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Abstract: An environmentally friendly non-thermal DC plasma reduction route was adopted to
reduce Ag* ions at the plasma-liquid interface into silver nanoparticles (AgNPs) under statistically
optimized conditions for biological and photocatalytic applications. The efficiency and reactivity
of AgNPs were improved by statistically optimizing the reaction parameters with a Box-Behnken
Design (BBD). The size of the AgNPs was chosen as a statistical response parameter, while the
concentration of the stabilizer, the concentration of the silver salt, and the plasma reaction time were
chosen as independent factors. The optimized parameters for the plasma production of AgNPs
were estimated using a response surface methodology and a significant model p < 0.05. The AgNPs,
prepared under optimized conditions, were characterized and then tested for their antibacterial,
antioxidant, and photocatalytic potentials. The optimal conditions for these three activities were
3 mM of stabilizing agent, 5 mM of AgNOj3, and 30 min of reaction time. Having particles size of
19 to 37 nm under optimized conditions, the AgNPs revealed a 82.3% degradation of methyl orange
dye under UV light irradiation. The antibacterial response of the optimized AgNPs against S. aureus
and E. coli strains revealed inhabitation zones of 15 mm and 12 mm, respectively, which demonstrate
an antioxidant activity of 81.2%.

Keywords: plasma reduction reaction; silver nanoparticles; response surface methodology; wastewa-
ter treatment; antioxidant activity

1. Introduction

Nanomaterials have many novel applications in biochemistry, biology, engineering,
chemistry, medicine, informatics, and electronics, etc. Metallic nanostructures are produced
via chemical and physical processes [1]. Among different metal salts and metal NDPs, silver
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nanoparticles (AgNPs) have received tremendous interest in biomedical applications. Fur-
thermore, they are a good disinfectant with no adverse side effects and minimal toxicity
in humans [2]. AgNPs are increasingly used in different fields concerning the impacts of
silver salts/ions, despite the fact that released Ag ions are vital for antimicrobial activity [3],
anti-angiogenesis activities [4], anti-viral activities [5], anti-platelet activities, and antiox-
idant activities [6]. Furthermore, AgNPs” antibacterial efficacy is highly dependent on
particle size, which could be due to the interaction between the microbial cell surface and
NPs, which modifies cell wall and cell membrane characteristics such as permeability and
electron transport, resulting in cell death [7,8]. To determine the size, growth, and shape of
NPs, capping and stabilizing agents play a significant role in the synthesis of AgNPs.

Various approaches have been used to produce AgNPs, including photochemical and
chemical processes in reverse micelles [9], radiation-assisted approaches [10], chemical
reduction in a solution of silver salts [11], sonochemical processes [12], electrochemical
processes [13], sol-gel synthesis [14], and the microwave heating method [15]. The most
common of the synthesis methods mentioned above are chemical methods [16], but these
approaches require the introduction of harmful and toxic chemical reducing agents during
experiments, which lead to environmental pollution. Plasma reduction is a process in which
plasma produces ions, electrons, metastables, charged species, oxidizing species, HyOy,
atomic oxygen, O3, OH radical, and UV-radiations, which reduce the metal salts along
with stabilizing agents to produce AgNPs of specific sizes [17]. This synthesis technique is
eco-friendly and easy to perform compared to other known techniques. Plasma treatment
is conducted at atmospheric pressure and room temperature, making it a potentially facile
method for the large-scale production of AgNPs.

The plasma reduction process is only suitable for the controlled synthesis of nanostruc-
tures when the reaction conditions are carefully set. Several statistical models can be used
to optimize the plasma reduction of metal ions into nanoparticles. There has been little
literature reported on the statistical optimization of the reaction parameters of the atmo-
spheric pressure DC plasma reduction method for the green synthesis of nanomaterials. In
this study, a non-thermal DC plasma reduction technique was used to convert Ag+ ions at
the plasma-liquid interface into AgNPs under statistically optimal conditions for biological
and photocatalytic applications. By statistically optimizing the reaction parameters using
the BBD method, the efficiency and reactivity of AgNPs were improved for different biolog-
ical [18] and environmental treatment applications. The size of the AgNPs was chosen as a
statistical response parameter, while the stabilizer concentration, silver salt concentration,
and plasma reaction time were chosen as independent factors. Another major issue in
producing NPs using this plasma reduction approach is the selection of a stabilizing agent
to passivate or protect the surface of nanoparticles. There are numerous issues that should
guide the selection of a stabilizing agent, and these vary significantly from the required
morphologies and size ranges of the NPs to the proposed applications [19]. In the reported
synthesizing method, glucose was chosen as a stabilizing agent. Glucose is a common and
non-toxic ketonic monosaccharide. Due to glucose capping in the synthesis of AgNPs, the
resulting AgNPs have high a shelf-life and the uncontrolled growth of nanoparticles is
prevented. The stabilized AgNPs have been researched for different high-tech applications,
including antimicrobial, antioxidant, and photocatalytic activity [20].

Herein, statistical models were used to investigate and optimize the significant factors
affecting the growth of AgNPs and interactions between growth parameters. Statisti-
cal models are a viable alternative to traditional one-factor-at-a-time optimization tech-
niques [21]. Both the response surface methodology (RSM) and design of experiments
(DOE) methodology have been used to optimize process variables to improve the synthesis
process. Although it is employed to investigate the impacts of process variables, these
approaches also result in a numerical model that describes the general procedures. Based
on its operative effectiveness, the RSM technique is currently widely used to develop
various frameworks [13-15]. The main novelty of the current study is the optimization of
the size of AgNPs by statistically adjusting the process parameters of the plasma discharge
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reduction technique. In this study, the stabilizing agent, precursor salt, and time of reaction
noticeably affected the response variable (the size of AgNPs). The proposed hypothesis
of this research was that it is the possible control of the size of AgNPs (their shape and
size and the quantitative analysis of the aggregation and agglomeration of AgNPs) due
to different process parameters. We also investigated the antioxidant, antibacterial, and
photocatalytic activity of the optimized AgNPs.

2. Materials and Methods
2.1. Materials

AgNOj3 and glucose (C¢H1,0g) were supplied by Sigma Aldrich. Pure and deionized
water was employed to wash and purify the NPs samples. Glass beakers, a magnetic stirrer
and a glass stirrer were utilized to prepare the AgNPs samples. In every examination,
100 mL of the obtained solution was utilized.

2.2. Production of Silver Nanoparticles

The plasma discharge setup, employed for the preparation of AgNPs, is illustrated in
Figure 1, and is similar to the setup for sucrose-stabilized AgNPs proposed by Altaf and
Skiba et al. [22,23]. The reaction solution C¢H1,Og (glucose) was used as a stabilizing agent
and an aqueous solution of AgNOj3 (>99.9%, Sigma, St. Louis, MO, USA) as a precursor salt.
A silver wire of 6.8 mm diameter was dipped in a 100 mL electrolytic solution, which acted
as an anode. A steel needle with a bore diameter of 0.28 mm and a length of 7 cm was used
as a cathode over the solution’s surface. Argon gas is used as the major feedstock gas at a
fixed flowrate of 200 SCCM. A DC supply was used to spark and sustain the plasma at 4 kV,
and the synthesis process was carried out at a fixed current of 15 mA to avoid the melting
and overheating effects of the hypodermic needle-tip. For the discharge current, a resistor
of 100 k) was placed on the ground side of the electrode. The glass beaker and silver
anode were rinsed and cleaned by HCL before the experiment. The plasma and solution
interaction duration was fixed at various time intervals according to Table 1. The stirring of
the solution was avoided, as this has a chance of disturbing the growth rate of NPs. The
anode and cathode were fixed at 3 cm apart. The gap turns to conduct and completes the
electrical circuit, which initiates the electrochemistry process and the electrolytic solution,
prompting AgNOj to dissociate into Ag* and NO3;~ ions. When plasma comes in contact
with the solution, if the dissociated solution features Ag* ions, it immediately turns black,
which indicates the formation of AgNPs.

R =100 kQ
NN

Power
source =T
+
Anode
AgNOa+ \ Plasma Jet
stabilizing
agent \l

Figure 1. Schematic diagram of plasma synthesized AgNPs.
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Table 1. Coded values with experimental and predicted responses obtained from a Box-Behnken
experimental design.

Y = Size of AgNPs (nm)

Runs A B C . Predicted
Experimental
1 0 1 1 23.05 25.07
2 1 0 1 21.40 21.5
3 0 0 0 36.45 37
4 0 -1 1 19.89 20.38
5 -1 0 1 26.60 25.32
6 -1 0 -1 33.45 34
7 -1 1 0 25.33 245
8 1 -1 0 28.00 28.2
9 0 0 0 32.60 32.3
10 -1 -1 0 26.88 27
11 0 -1 -1 30.40 31.2
12 1 1 0 20.22 19.8
13 1 0 -1 25.33 245
14 0 0 0 25.55 22.36
15 0 1 -1 32.02 31.33
2.3. Statistical Design for the Synthesis of AGNPs
The statistical optimization of the plasma reduction process for AgNPs was achieved
using the response surface methodology (RSM), in which one or more independent vari-
ables were involved. RSM provides a greater amount of information with a reduction in
the number of experimental trials, chemical doses, time, and total research costs. The inter-
actions between the variables that could impact the production of AgNPs was evaluated
using a RSM-based Box-Behnken design [24]. The combined effect of three independently
varying variables, namely, the concentration of the stabilizing agent (A), the metal salt
(AgNO3) concentration (B) and time of the reaction (C), were taken to reveal the statistical
analysis for the process at three different levels (—1, 0, +1), which comprised 15 trials. Their
findings were fitted into a 2nd order polynomial model. This model was a mathematical
relation employed to utilized to obtain the results and approximate the real answer by de-
termining the linear, quadratic, and cross effects of the investigated independent variables,
as shown in Equation (1):
Y = Bo + PLA + P2B + B3C + PrAB + P13AC + PBC + A’ + B’ + PasC? (1)

Here, Y denotes the outcome variable, which is the size of AgNPs, and S is a regres-
sion coefficient at the central point. Similarly, linear coefficients are denoted by 1, 82, and
B3, 2nd order interaction coefficients are denoted by 1, B13, and B3, and quadratic coeffi-
cients are denoted by B11, B22, and B33. The independent variables are labeled as A, B, and
C. The effect of independent variables was quantified on the outcome variable/response
parameters, which was the size of nanoparticles. The levels of individual variables were
decided based on primary results produced during experimentation, including optimiza-
tion via three-factor design. The composition of the trials and the findings of the performed
experimental work obtained by applying a Box-Behnken design matrix is shown in Table 1.
Statistical analysis of the obtained results was performed using Minitab Software.
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2.4. Characterization of AGQNPs

Under optimal reaction parameters, the physiochemical properties of the synthesized
AgNPs were evaluated. The most suitable combination of molarity and synthesis time
for the glucose-capped AgNPs was preferred. The obtained product was annealed at
60 °C in a vacuumized oven to obtain fine powdered AgNPs. The crystallinity and size
of as-synthesized NPs were investigated via XRD at 40 kV and 150 mA. The intensity of
Cu « radiation (0.15406 nm) was selected and a diffractogram (X'Pert Pro-PANlytical) was
obtained in the 26 range of 20 and 80°. UV-Vis spectrophotometry (UV-1800 Parma Spec.,
Shimadzu) was employed to study the optical characteristics of the optimized AgNPs in the
absorbance range of 400-800 nm. The measurements were carried out at room temperature
for different reaction times. After mixing the precursor salt and stabilizing agent in a
prefixed set of volumes, the color variation from transparent to black was a confirmatory
indication of AgNP formation. Different reaction solutions were obtained under different
molar concentrations of AgNQO3, stabilizing agent concentration, and reaction time of
with the help of statistical design. SEM analysis was used to examine the superficial
characteristics of the AgNPs using (JSM 6380A, JEOL Ltd., Tokyo, Japan). The elemental
composition of the nanoparticles was examined with EDX apparatus (JOEL, JSM-6480A)
operated at a 20 kV. The optimized (small-sized) AgNPs were subjected to FT-IR (JASCO
FTIR, Tokyo, Japan) analyses to study the adsorption of functional groups onto the surface
of the AgNPs. The obtained nanoparticles were separated from the solution through
centrifugation using a HERMLE-Z323K machine and were then suspended in deionized
water. FTIR analysis was performed using KBr pellets for the purpose of characterizing the
optimized AgNPs. IR absorption analysis was performed from 4000-500 cm L.

2.5. Antimicrobial and Antioxidant Activity

A disc diffusion test was performed to measure an antibacterial assay for AgNPs
produced under optimized conditions. The antibacterial activity was measured by using E.
coli (Gram-negative) and S. aureus (Gram-positive) strains. In total, 10 uL of AgNPs (runs
1,2, 4, and 12) in a concentration of 150 nug/mL were loaded in each disc. An analysis of
the inhibition zone was carried out at 37 °C for 24 h of incubation. As a result, the zone of
inhibition was calculated in millimeters.

The AgNPs of statistical runs 1, 2, 4, and 12 showed a good ability to scavenge stable
radicals. The antioxidant activity of these nanoparticles was tested using the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical. Using the stable radical DPPH, the free radical scavenging
activity of AgNPs and conventional vitamin C was investigated. A total of 1 mL of varied
AgNPs solutions (runs 1, 2, 4, and 12) were vortexed extensively with 1 mL of newly made
DPPH (1 mM in methanol) solution. This was then incubated for half an hour before an
absorbance test was performed a fixed wavelength of 517 nm. The results were expressed
in the form of the percentage inhibition of the DPPH radical. The control was DPPH
(all reagents except the sample) and the blank solution was methanol. The inhibition
percentage (% DPPH) was obtained to express the free radical scavenging activity using
Equation (2) [25]:

Oc — Os

c

% DPPH = x 100 @)

where O, and O; are the absorbance of control and AgNPs/vitamin C, respectively.

2.6. Photocatalytic Degradation

The optimized AgNPs (run 4) was used as a catalyst for the catalytic removal of methyl
orange (MO) under visible light exposure [22]. MO stock solution was made by dissolving
50 parts per million of dye in 100 mL of distilled water. Then, 5 ppm solution of methyl
orange was taken from the stock solution and 0.1 mL of hydrogen peroxide and 0.1 g
dose of catalyst were added to the solution to promote the degradation of dye. After this,
the aqueous solution was agitated for half an hour in a dark environment to complete
the adsorption—desorption equilibria. The experiment was performed under a sunlight
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Y(AgNPs size)

irradiation of 100 min. Then the solution was poured into a cuvette, the spectra were
scanned in a 200 to 800 nm wavelength range, and photometry was performed to check the
MO reduction process at a 400 nm wavelength.

3. Results and Discussions
3.1. Optimization of Size of AGNPs through RSM Analysis

The BBD approach was used to determine the possible average size of metal nanoparticles
(MNPs) affected by selected process parameters, including concentration of stabilizing agent,
metal salt concentration, and time of the reaction mixture. The RSM approach was adopted
for the optimization of an average size for the prepared AgNPs calculated by the regression
equation. Overall, 15 sets of trials were created by BBD (Table 1) using three process parameters
at three different levels. To examine the effect of these parameters, the experimental results
were statistically analyzed using ANOVA (analysis of variance). The results of ANOVA
analysis are shown in Figure 2 in the form of a Pareto chart. Each bar length in the Pareto
chart indicates the significant influence of a respective factor and its effects on the considered
response (Y = size of AgNDPs), as indicated by F-values in Table 2. The model F-value (16.039)
in Figure 2 confirms the significance of the ANOVA analysis model. The parameters with a
p-value less than 0.05 were observed to impact the response substantially. The model was
deemed statistically valid because the p-value did not exceed 0.002. The adjusted-R? value
(0.7750) was also significant, indicating the validity of the adopted model. But the resulting R
value (0.9016) revealed the 90.16% contribution of independent variables in the total variation
in the average diameter of NPs [26]. In terms of statistic design, our objectives were to identify
the maximum significant interactions between process parameters to generate small-sized
AgNPs of optimum uniformity and stability. It was based on the analysis of the normal
residual graphs for each of the response variables shown in Figure 3.The fitness of the model
was checked by calculating the coefficient of determination (R?). A correlation coefficient
R? ~ 1 value indicates a strong synergistic effect [17]. The observed and predicted R?-values
of 0.96646 show that the response has (96.64%) variability. As a result, the current R? value
shows that the predicted and actual responses are aligned well, implying that the model
is dependable in the present research. Multiple regression analysis was used to determine
all of the model coefficient values of the quadratic model. The p-value and Student ¢-test
suggested a satisfactory quality in terms of statistical analysis (Table 3). The linear impacts
of reaction salt concentration (B) and reaction time (C) showed a negative impact on the
size of AgNPs, whereas the stabilizing agent concentration (A) revealed a positive impact.
The importance of each of the coefficients was assessed by the p-value, which was found to
be significant in the context of understanding the pattern of reciprocal interaction between
process variables. The lesser the p-value, the more significant the correlated coefficient. Among
all the linear effects, the linear term of AgNO; (A) had the most significant negative influence
on nanoparticle size according to the degree of significance. The quadratic terms for AgNO;
(A2), the concentration of the stabilizing agent (B?), and reaction time (C2), on the other hand,
all showed a considerable positive influence, indicating that they may be treated as limiting
factors, with slight fluctuations in their values affecting the size of AgNPs. In line with this,
the Pareto charts revealed that only the interaction between the stabilizing agent concentration
(A) and reaction time (C) had a significant negative effect. To forecast the particle size in the
experimental runs, a 2nd order polynomial model was fitted to the results of the experiments
using the Minitab software. This model develops an empirical link between the response
variable and the three independent factors, as in Equation (3):

230.981 — 50.208A — 1.00097B + 2.895C — 0.042AB — 0.79AC — 0.00029BC + 3.549 A2
+ 0.0201B2? + 0.224C2

®)



Materials 2022, 15, 3826 7 of 24

Intercept I 461.9
A -100.416
B -2.002
C -5.791
- ]
- AB -0.084
_g -
.E AC_ -1.762
B BC -5.9E-4
AA 7.099
BB 0.04
CC 0.448
LN L.V LN LN ORISR L U L B UL AL L
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Main Effects

Figure 2. Main effects plot graph for the size of AgNPs.

Table 2. Analysis of variance of quadratic model for AgNP synthesis.

F-Value

Source Sum of Degree of Mean Square (Fisher’s p-Value Determination
Squares Freedom (Variance) Function) (Level of Significance)  of Coefficient R2
Model 306.989 9 34.10 16.039 0.002 0.96646
Residual 10.634 5 2.126
Total 317.623 14
Probability Plot of Y= Size (nm) Experimental V/s Predicted = 40
- ~ Normal-95% CI =
Variable = 35
—&— Y= Size (nm) Experimenta [-%]
95 | —@— Predicted E
% = 30
-]
80 o
70 [
60 = 25 < @
50
40 g -
3 = 20
20 1]
o > 15
5
15 20 25 30 35 40
" w3 m = w0 s Predicated

Figure 3. Normal and probability plot for experimental vs. predicted size of AgNPs.
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Table 3. Variables levels selected for Box-Behnken design.
p-Value Confidence
Variables Main Effects Coefficients T-Value Prob > F Interval

(C.D
Intercept 461.962 230.981 4.441 0.000 100
A -100.416 -50.208 -4.017 0.010 99.12

B —2.002 -1.00097 —2.061 0.094 91.40

C -5.791 2.895 1.762 0.138 86.06

AB —0.084 —-0.042 -0.869 0.424 58.14

AC —1.597 -0.798 —4.560 0.005 99.343
BC —0.00059 —-0.00029 -0.026 0.980 1.99
AA 7.099 3.549 4.602 0.004 99.49
BB 0.040 0.0201 5.105 0.002 99.67
cC 0.448 0.224 3.309 0.021 98.14

The sign of the coefficients determines the response performance. In this scenario, a
decrease in particle size revealed positive coefficient values, while a negative coefficient
showed an increase in particle size. Furthermore, the effect of a variable is more significant
when the absolute value of a coefficient is high. As a result, according to the preceding
equation, the concentration of the stabilizing agent significantly impacted the particle size.
All possible combinations of input variables achieved by BBD are able to optimize the
response surface curves that are plotted by the Minitab software. The ANOVA analysis
confirmed the high significance of the quadratic model, with a p-value of lesser than 0.05.
Since some of the p-values were found to be insignificant, the model was reduced using the
RSM methodology. The obtained results are summarized in Table 2.

The impacts of process factors on the response variable were determined using 3-D
surface plots. By visualizing the interaction of two test factors with a constant third variable,
these 3-D surface plots helped in determining the optimized values of process variables
for the production of AgNPs through the plasma reduction method. The relevance of the
plots between the selected variables is reflected in the shape of the 3D plots, which can be
circular, round, or saddled [27].

Figure 4 depicts a 3D surface plot of the variables for the purpose of investigate the
role of independent variables in shaping the particle size (response variable). Graphs were
constructed in this context by displaying the response versus effective components to show
binary interactions. The remaining parameters remained unchanged at the central level
of the BBD. Figure 4a depicts the interaction between stabilizing agent (A) and metal salt
(B) concentrations, revealing that the average diameter size reduced as the metal salt and
the stabilizing agent concentrations increased. This could be explained by increasing the
concentration of metal salts to a specific point, allowing for faster particle production and
smaller NPs. Furthermore, the particle size grew as the metal salt concentration rose. This
could be due to an increase in the agglomeration of growing nanoparticles [28]. Khan
et al. reported the nucleation synthesis of NPs of a specific size with both a reduction in
and stabilization of chitosan. The study revealed the production of smaller-sized NPs by
increasing the concentration of Ag™* ions and stabilizing agent [29].
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Figure 4. (a—c): 3D surface plot showing the effect of process parameters on the size of AgNPs.
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The middle levels of both the stabilizing agent concentration and the metal salt con-
centration (3 mM, 5 mM) were employed to produce the smaller-sized particles. The size of
the NPs gradually increased as the number of ions increased. Increased particle sizes and
a loss of stability are caused by denaturation, inactivity, poor reductive enzyme activity,
and other reactive molecules involved in the synthesis process, or by an inappropriate
stabilizing agent concentration [30,31]. The synthesis process, carried out using the highest
concentration of independent variables, produced relatively larger nanoparticles. The
higher the concentrations of the stabilizing agent and the metal salt, the greater the likeli-
hood of generating large-sized AgNPs due to the ability of the stabilizing agent to deliver
electrons to the oxidizing agent and reduce the silver ions into nanoparticles [29]. Similarly,
the size of the optimized nanoparticles was generated using AgNOj3 [5 mM], stabilizing
agent [3 mM], and a reaction duration of 30 min. This is because the synthesis process
influences the role of reagents in determining the size and stability of nanoparticles, which
differ depending on the methods utilized to inhibit their aggregation. Furthermore, the
size of the nanoparticles was discovered to be dependent on the nucleation rate and the
growth of nanoparticles, which can be influenced by variables such as the stabilizing agent.
The mutual interaction between the stabilizing agent concentration (A) and the reaction
time (C) on AgNDPs synthesis is depicted in Figure 4b. The average particle size reduced as
the stabilizing agent concentration increased. However, the size increased slightly as the
reaction time increased. This could be because saccharide-coated AgNPs are inactive [32].
In general, time indicates the continued reduction of silver ions and increase in the concen-
tration of AgNPs [33]. Restrepo et al. generated tiny, monodispersed metal nanoparticles
by using the least amount of stabilizing agent required. The nature and amount of the
stabilizing agent added, which can influence the equilibrium present on the particle surface,
can therefore be correlated with the size, morphological, and electrochemical features of
the NPs, i.e., the type and amount of stabilizers do not modify the reaction mechanism but
affect the dispersion and can modify the textural characteristics of the metallic NPs [34].
According to the results, run 4, with a high concentration of stabilizing agent and a reaction
period of 30 min, produces the smallest sized AgNPs. Another study by Smiechowicz
et al. investigated the chemical approach to optimize the process variables and generate
a high yield of AgNPs. The following settings were used to obtain the highest yield of
AgNPs: the starting pH of the solution was 7; the amount of reducing agent was 1%; the
concentration of AgNOj3; was 1 mM; the reaction time was 3.5 min; and the stirring time
was 15 min. The AgNPs obtained had excellent antibacterial activity [35]. Figure 4c shows
the effect of metal salt conc. (B) and reaction time (C) on the response variable (the size
of AgNPs). It showed that an increase in the concentration of metal salt and reaction
time supported the production of lower-sized AgNPs. Using average reaction time and
metal salt concentration values produced the smallest size (30 min, 5 mM). The increased
nucleation process rate caused by a significant quantity of OH™ could be attributed to
the production of tiny AgNPs. The results of this work agree with the findings of Wypij
etal. [36]. They revealed that the production of AgNPs and their physiochemical properties
are affected by reactant concentration, temperature, pH, and reaction duration. It was
discovered that modifying these parameters, which control the nucleation rate, growth of
nanoparticles and precursor, can change the size and nature of the produced nanoparticles.
The current investigation of the influence of the direct connection between these parame-
ters on the response represents the effect of the stabilizing agent concentration, metal salt
concentration, and reaction duration on the production of AgNPs. Solving the regression
equation in the Minitab software revealed smaller AgNPs under optimum conditions. The
ideal values for the variables were a 30 min reaction time, 3 mM of stabilizing agent, and
5 mM of metal salt precursor. The smallest AgNPs size according to the model was 19.89
nm, which is achieved by optimum conditions provided above.
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3.2. XRD Analysis

The formation and purity of metal silver are confirmed by powder X-ray diffraction
(XRD) analysis. To elucidate the structure of AgNPs, the XRD analysis of AgNPs synthe-
sized under optimum conditions was performed. Figure 5 shows the XRD patterns of
optimized samples with 2-theta values in the range of 20° to 80°, prepared by the plasma
reduction process. The XRD peaks showed FCC planes (111), (200), (220), (311), and (222)
corresponding to the diffraction peaks at 26 of 38.39°, 44.63°, 64.71°, and 77.59°, respec-
tively. These planes confirmed the crystalline character of the synthesized nanoparticles.
No secondary phases or peaks except for AgNP peaks were observed in the XRD patterns.
This indicates the formation of pure AgNPs without any impurity phase. These findings
agree with the published literature on the plasma synthesis of AgNPs [17,37]. The average
size of plasma-reduced AgNPs was calculated by Debye—Scherrer’s Equation (4):

AK
b= W Cosé @)

where D is the average crystallite size, W is the full width at half maximum (FWHM), 0 is
the diffraction angle, and A is the X-ray wavelength (0.1541 nm).

(111)
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311
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Figure 5. XRD spectra of statistical analyzed AgNPs (runs 1, 2, 12 and 4).

The peaks with strong intensities confirm that the particles had a good level of crys-
tallinity. The highly intense diffraction peak, computed at 26 = 38.39, corresponds to the
(111) plane, which is used to determine the average size of the AgNPs, which was ap-
proximately 19.89 nm. The XRD results indicated that the AgNPs were highly crystalline,
with a FCC crystal structure that was found to be consistent with previously published
findings [38,39].

3.3. UV-Vis Analysis

UV-Vis spectroscopy is primarily an optical analysis technique and was used in this
study to investigate the optical characteristics of plasma-reduced AgNPs.

Since the valence and conduction bands of AgNPs are close to each other, electrons
can easily move between them. Figure 6 shows the absorption spectra of AgNPs with
different process parameters (mentioned in Table 1). The particle size and physio-chemical
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characteristics have a significant impact on the absorption spectra. The sample exhibited
surface plasmon resonance (SPR) characteristics. AgNPs with particle sizes ranging from
5 to 25 nm displayed a narrow band, with the highest absorbance, 468 nm. Thus, the
absorption spectra were found to be strongly dependent on dipole oscillation [40]. The
literature reveals that the SPR peak shifts to a shorter wavelength when the size decreases.
It has also been observed that when the sample size decreases, the absorption spectra
weaken and become broader [41]. This plasma reduction process results in the optimized
production of AgNPs with a diameter of 19.89 nanometers. Furthermore, the absorption
spectra of the AgNP samples denoted by runs 1, 2, 12, and 4 in Figure 6 show a maximum
absorption peak at 468 nm.

3.5 —
] Run 1 a— Tauc plot
3.0 - Run 2 o 6004
Run 12 z
- 1——Run 4
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m o En=3A31aV
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3 ] < 4500m
5 & 448 nm
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500 600 700 800

Wavelength (nm)

T
400

Figure 6. Variation in the UV-absorption peak with different process parameters.

The statistically combined effect of the three active input variables, namely the con-
centration of stabilizing agent (A), the metal salt concentration (B) and the reaction time
(C), reveals the high intensity of the absorption peak in the absence of the stabilizing agent.
The absorption intensity decreased in the presence of the stabilizing agent. The smaller
UV absorption peak, of approximately 600 nm, in run 2 might be due to the presence of
some traces of stabilizing agent in the sample. Such traces can be removed by washing
the nanoparticles multiple times with distilled water. Another possible reason for the
appearance of two peaks in the UV spectrum is the transition of electrons due to multiple
energetic excitations from the light source.

Different concentrations of AgNOj3 result in the production of non-uniformly dis-
tributed NPs of different sizes (Table 1). The shifting of the absorption edge from 430 to
468 nm indicates the production of large NPs. On the other hand, as the concentration
of AgNO; increased from 1 mM to 5 mM, the absorption edge shifted toward a lower
wavelength, indicating the production of small AgNPs. An absorption peak was observed
in the visible range (430 nm) of the electromagnetic spectrum, which is in good agreement
with the results reported by the other researchers [42]. Without using any further informa-
tion, the optical band gap of plasma-reduced samples is obtained by fitting the absorption
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spectra to the reference absorption spectra [43]. The band gap energy of optimized AgNPs
is determined by the Tauc plot Equation (5):

(ahv)* = A(hv — Eg) ®)

where Eq is the band gap energy and A is the wavelength. The band gap value of plasma-
reduced samples was measured to be approximately 3.31 eV using the Tauc relation and is
shown in Figure 6.

3.4. SEM and EDX Analysis

SEM analysis was used to investigate the sizes optimized AgNPs under different combi-
nations of process parameters. Figure 7a,b shows the SEM micrographs of plasma reduced,
size-optimized AgNPs. Smaller and spherical-shaped AgNPs with an average size of 19.89 nm
were obtained under smaller-sized parameters, as shown in Figure 7a. On the other hand,
irregular-shaped and slightly larger-sized agglomerates of AgNPs were obtained with the
constant concentrations of both of the parameters (3 mM-glucose/3 mM AgNO3), with an
average AgNP size of 33.3 nm, as shown in Figure 7b. The selected process parameters did
not significantly impact morphological features; small agglomerates were obtained, but the
spherical shape was dominant overall. It may be suggested that the prepared AgNPs were
adequately separated from each other, with spherical shapes, and were free from aggregation.
Thus, under optimized conditions, the current plasma reduction approach was used to prepare
AgNPs using glucose as a stabilizing agent [26]. The mean value and size distribution of the
AgNPs were then calculated and plotted via the image-processing technique in the form of
histograms, as shown in Figure 8. The mean particle diameter of the AgNPs was calculated
from the SEM analysis, the image-processing technique used in this study, and then compared
with the mean particle size attained by XRD analysis. The particle size results can be found
in Table 4. Figure 9 shows the elemental compositions of the size-optimized AgNPs (run 4)
analyzed by energy dispersive X-ray spectroscopy (EDX). The detected elements from the EDX
spectrum were: Ag, which confirms the formation of AgNPs, carbon peaks (which may be due
to the glucose used as a stabilizing agent or use of a carbon film during EDX measurements),
and silicon and oxygen (due to the silicon dioxide (5i0,) wafer on which the glucose-AgNPs
were deposited). The detected elemental composition also confirmed the FTIR results. Oxygen
signals originate from glucose and AgNOj3, which are used as stabilizing agents or precursors
as salt in the synthesis of AgNPs. The elemental profile showing a significant peak at 3 keV
confirms the formation of pure AgNPs along with the minor impurity content of the stabilizer.

mag FH | mode | det | spot HFW

15.9 pm Nova Nano SEM - LUMS 13000x | SE | TLD | 3.0 | 159 ym Nova Nano SEM - LUMS

Figure 7. (a) SEM micrograph of run 4 (small-sized AgNPs), (b) SEM image of run 6 (large-sized AgNPs).
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Figure 8. (a,b) Size distribution histogram of AgNPs.

Table 4. Mean particle size obtained by XRD and SEM analysis.

Average Particle Size (nm)

Sample Code Average Particle Size (nm)
4 by XRD Analysis by SEM Analysis
Run 4 19.89 82
Run 6 33.45 102
Element | Atomic% Wit%
_ A Ag 48.62 86.37
2000 9 C 20.5 4.08
] Si 7.105 3.29
O 23.68 6.26
Total 100 100
1500 A —
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Figure 9. EDX spectra of optimized AgNPs (run 4).

3.5. FTIR Analysis

The FTIR spectroscopy of optimized AgNPs (run 4) was used to analyze their purity and
associated functional groups, as illustrated in Figure 10. The FTIR of AgNPs indicates eight
representative peaks at 638 cm_l, 775 Cl’l’l_l, 999 cm~!, 1383 cm_l, 1512 em ™}, 1657 cm_l,
3450 cm !, and 3782 cm ™. It has been observed that noble metal ions (Ag*) speed up the
oxidation process and reduce themselves into silver atoms. The natural sugar in glucose also
serves as a surface coating for synthesized NPs. A glucose stabilizer, which is also considered
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a small molecule, is an eco-friendly and porous stabilizer that allows small molecules to be
diffused. When it is attached to the surface of nanoparticles, it is easily removed during the
plasma reduction process. As a result, the plasma reduction process produces NPs that are
more biocompatible and purer. During the synthesis process, silver ions may interact with the
binding sites of bioactive chemicals existing in the glucose. The shift in the position of a peak
at the 1383 cm ! band indicates the presence of the S-O group.
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Figure 10. FTIR spectrum of optimized (run 4) AgNPs.

The slight stretching at the 1657 cm ™! peak can be attributed to the symmetric and
asymmetric stretching of the -COO- group. This indicates the presence of the infinitesimal
amount of glucose stabilizer. The band stretching at 1512 cm ™! can be ascribed to the -OH
bonding of the acid group. The absorption band stretching at 3450 cm ! represents the
presence of the OH functional group. The band stretching near 999 cm~! indicates the
presence of alcohols in the sample. The band stretching at 775 cm ! represents out-of-plane
stretching in C-H aromatics. The band stretching at 638 cm ! can be ascribed to the C-C
bond of alkenes. The contribution of glucose utilized in the stabilization process results in
the production of pure AgNPs and slightly shifts the peak positions of the -COO- and -OH
groups at 1657 cm ! and 3450 cm ™!, respectively.

3.6. Antibacterial

The antibacterial mechanism of AgNPs involves the release of silver ions from the
nanoparticles, which contribute to the bactericidal effect. Silver ions, which are typically
utilized in the form of nanowires, nanolayers, and nanoparticles, are well known for their
antibacterial and antimicrobial activities [44]. The antibacterial activity of AgNPs was
assessed by measuring the diameter of the generated clear zone and the width of the
inhibitory zones in mm. E. coli strain showed a relatively smaller antimicrobial zone of
12.5 mm while S. aureus showed a larger antibacterial zone of 18.9 mm. The difference in the
inhabitation zones of these bacteria can be attributed to the difference in the compositions
of their cell walls. Figure 11a,b shows the influences of the selected runs, 1, 2, 4, and 12, on
the bactericidal property of the resulting AgNPs against E. coli and S. aureus.
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o

Figure 11. (a,b) The images represent the antibacterial activity of optimized AgNPs against Gram
+ive and Gram —ive bacterial strains.

The optimized AgNPs with a size of 19.89 nm showed the best antimicrobial activ-
ity against E. coli and S. aureus bacteria. Because of their vast reactive surface, smaller
nanoparticles had a better antibacterial effect than larger-sized nanoparticles. Identical
results were obtained for antimicrobial activity. NaBHy + PVP K-30 silver nanoparticles
showed a larger zone of inhibition compared to other systems due to their smaller size, as
reported by Agnihotri et al. [45]. Moreover, previous researchers reported how the size and
shape of nano-sized entities influence the antibacterial activity of AgNPs. Dong et al. [46]
and Pal et al. [47] reported that triangular-shaped AgNPs had the strongest antibacterial
activity when compared to spherical ones. They reported the stronger reactivity of trian-
gular AgNPs, which was attributed to their geometrical structure and (111) crystal planes.
The maximal antibacterial productivity is achieved by high-atomic-density (111) facets. Gu-
nawan et al. studied the immobilization of AgNP/CNTs coated on the surface of a hollow
fiber membrane made of polyacrylonitrile (PAN). PAN alone and AgNP/CNT/PAN mem-
branes were tested for the filtration of feedwater contaminated with E. coli. The AGNP/CNT
coating considerably improved the antibacterial activity and antifouling capabilities of the
membrane [48]. Silver nanoparticles synthesized from T. harzianum culture filtrate were
stable and had beneficial bioactivities. Green-synthesized AgNPs were found to have wide
antibacterial action against both Gram-positive and Gram-negative pathogenic bacteria, as
reported by Konappa et al. [49].

A positively charged silver ion may form an electrostatic attraction with a negatively
charged microbial membrane. Table 5 shows the zone inhibition results for samples
51 (run 1), S2 (run 2), S3 (run 12), and S4 (run 4). The inhibition zones of AgNPs for
different metal salt concentrations were measured to be approximately 5 mm, 6 mm,
9 mm, and 12 mm when the E. coli strain was used. This was also expressed as AgNP
size < followed by a zone of inhibition. Similarly, the inhibition zones of AgNPs against
S. aureus were measured to be approximately 8 mm, 10 mm, 12 mm, and 18 mm, with
varying concentrations of stabilizing agents and metal salts. Figure 11a,b indicate the
bactericidal effect of the resulting AgNPs towards S. aureus and E. coli depending on
the different process variables. It would appear that at a 5 mM metal salt concentration
and 3 mM of stabilizing agent, the number of formed nanoparticles was greater and the
agglomeration of the formed AgNPs was limited due to the concentration of the metal
salt and the high concentration of natural stabilizers such as saccharides, carbohydrates,
and proteins that were present in the synthesis of the AgNPs. As a result of this condition,
optimized NPs exhibit smaller particle sizes and higher surface area to volume ratios, which
results in more of the produced NPs becoming attached to the cell membrane, induced cell
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death, and an altered permeability. Smaller-sized NPs can easily infiltrate microorganisms
and disrupt their function by attaching to nucleic acid and linking to the functional areas of
specific enzymes [50].

Table 5. The antibacterial activities and zones of inhibition of optimized AgNPs.

Inhibition Zone

Samples Size of AgNPs (nm) (mm) S. aureus
E. coli
S1 (Run1) 23.05 5 8
S2 (Run 2) 21.40 6 10
S3 (Run 12) 20.22 9 12
S4 (Run 4) 19.89 12 18

The strong antibacterial effect of glucose-stabilized AgNPs against S. aureus is slightly
stronger than their effect against E. coli due to a greater zone of inhibition, as indicated
in Figure 12. The effective zone of different samples was measured to be approximately
18 mm and 12 mm against both bacterial colonies, respectively. This demonstrates that the
antibacterial activity of AgNPs is dependent on particle size when the stabilizing agent
and metal salt concentrations were used with various concentrations. The obtained results
agree with the findings of Skiba et al. [51]. They illustrated that synthesized AgNPs possess
an improved antibacterial effect against Gram-positive and negative bacteria, which is
consistent with previous reports [18,52,53].
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Figure 12. Graph shows the maximum zone of inhibition against the E. coli bacterial strains.

3.7. Antioxidant

The antioxidant activity of optimized AgNPs was conducted to compare them with
standard vitamin C. The previously reported protocol was adopted with a number of
modification to perform the antioxidant assay [54,55]. It is possible to obtain smaller
AgNPs using optimum values for selected variables. The ideal values for the variables
were 30 min for the reaction, 3 mM for the stabilizing agent, and 5 mM for the metal salt.
Figure 13 showed the antioxidant activity of the optimized AgNPs for runs 1, 2, 12, and
4 compared with vitamin C.
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Figure 13. DPPH scavenging activity of optimized AgNPs, with different concentrations of vitamin
C for comparison.

As presented in Figure 13, with lower amounts of stabilizing agents and decreased
amounts of AgNQO3 salt, the antioxidant activity of the synthesized NPs did not increase.
However, at fixed and higher concentrations of glucose, the antioxidant activity of the
plasma-reduced AgNPs increased with rising metal-salt concentrations. The obtained
results can be explained by the fact that, at high concentrations of metal-salt (i.e., the
concentration of the main organic compound, for example, as glucose), the inhibition was
found to be higher in the case of the plasma-reduced AgNPs when compared with vitamin
C. Thus, the current study indicates that by increasing the metal-salt concentration, the
antioxidant activity of glucose stabilized AgNPs can be improved. Similar observations
were noted for the antioxidant activity of small-sized AgNPs, which were in good agree-
ment with reported studies [25,56]. There have been a small number studies focused on
the antioxidant activity of AgNPs concerning the size, shape, and structure of the ma-
terial. For example, Konappa et al. reported significant antioxidant activity in the case
of green-synthesized AgNPs using DPPH free radical scavenging and FRAP assay [49].
Kandiah et al. reported the green synthesis of AgNPs from all six varieties of Catharanthus
roseus at room temperature for 3 days. They investigated antioxidant activity using the
TFC, TPC, TAC, DPPH, FRAP, and IC50 assays. Their findings showed higher antioxidant
activity with respect to the AgNPs compared their respective water extracts [57]. The an-
tioxidant activities AgNPs and AgMPs using maleic acid and citric acid as capping agents
were evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. The findings revealed
that the modifiers have an effect on the size and shape of AgNPs and, consequently, their
antioxidant and antibacterial activities [58].

3.8. Photodegradation of Methyl Orange (MO) Dye with AgNPs

The photocatalytic activity of the size-optimized AgNPs (run 4) was tested by the
degradation of methyl orange (MO) solution under sunlight irradiation. Furthermore,
the degradation of the dye was monitored by a UV-Vis Spectrophotometer. As can be
seen in Figure 14a, in the presence of 0.1 g of an AgNP photocatalyst, the intensity of the
peaks at 465 nm gradually decreases and disappears within 100 min for 5 ppm of MO dye.
Figure 14b,c show that 82.3% degradation of MO was achieved under sunlight illumination,
and the dye degradation was identified by a change in color in an aqueous solution. The
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results revealed that the optimized AgNPs effectively degraded MO dye (82.3%) after
100 min of degradation. The dye degradation efficiency of the AgNPs increased with
an increase in time intervals and was calculated according to the following formula in
Equation (6) [59,60]:
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Figure 14. (a) Absorbance spectra of an aqueous solution of MO dye treated with (run 4) optimized
AgNPs at 100 min of irradiation, (b)% of dye degradation at different time intervals, (c) image of
0 min and 100 min degradation of MO.
%n = Ao = A 00 (6)
Ap

In this formula, Ay and A; denote the absorbance of the dye samples collected at 0 min
and after a specific time period t (min), respectively. Solar irradiation is more effective than
other irradiation sources for the decomposition of MO in the presence of nanosized metal
catalysts [59,61].

According to the photocatalysis mechanism, visible light approaches the valence
electrons of AgNPs. They receive energy and get emitted from the valence shell. These
emitted electrons are highly energetic electrons (O-atoms) that generate hydroxyl radicals,
leaving the Ag™ ions dragging towards the anionic MO dye. This results in the absorption
of generated hydroxyl radicals onto the surface of the AgNPs, thereby oxidizing MO
atoms into their degraded constituents. Hashemi et al. reported the degradation of MO
by adding different amounts of AgGNPs@SEE (10 and 15 uL) photocatalyst under sunlight
irradiation. Their results showed that the increase in the degradation of MO was more
significant with an increase in the irradiation time compared to the effect of increasing the
concentration of the catalyst [62]. Another study by Lin et al. involved the fabrication of
graphene—Ag nanoparticle-based hybrid structures for novel electro-optical devices. Their
findings showed that heated holes on graphene play a primary role in plasmon—exciton
co-driven oxidation processes. The importance of hot electrons in oxidation reactions is
minor. Plasmon-exciton coupling enables co-driven surface catalytic processes, in which
the gate voltage controls the density of states of holes and electrons on graphene, while
the bias voltage drives the kinetic energy of holes and electrons or current [63]. Table 6
provides a summary of AgNPs used in different applications.
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Table 6. Summary of AgNPs-based applications depending on their properties.
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4. Conclusions

This paper reports on the BBD-optimized synthesis of glucose-stabilized AgNPs under
response surface methodology (RSM) to optimize the AgNPs’ growth conditions. Discharge
plasma-processed AgNPs were optimized through the manipulation of three different ex-
perimental parameters, namely, stabilizing agent concentration, metal salt concentration,
and reaction time, as these parameters directly influence the effective growth of NPs.
Quadratic equations acquired via the RSM aided in the selection of the effective experimen-
tal parameters for the desired (optimized) AgNP size (19.89 nm), which was confirmed
by XRD analysis. The AgNPs that were prepared under optimized conditions showed a
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maximum absorbance peak at 430 nm, with a corresponding band gap of energy of 3.31 eV.
The optimized experimental values were in good agreement with the predicted values.
Therefore, the optimized synthesis of AgNPs can boost their antibacterial, antioxidant, and
photocatalytic activity by improving their physiochemical properties. E. coli and S. Aureus
strains were used to investigate the antibacterial efficacy of optimized AgNPs. Against both
bacteria colonies, the optimal zone for the combination of stabilizing agents was measured
at 12 mm and 18 mm, respectively. Meanwhile, the optimized AgNPs showed a maximum
antioxidant activity of 81.2% when exposed to free radicals of DPPH. The photocatalytic
efficiency of optimized AgNPs (run 4) for the degradation of MO under UV irradiation
was observed to be approximately 82.3%. The enhanced antioxidant, antibacterial, and
photocatalytic activity of optimized AgNPs make them a suitable material for catalytic
activity. Future work may optimize various process parameters, including stirring time,
the pH of the solution, and the concentration of dyes, for the optimized growth of AgNPs
for the purpose of improving wastewater treatment.
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