the most important problems that reduce the effectiveness of the het
erogeneous catalyst. Most of the new technologies developed in the 
catalytic process are based on increasing the effective surface area as 
well as preventing agglomeration [49,50]. For this purpose, nano
catalysts synthesized to increase the catalytic effect were subjected to 
ultrasonication and hydrogen production rates were compared. 

This research presents the effect of both metallic and bimetallic 
nanoparticles synthesized from plant extract against pathogenic micro
organisms, comprehensive adsorption kinetics and equilibrium 
modeling of CR, and comparison of both catalytic and sonocatalytic 
activity in hydrogen production by NaBH4 hydrolysis. Moreover, this 
study elucidates the reusability of Cu NPs as both catalyst and adsorbent. 

2. Materials and methods 

2.1. Synthesis and characterization of AgNPs, CuNPs and Ag/CuNPs 

All nanoparticles were synthesized under the same optimum condi
tions (298 K, 5–10 mL extract, 0.1 M of 50 mL metal salt, 30 min and 
500 rpm) as described in our study on drug removal from Helichrysum 
arenarium plant extract [51]. Silver nitrate (AgNO3) was obtained from 
Fluka and Copper (II) sulfate pentahydrate (CuSO4 .5H2O) was obtained 
from Indosaw. TEM (Jeol JEM-1400 Plus), SEM-EDX (Carl Zeiss EVO-LS 
10) and BET (Quantachrome Quadrasorb SI Brunauer-Emmett-Teller) 
analysis of the synthesized nanoparticles were performed. Ultrapure 
water (18MΩ⋅cm, PURIS Purification System) was used at every stage of 
the all experimental studies. 

2.2. Adsorption experiments 

Congo red (C32H22N6Na2O6S2) was obtained from Merck. Optimum 
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pH (2− 10), initial dye concentration (10–50 mg/L) and adsorbent 
amount (10–50 mg) were determined using batch adsorption method. 
Adsorption isotherm and kinetic studies were carried out at three 
different temperatures, such as 298 K, 313 K and 328 K, at initial con
centrations of 2–250 mg/L CR and for 150 min. The amount of CR 
remaining in aqueous solution was calculated from the calibration graph 
by taking measurements at 498 nm with UV–Vis spectrophotometer 
(Shimadzu UV-1800). 

2.3. Antimicrobial activity studies 

2.3.1. Disc diffusion method 
The antimicrobial activities of Helichrysum arenarium extract and 

synthesized nanoparticles were tested against to six pathogenic micro
organisms given in Table 1. These pathogenic microorganisms were 
grown as 18 h at 37 ◦C on Tryptic Soy Agar (Merck, Germany). Turbidity 
of microorganisms was adjusted to 0.5 McFarland via a densitometer 
(Biosan, Latvia) in 0.9 % of NaCl (Merck, Germany). 100 μL of 18 h fresh 
cultures adjusted to 0.5 McFarland were inoculated onto Mueller Hinton 
II Agar, Cation-Adjusted (Merck, Germany). After adding 30 μL of Hel
ichrysum arenarium extract, Cu NPs, Ag/Cu NPs and Ag NPs into 6 mm 
empty sterile discs (Whatman™ 2017-006), the discs were placed in 
Petri dishes and the pathogenic microorganisms were incubated at 37 ◦C 
for 24 h. The diameters of the inhibition zones were measured with a 
millimeter ruler (CLSI, 2021). 

2.3.2. Statistical analysis 
The significant differences among results were determined using the 

IBM ® SPSS ® Statistics (IBM, U.S.A) package program version 25. By 
applying the analysis of variance (One-way ANOVA) to antimicrobial 
activity assay, the differences among the treatment groups were deter
mined by Duncan multiple comparison test. In addition, the Pearson 
Correlation Test was used to determine both the relationships of treat
ment groups and pathogen microorganisms with each other. The anti
microbial study was performed in triplicate replications and the results 
were given as mean ± standard deviation. 

2.4. Hydrogen production experiments 

Sodium borohydride (NaBH4) was obtained from Fluka and NaOH 
(sodium hydroxide) from Sigma-Aldrich. The system used for hydrogen 
production by hydrolysis of NaBH4 consists of a two-neck flask, a gas 
burette and a shaking water bath. In the hydrolysis reaction, NaOH must 
be added to the medium to prevent the spontaneous degradation of 
NaBH4 molecules in the solution and to ensure stability. The synthesized 
nanocatalysts were subjected to ultrasonication and their catalytic and 
sonocatalytic activities were compared under optimum conditions. 
Volume/time graphs were created by following the repulsion of water in 
the burette by the gas released as a result of the catalytic reaction. Op
timum conditions were determined by optimization studies with the 
nanocatalyst that gave the best results in terms of NaOH amount (30–50 
mg), nanocatalyst amount (25–100 mg), temperature (30–60 ◦C) and 
NaBH4 amount (50 mM–100 mM). 

3. Results and discussion 

3.1. Characterization of metallic and bimetallic nanoparticles 

The characteristic peaks of both Ag and Cu NPs in the UV–Vis shown 
in Fig. 1 indicate that the nanoparticles were successfully synthesized 
[51,52]. From the FTIR spectra given in our previous study [51], it was 
understood that Helichrysum arenarium plant extract is an effective 
reducing and capping agent with amine and phenol groups in nano
particle formation. According to both this result and the literature 
studies [17,53,54], the possible mechanism of nanoparticle synthesis 
with green method is given in Fig. 2. 

The results of SEM-EDX and TEM analysis to elucidate the morpho
logical properties, elemental composition and size of the synthesized Cu 
NPs, Ag/Cu NPs and Ag NPs are given in Fig. 3. SEM images confirmed 
the presence of rough and hollow surfaces with clustering and EDX 
images confirmed the presence of high elemental silver and copper 
peaks. Rectangular different patterns appear due to the clustering of 
nanoparticles on top of each other and the presence of extract on the 
particle surface [55]. In the EDX analysis of Ag/Cu and Cu NPs (Fig. 3b 
and c), S element is observed, which is thought to be due to the metal 

Table 1 
Tested pathogen microorganisms.  

Tested pathogen microorganisms 

Salmonella Typhimurium ATCC 14028 
Staphylococcus aureus ATCC 43300 [Methicillin-resistant Staphylococcus aureus 

(MRSA)] 
Escherichia coli ATCC 25922 
Listeria monocytogenes ATCC 19115 
Staphylococcus aureus ATCC 25923 
Staphylococcus epidermidis ATCC 12228  

Fig. 1. UV–Vis spectra of all nanoparticles synthesized from Helichrysum are
narium plant extract. 

Fig. 2. A possible mechanism for green synthesis of Cu NPs and Ag NPs from 
Helichrysum arenarium plant extract. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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salt. TEM images show that the nanoparticles are spherical. 
According to the result of BET analysis given in Table 2, the nano

particles show the presence of type 4 model and 2–50 nm mesoporous 
structure in the relative pressure range of 0.5–0.98 [56]. 

3.2. Adsorption performance of CR onto Ag NPs, Ag/Cu NPs and Cu NPs 

Ag NPs, Ag/Cu NPs and Cu NPs nanoadsorbents are used to inves
tigate the adsorption capacity and dye removal percentages for CR. Dye 
removal percentages after adsorption of 50 mL of 20 mg/L CR dye with 
20 mg nanoadsorbents at the end of 120 min are given in Fig. 4a. Ac
cording to this, it is seen that the best removal percentage is obtained in 
the presence of Cu NPs with 90.2 %. The UV–Vis spectra of CR 
adsorption using Cu NPs is given in Fig. 4b. It is observed in Fig. 4c that 
the adsorption capacity of all adsorbents increased with the increase in 

dye concentration from 10 to 50 mg/L; however, the increase in Cu NPs 
is more pronounced and can be attributed to its higher specific surface 
area compared to both Ag NPs and Ag/Cu NPs. It can be considered that 
the increase in the initial dye concentration leads to an increase in the 
mass gradient between the nanoadsorbents and the solution, which is 
the driving force for its transfer to the surface of the nanoadsorbent [57]. 
Although the adsorption capacity increased with increasing initial dye 
concentration, the percent removal decreased (Fig. 4c). Considering the 
decrease in percent removal efficiency and dye concentration in 
wastewater, kinetic and isotherm studies are performed with 20 mg/L of 
CR. 

Fig. 4d shows the effect of pH 2–10 on CR adsorption on nano
adsorbents. The results show that the adsorption of CR by all nano
adsorbents is a pH-dependent process. As the pH value increased, the 
adsorption capacity increased up to pH 6, while the adsorption behav
iour decreased after pH 6. Acidic pH was found to increase dye removal 
due to electrostatic attraction. As pH increases, the number of negatively 
charged sites increases and the number of positively charged sites de
creases. The decrease in adsorption capacity with increasing basicity can 
be attributed to the ionic repulsion between the anionic dye molecules 
and the nanoadsorbent surface. In addition, the presence of OH− ions in 
the basic solution creates a competitive environment with the anionic 
ions of CR, resulting in decreased adsorption [58,59]. The effect of 
adsorbent dosage ranging from 10 to 50 mg on 20 mg/L CR removal 
increases as shown in Fig. 4d. This increase can be explained by the 
increase in the adsorption surface area of micropores and the prolifer
ation of adsorption sites [60]. 

Fig. 3. From left to right SEM, EDX and TEM images of (a) Ag NPs, (b) Ag/Cu NPs and (c) Cu NPs.  

Table 2 
The specific surface areas and pore parameters of nanoadsorbents/ 
nanocatalysis.  

Samples Specific (BET) 
surface area (m2 g 
− 1) 

Average pore 
size (nm) 

Total pore 
volume (cm3 g 
− 1) 

Relative 
pressure 

Ag NPs 0.155 8.25387 0.000638 0.94983 
Ag/Cu 

NPs 
1.123 6.00547 0.003372 0.95174 

Cu NPs 12.440 6.87740 0.043130 0.95258  
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Equilibrium studies describe the adsorption isotherm with constants, 
which are values expressing the affinity and surface properties of ad
sorbents and determine the capacity of the adsorbent. Langmuir, 
Freundlich and Temkin adsorption isotherm analyses were performed 
for Cu NPs, the best adsorbent, to describe the interactions of CR mol
ecules with the surface of the nanoadsorbent (Fig. 5a). Three widely 
used kinetic models were applied to interpret the experimental data by 
determining the control mechanism of CR adsorption from aqueous 
solution (Fig. 5b). The parameters obtained from the kinetic and 
isotherm plots are given in Table 3. 

According to R2 data in Tables 3 and it is seen that the adsorption fits 

the second-order kinetic model and Langmuir isotherm model. The fact 
that the maximum adsorption amount calculated in Table 3 is compat
ible with the equilibrium adsorption obtained in the experiment sup
ports this result. According to the Langmuir isotherm, adsorption occurs 
physically and monolayer. The monolayer coating of the CR molecule on 
the Cu NPs surface can be attributed to the balanced crystal charge of the 
nanoparticle, little or no displacement between the layers. The larger the 
K2 value, the slower the adsorption rate [61]. The pseudo second-order 
kinetic model assumes that the adsorption rate is determined by the 
amount of sites remaining on the adsorption surface [62]. 

As can be seen from the comparative FT-IR and XRD results before 

Fig. 4. (a) Comparative CR adsorption of Cu NPs, Ag/Cu NPs and Ag NPs (initial dye concentration: 20 mg/L, adsorbent dosage: 25 mg/50 mL, T = 298 K), (b) 
UV–Vis spectra of CR adsorption using Cu NPs, (c) Effect of initial dye concentration, on the removal of CR by nanoadsorbents (d) Effect of pH and adsorbent dose on 
the removal of CR by nanoadsorbents. 

Fig. 5. Adsorption (a) isotherm (b) kinetic of CR onto Cu NPs nanoadsorbents.  
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and after adsorption in Fig. 6, the shift of peak locations and change in 
peak intensities after adsorption confirm that adsorption has occurred. 

CH3CH2OH, NaOH and HCl solutions at 0.01 M concentrations were 

used in the desorption studies to recover CR and test the reusability of 
the adsorbent and the desorption percentages are given in Fig. 7a. The 
adsorption/desorption studies were repeated as 3 times to investigate 

Table 3 
Modeling isotherm and kinetic data of CR adsorption on Cu NPs.  

Isotherm Model Parameter & unit 328 K 313 K 298 K Kinetic Model Parameter & unit 20 mg/L 10 mg/L 

Langmuir q m (mg/g) 153.997 133.697 111.710 PFO q e (mg/g) 43.5049 24.5649 
KL (L/mg) 0.26628 0.07111 0.05274 K 1 (1/min) 0.05133 0.05841 
R2 0.98766 0.98578 0.98906 R2 0.9787 0.9812 

Freundlich KF (mg/g)*(mg/L)n 51.0134 27.0041 18.2940 PSO q e (mg/g) 50.3839 28.1182 
1/n 0.22859 0.30839 0.34124 K2 (g/mg * min) 0.00126 0.00264 
R2 0.8112 0.9095 0.9036 R2 0.9986 0.9894 

Temkin B (J/mol) 22.5913 20.6797 19.0830 Elovich β (mg/g) 0.17832 0.09561 
KT (L/mg) 7.3022 2.2674 1.1077 α (g/mg * min) 4.77206 6.74234 
R2 0.9131 0.9506 0.9451 R2 0.9710 0.9711  

Fig. 6. (a) FTIR spectra (b) XRD models of before and after adsorption CR with Ag NPs, Ag/Cu NPs and Cu NPs.  

Fig. 7. (a) Desorption (b) Effect of cycles on the adsorption/desorption capacity for CR with Cu NPs.  
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the reusability of Cu NPs adsorbent and the results are shown in Fig. 7b. 
The adsorbent has a stable and active structure and there is a slight 
decrease in adsorption capacity as can be seen in Fig. 7b. 

3.3. Antimicrobial activities 

Disk diffusion results of Helichrysum arenarium plant extract and 
nanoparticles in our study are presented in both Table 4 and Fig. 8. 
According to antimicrobial activity assay, Helichrysum arenarium plant 
extract did not show antimicrobial activity against to the tested path
ogen microorganisms. The largest inhibition zone diameter in Ag NPs 
was found in S. aureus (20.25 mm) and S. epidermidis (21.50 mm) (p <
0.05). In S. aureus strains, the antimicrobial effectiveness of Ag NPs 
decreased in methicillin-resistant strain (p < 0.05) is due to the multiple 
resistance mechanisms shown against methicillin [63]. The largest in
hibition diameter of Cu NPs was determined as 10.50 and 9 mm in S. 
aureus and E. coli, respectively (p < 0.05). No inhibition was found 
against to other tested pathogenic microorganisms. The smallest inhi
bition zone of Ag/Cu NPs was detected in Salmonella (14.50 mm) (p <
0.05). Ag/Cu NPs showed similar inhibition zone diameter in MRSA and 

S. aureus. Ag/Cu NPs also shows that methicillin can be used to control 
the growth of MRSA. 

The larger inhibition zone diameter of Ag/Cu NPs and Ag NPs were 
detected in E. coli, L. monocytogenes, Salmonella and MRSA (p < 0.05). 
Pathogenic microorganisms except for E. coli (9.00 mm) had no inhibi
tion zone diameter (p < 0.05). Both Ag/Cu NPs and Ag NPs showed the 
largest inhibition diameters in S. aureus and S. epidermidis, respectively 
(p < 0.05). Cu NPs formed an inhibition zone diameter (10.50 mm) only 
in S. aureus (p < 0.05). 

Table 4 
The results of antimicrobial activities of Helichrysum arenarium plant extract, Cu NPs, Ag/Cu NPs and Ag NPs.   

Salmonella Typhimurium ATCC 
14028 

S. aureus ATCC 
43300 

E. coli ATCC 
25922 

L.monocytogenes ATCC 
19115 

S. aureus ATCC 
25923 

S. epidermidis ATCC 
12228 

Extract 0.00 ± 0.00bA 0.00 ± 0.00bA 0.00 ± 0.00 cA 0.00 ± 0.00bA 0.00 ± 0.00 dA 0.00 ± 0.00 cA 
Ag NPs 15.50 ± 0.50 aC 17.50 ± 0.50 aB 16.50 ± 0.50aBC 16.00 ± 0.00aBC 20.25 ± 0.25 aA 21.50 ± 0.50 aA 
Cu NPs 0.00 ± 0.00bC 0.00 ± 0.00bC 9.00 ± 0.00bB 0.00 ± 0.00bC 10.50 ± 0.50 cA 0.00 ± 0.00 cC 
Ag/Cu 

NPs 
14.50 ± 0.50aD 17.00 ± 0.50aABC 16.00 ±

0.00aBCD 
15.50 ± 0.50aCD 17.50 ± 0.50bEU 18.50 ± 0.50bA 

a-d: The means with different lower letters in each column are statistically significant (p < 0.05). 
A-D: The means with different upper letters in each row are statistically significant (p < 0.05). 

Fig. 8. Antimicrobial activity of Helichrysum arenarium plant extract, Cu NPs, Ag/Cu NPs and Ag NPs.  

Table 5 
Correlation table of inhibition results in pathogen microorganisms.   

S. aureus ATCC 43300 E. coli ATCC 25922 L. monocytogenes ATCC 19115 S. aureus ATCC 25923 S. epidermidis ATCC 12228 

Salmonella Typhimurium ATCC 14028 0.999** 0.879** 0.999** 0.875** 0.995** 
S. aureus ATCC 43300 – 0.879** 0.999** 0.872** 0.993** 
E. coli ATCC 25922  – 0.878** 0.993** 0.875** 
L. monocytogenes ATCC 19115   – 0.873** 0.995** 
S. aureus ATCC 25923    – 0.878** 

*Correlation is significant at the 0.05 level. 
**Correlation is significant at the 0.01 level. 

Table 6 
Correlation table of Helichrysum arenarium plant extract and nanoparticles.   

Ag NPs Cu NPs Ag/Cu NPs 

Helichrysum arenarium extract n n n 
Ag NPs  0.201 0.901** 
Cu NPs   0.148 

n: It could not be calculated because at least one of the variables is constant. 
*Correlation is significant at the 0.05 level. 
**Correlation is significant at the 0.01 level. 
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According to the results of the Pearson correlation test, the inhibition 
zone diameters of pathogenic microorganisms show a positive correla
tion at the 0.01 level (Table 5). The correlation of Helichrysum arenarium 
plant extract, Cu NPs, Ag/Cu NPs and Ag NPs are given in Table 5. Ag/ 
Cu NPs and Ag NPs show a positive correlation at 0.01 level (r:0.901) 
(see Table 6). 

3.4. Hydrogen production by hydrolysis of NaBH4 

25 mg of nanocatalyst was placed in a 100 mL of two-necked pyrex 
glass flask and 50 mL of ultrapure water was added. The glass reactor 
was placed in a shaking water bath and set at 30 ◦C and 500 rpm and the 
shaking water bath was used to keep the ambient temperature under 
control. A silicone hose was connected to one neck of the reactor and the 
gas buret was used to allow the hydrogen gas to escape. From the other 
neck, 25 mL of 50 mg NaOH and 50 mM NaBH4 was added and the 
mouth of the reactor was closed. The volume of gas released by the 
hydrogen gas pushing the water in the burette was recorded against time 
until the gas outlet was terminated. The same process was repeated by 
treating 25 mg of nanocatalysts with 50 mL of ultrapure water in an 
ultrasonic bath until homogeneous and the amount of H2 gas production 
is given in Fig. 9. It was observed that sonication produced H2 gas with 
higher yields in a slightly shorter time. Furthermore, sonication is 
thought to open the pore diameter or prevent agglomeration. 

As seen in Fig. 9, the highest hydrogen production was realized with 
Cu NPs with the highest surface area and the results are in agreement 
with the BET analysis. Optimization studies were carried out with Cu 
NPs and the effects of the changes of the selected parameters on 
hydrogen gas production are given in Fig. 10. 

The optimum parameters for hydrogen production from NaBH4 hy
drolysis were determined as 60 ◦C temperature, 100 mM NaBH4, 50 mg 
NaOH and 100 mg CuNPs and 30 mL H2 gas was obtained in 15 min with 
hydrolysis performed under these optimum conditions. Table 7 shows 
the comparison of the adsorption capacity in CR removal and the cata
lytic activity of H2 production using synthesized nanoparticles with the 

Fig. 9. Hydrolysis of NaBH4 over the Ag NPs, Ag/Cu NPs and Cu NPs catalyst 
and sonocatalyst 

Fig. 10. Generated hydrogen volume versus different temperature and different NaBH4, NaOH and CuNPs concentration.  

Table 7 
A comparison of CR adsorption capacity of the prepared adsorbent and catalyst in the hydrolysis of NaBH4 for hydrogen production with those announced in the 
literature.  

Adsorbent/Catalyst H2 Production Rate (mL) H2 Production Time (min) Adsorption Capacity (mg/g) Adsorption Contact Time (min) Reference 

Ag@CFC 204 60 – – [64] 
Cellulose Fibers 250 34 – – [65] 
Cu@CC 188 6 – – [66] 
Hydrogel - Co NPs 453 30 – – [67] 
NiFe2O4 NPs – – 97.1 120 [68] 
NFO600 – – 89.45 1440 [69] 
Co0.3Ni0.7Fe2O4 NPs – – 131.75 120 [70] 
ZrO2 hollowspheres – – 59.5  [71] 
Cu NPs 25 15 153.997 100 Present Study 
Ag/Cu NPs 11 15 128.462 100 Present Study 
Ag NPs 9 15 102.851 100 Present Study  
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literature values. 
Both reusability and hot filtration tests were used to explain the 

stability and reusability of the catalyst and the heterogeneous nature of 
the catalysis process. A total of 4 cycles were carried out for the reus
ability test. After each reaction cycle, Cu NPs nanocatalyst was removed 
by centrifugation; the separated catalyst was washed thoroughly with 
alcohol and distilled water and dried at 70 ◦C for 6 h and used in the next 
cycle. Fig. 11 shows the H2 production yield and reaction time after 4 
cycles and it can be seen that the yield did not change after the 3rd cycle 
but the reaction time was increased slightly. The hot filtration test was 
carried out after the hydrogen production had reached 10 mL and the Cu 
NPs nanocatalyst was removed under hot conditions by Millex filter with 
a pore size of 0.2 μm. The remaining liquid was allowed to react for 24 h 
and it was detected by gas chromatography (GC) that approximately 0.1 
mL of H2 was produced during this time, which is a negligible rate. 
According to this test, H2 production stops in the absence of Cu NPs and 
Cu NPs is an effective catalyst for the hydrogenation reaction. 

4. Conclusion 

Precious metal containing both metallic and bimetallic nanoparticles 
were successfully synthesized and characterized by green synthesis 
method. It was observed that Cu NPs have the highest surface area and 
pore diameter. Their use as adsorbents for CR dye removal from aqueous 
solutions was investigated and their antimicrobial properties were also 
investigated for both cleaner and higher quality water. As a final 
application, H2 production and optimization studies were carried out 
from the synthesized nanoparticles. Sonocatalysis processes were per
formed to investigate the effect of ultrasonication on agglomeration and 
pores on nanocatalysts and it was observed that higher H2 was produced 
than catalysis processes. Both Ag NPs and Ag/Cu NPs obtained by using 
Helichrysum arenarium plant extract formed an inhibition zone diameter 
in the tested pathogen microorganisms, while Cu NPs formed an inhi
bition zone diameter in especially S.aureus and E.coli. In general, the 
nanoparticles form a larger inhibition zone diameter in Gram-positive 
bacteria than in Gram-negative bacteria. Ag/Cu NPs, which forms a 
similar inhibition zone diameter in S. aureus and methicillin-resistant 
S. aureus, will be effective in controlling the growth of resistant micro
organisms in water. As a result, it was revealed that Cu NPs have higher 
dye adsorption capacity (153.997 mg/g) and antimicrobial activity. In 
addition, 25 mL of H2 was produced in 15 min after sonication by using 
Cu NPs as a catalyst in NaBH4 hydrolysis and it is thought that it can be 
used as a catalyst in H2 production by developing with natural polymers. 
The re-usability tests have also shown that Cu NPs can be used as both 
effective stable adsorbent and catalyst. 
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[51] M. Şahin, Y. Arslan, Adsorptive and oxidative removal of naproxen and diclofenac 
using Ag NPs, Cu NPs and Ag/Cu NPs, Res. Chem. Intermed. 49 (2023) 3627–3643, 
https://doi.org/10.1007/s11164-023-05048-w. 

[52] R. Komal, V. Arya, Biosynthesis and characterization of silver Nanoparticles from 
aqueous leaf extracts of carica Papaya and its antibacterial activity, Int. J. 
Nanomater. Biostruct. 3 (2013) 17–20. 

[53] M. Nasrollahzadeh, S.M. Sajadi, A. Hatamifard, Waste chicken eggshell as a natural 
valuable resource and environmentally benign support for biosynthesis of 
catalytically active Cu/eggshell, Fe3O4/eggshell and Cu/Fe3O4/eggshell 
nanocomposites, Appl. Catal., B 191 (2016) 209–227, https://doi.org/10.1016/j. 
apcatb.2016.02.042. 

[54] M. Nasrollahzadeh, Z. Issaabadi, S.M. Sajadi, Green synthesis of Cu/Al2O3 
nanoparticles as efficient and recyclable catalyst for reduction of 2,4-dinitrophe
nylhydrazine, Methylene blue and Congo red, Composites, Part B 166 (2019) 
112–119, https://doi.org/10.1016/j.compositesb.2018.11.113. 

[55] S. Chaudhary, D. Rohilla, A. Umar, N. Kaur, A. Shanavas, Synthesis and 
characterizations of luminescent copper oxide nanoparticles: toxicological 
profiling and sensing applications, Ceram. Int. 45 (2019) 15025–15035, https:// 
doi.org/10.1016/j.ceramint.2019.04.239. 

[56] S. Guo, G. Zhang, J. Wang, Photo-Fenton degradation of rhodamine B using Fe 2 O 3 
- kaolin as heterogeneous catalyst: characterization, process optimization and 
mechanism, J. Colloid Interface Sci. 433 (2014) 1–8, https://doi.org/10.1016/j. 
jcis.2014.07.017. 

[57] V. Vimonses, S. Lei, B. Jin, C.W.K. Chow, C. Saint, Kinetic study and equilibrium 
isotherm analysis of Congo Red adsorption by clay materials, Chem. Eng. J. 148 
(2009) 354–364, https://doi.org/10.1016/j.cej.2008.09.009. 

[58] L. Ai, Y. Zeng, Hierarchical porous NiO architectures as highly recyclable 
adsorbents for effective removal of organic dye from aqueous solution, Chem. Eng. 
J. 215 (2013) 269–278, https://doi.org/10.1016/j.cej.2012.10.059. 

[59] C. Lei, X. Zhu, B. Zhu, J. Yu, W. Ho, Hierarchical NiO-SiO2 composite hollow 
microspheres with enhanced adsorption affinity towards Congo red in water, 
J. Colloid Interface Sci. 466 (2016) 238–246, https://doi.org/10.1016/j. 
jcis.2015.12.035. 

[60] I.D. Mall, V.C. Srivastava, N.K. Agarwal, I.M. Mishra, Removal of Congo red from 
aqueous solution by bagasse fly ash and activated carbon: kinetic study and 
equilibrium isotherm analyses, Chemosphere 61 (2005) 492–501, https://doi.org/ 
10.1016/j.chemosphere.2005.03.065. 

[61] J. Wang, X. Guo, Adsorption isotherm models: classification, physical meaning, 
application and solving method, Chemosphere 258 (2020), 127279, https://doi. 
org/10.1016/j.chemosphere.2020.127279. 

[62] H. Li, V.L. Budarin, J.H. Clark, M. North, X. Wu, Rapid and efficient adsorption of 
methylene blue dye from aqueous solution by hierarchically porous, activated 
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