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This work reports the synthesis of silver nanoparticles (AgNPs) from Ag nitrate (AgNO3) using the gallic acid (GA) as a green methodology
without utilisation of hazardous chemicals. The effects of variables such as AgNO3 concentration, GA concentration, and pH on the average
particle size of AgPs were optimised through response surface methodology based on the central composite design at three levels to obtain the
desired response, i.e. minimum average particle size. The formation of AgNPs at each experiment was characterised by ultraviolet–visible
(UV–vis) spectroscopy and the average particle size was measured by dynamic light scattering (DLS). To evaluate the significance of
factors on the response and their quantitative effects, analysis of variance was carried out. The results indicated that the pH was the most
effective factor on the response. The AgNPs synthesised at optimised conditions (5.42 mM of AgNO3, 6.25 mM of GA, and pH=9.02)
were characterised by X-ray diffraction, DLS, field-emission scanning electron microscope, energy dispersive X-ray, transmission electron
microscopy, UV–vis spectroscopy, and Fourier-transform infrared spectroscopy. On the basis of the DLS, the average particle size of
AgNPs obtained 8 nm, which was in satisfactory agreement with the predicted value (7.51 nm) by model.
1. Introduction: Metal nanoparticles (NPs) have gained much
attention for a decade due to their outstanding electrical, optical,
magnetic, catalytic, and thermal properties as compared with their
bulk counterparts, thus opening many possibilities for technological
applications [1–3]. These outstanding properties of metal NPs
strongly depend on size, shape of NPs, their interactions with capp-
ing agents, and surrounding media and also on the manner of their
preparation. Therefore, the controllable synthesis of metal NPs is a
key challenge to obtain their better-applied characteristics [4].
Among the noble metals, silver NPs (AgNPs) have received con-
siderable attention due to their excellent optical, antimicrobial,
and conductive properties, which lead to many potential applica-
tions in optics [5], electronic devices [6], antibacterial materials
[7], catalysis [8] conductors [9], biosensors [10] etc. A number of
different methods have been proposed for the preparation
of AgNPs, e.g. physical processes [11], chemical methods of chem-
ical reduction [12], biological [13], water-in-oil microemulsions
[14], and green synthesis methods [15–18]. Among the various
methods, the chemical reduction method is frequently utilised for
the production of AgNPs for the past few years due to its cost-
effective, and simplicity. This method is based on reducing Ag
salt in an aqueous solution by a reducing agent accompanied
by an appropriate capping agent, which is necessary in protecting
the growth of Ag particles through aggregation [12]. However,
chemical reduction method causes contamination due to utilisation
of toxic and hazardous chemicals. Currently, there is a growing
need to use environmentally friendly methods for the preparation
of NPs that do not produce toxic wastes in their process synthesis.
To reduce toxic waste to the environment, researchers have
developed ‘green’ methods [15]. Gallic acid (GA) (3,4,5-
trihydroxybenzoic acid), a naturally occurring low molecular
weight triphenolic compound, is abundant in many of plants,
such as gallnut, green tea, oak bark, red wine, and white wine
and fruits, such as banana, strawberry, and grape. GA has been
extensively used as antioxidants in food, and as derivate in
colour, cosmetic, and pharmaceutical formulations [19, 20]. GA
has been also used in the green synthesis of AgNPs [19] because
GA is water soluble and is found to be very strong reducing and
capping agent for reduction of Ag ions into AgNPs in synthesis
process. In the green synthesis of AgNPs by GA, a rigorous
control of the different process factors such as pH, type, amount,
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and order of addition of reactants, allows control of the size,
shape, and size distribution of the particles. Conventionally, the
effect of these factors has been investigated by performing experi-
ments, in which one of the factors is varied maintaining the other
factors fixed at constant levels. Jamdagni et al. [21] studied the
optimisation of synthesis parameters to assess optimum conditions
for green synthesis of AgNPs by ‘one factor at a time’method. They
represented that the synthesis parameters, such as time, metal ion
concentration, reducing agent quantity, reaction temperature, and
pH affect the final product and obtained the optimum conditions
for synthesis of AgNPs. Generally, the ‘one factor at a time’
method requires a huge number of experimental runs to determine
optimal conditions, which is laborious, time consuming, and ignor-
ing interaction effects between the considered factors [22]. The
limitations of the conventional method can be avoided by employ-
ing the response surface methodology (RSM) that is an effective
tool for optimising the process and studying the effect of several
factors influencing the responses by varying these factors simultan-
eously [23]. RSM is performed adjusting first- or second-order
polynomial equations to the experimental data obtained in an
experimental design such as the central composite design (CCD)
to describe the behaviour of variables. Then, the results obtained
by CCD were analysed by analysis of variance (ANOVA). The
developed model can also be plotted in three-dimensional (3D)
response surface graph that corresponds to response function used
for better understanding of the effects of the variables on the
response and as well as determination of the optimised conditions
of a process [24]. We have recently investigated optimisation of
effective parameters in the preparation of AgNPs based on the
polyol process (the reduction of Ag salt by ethylene glycol in the
[the presence of poly(vinyl pyrrolidone)] by statistical experimental
design. As a result, a statistical design of experiment can be pre-
ferred to decrease the number of experiments, while considering
the interaction between variables [25]. The present Letter is a
novel approach involving the optimisation of process variables,
i.e. determining the optimised values of variables [Ag nitrate
(AgNO3) concentration, GA concentration, and pH] in the green
synthesis of AgNPs by GA as both reducing and capping agent
using statistical experimental design in order to obtain the desired
response, i.e. minimum average particle size. In this respect, a
CCD was applied for statistical design of the experiments to
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Table 1 CCD experiments and obtained responses

Run number A B C Observed average particle size, nm

1 5 7 9 8.28
2 3 5 11 43.50
3 7 5 7 43.37
4 7 9 11 52.90
5 3 9 7 52.00
6 5 7 9 8.28
7 3 5 7 46.00
8 7 9 7 48.50
9 3 9 11 55.00
10 5 7 9 9.00
11 7 5 11 41.00
12 5 7 9 8.50
13 5 7 9 8.50
14 5 5 9 9.38
15 7 7 9 10.00
16 5 7 7 38.00
17 5 9 9 19.18
18 5 7 9 9.00
19 3 7 9 12.86
20 5 7 11 39.00

Table 2 Values and levels of factors in the experimental design

Process variable Symbol Coded levels

−1 0 1

AgNO3 concentration, mM A 3 5 7
GA concentration, mM B 5 7 9
pH C 7 9 11
evaluate the coefficients in a quadratic mathematical model. Then,
RSM was used to predict the optimised conditions in production of
AgNPs. The formation of NPs at each experiment was characterised
by UV–vis spectroscopy and the average particle size of synthe-
sised Ag was measured by dynamic light scattering (DLS) analysis.
The optimised synthesis conditions have been determined accord-
ing to RSM and the synthesised AgNPs at these conditions
are investigated through analyses of the X-ray diffraction (XRD),
DLS, field-emission scanning electron microscope (FE-SEM),
energy dispersive X-ray (EDX), transmission electron microscopy
(TEM), UV–vis spectroscopy, and Fourier-transform infrared
spectroscopy (FT-IR).

2. Experimental results
2.1. Materials and synthesis of AgNPs: AgNO3 (purity 99.9%)
as an Ag source, GA (C7H6O5) as both reducing and capping
agent, and sodium hydroxide (NaOH) for adjusting pH value
were obtained from Merck Chemicals, Germany and used as pur-
chased. Deionised (DI) water for the preparation of solutions
obtained from Zolal Company, Iran.

At first, aqueous solution of AgNO3 and GA were prepared at a
certain concentration, separately. AgNPs were prepared by drop-
ping the GA solution into the AgNO3 solution slowly. After all
solutions were added, the mixed solutions were stirred for 5 min.
Then, 1 M solution of NaOH was added dropwise until a desired
pH was reached. After adjusting the pH value, the obtained
mixture was stirred at 25°C for 30 min.

2.2. Characterisation: In all experiments, formation of AgNPs was
confirmed by a UV–vis spectrophotometer (JENWAY-6715, UK)
operated at a resolution of 1 nm and in the range of 300–800 nm
with DI water as a reference.

The average particle size of synthesised particles was measured
by DLS for all of samples prepared according to experimental
conditions determined by CCD (see Table 1). DLS measurements
were conducted with a Malvern Zetasizer Nanoseries instrument
(Malvern Instruments Ltd., Malvern, UK) at 25°C.

The synthesised AgNPs at optimised conditions were inves-
tigated through analyses of the XRD, DLS, FE-SEM, EDX,
UV–vis spectroscopy, and FT-IR. Resulting AgNPs solution was
centrifuged at 9000 rpm for 30 min. The solid residues of AgNPs
were washed twice with DI water and then redissolved in absolute
ethanol. Finally, it was dried by evaporating at 80°C to obtain the
powder of the AgNPs for XRD measurement. The XRD analysis
was conducted by a Bruker AXS: D8 ADVANCE diffractometer,
using monochromatic copper (Cu) kα radiation (λ= 1.5406 Å)
operated at a voltage of 40 kV and 30 mA current in the 2θ range
of 5–80°. The size and morphology of synthesised particles were
determined using FE-SEM (Mira TESCAN) operating at an
acceleration voltage of 15 kV. Specimen of AgNPs for FE-SEM
measurement was prepared by drying a drop of Ag colloid deposited
onto an aluminium grid at room temperature. The presence of elem-
ental Ag was determined using EDX analysis. EDX measurement
was performed on a SUPRA55 (Carl Zeiss, Germany) instrument
coupled to the FE-SEM. The TEM image was acquired using a trans-
mission electron microscope (Zeiss-EM10C-80KV) after placing the
diluted colloidal solution onto a carbon-coated Cu grid followed by
drying the sample. The FT-IR spectra of the samples were measured
on a Bomem Hartman & Braun FT-IR spectrophotometer by making
a potassium bromide pellet with AgNPs solution. Measurements
were made in the range of middle infrared of 4000–400 cm−1 at a
resolution of 4 cm−1 with the use of 20 scans.

2.3. Experimental design and optimisation: Experimental design
generally applied to optimise the influencing factors in a process
to improve characteristics performance and minimise experimental
errors. It is beneficial to determine the most important factors with
minimum number of experiments [23]. One of the most important
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experimental design techniques used in developing, improving,
and optimising of processes is RSM. This method consists of a
collection of statistical and mathematical techniques used to
design experiments, build models, evaluate the effects of variables,
and searching optimal conditions of variables to predict targeted
responses. Its greatest applications particularly have been in situ-
ations where a large number of variables influencing the system
feature [26]. This design procedure involves four important steps,
namely doing statistically designed experiments for measurement
of the response, developing mathematical model of second order
with the best fittings, determining the optimal set of experimental
factors that produce optimal value of response, and representing
the direct and interactive effects of factors by graphical plots
[27]. Among the second-order models most used in analytical pro-
cedures, CCD has been widely applied in different scientific areas.

In the present Letter, a three-level CCD under RSM developed by
Minitab version 16 (Minitab, Inc., USA) was applied to evaluate the
significance of the effects of three factors including AgNO3 concen-
tration, GA concentration, and pH that lead to performing the 20
experiments for the optimisation process. The original values of
each factor and their corresponding levels are shown in Table 2.
The development of the experiments according to the CCD as well
as the obtained responses (average particle size) is listed in Table 1.

The correlation of the variables and the response was calculated
by a quadratic polynomial equation as shown below:

Y = b0 + b1A+ b2B+ b3C + b11A
2 + b22B

2 + b33C
2

+ b12AB+ b13AC + b23BC
(1)

where Y is the predicted response (average particle size); A, B,
and C are the coded independent variables; β0 is the regression
coefficient at centre point; β1, β2, and β3 are the linear coefficients;
β11, β22, and β33 are the quadratic coefficients; and β12, β13, and
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β23 are the interaction coefficients. The statistical significance of
the constructed model was evaluated by F-test and P-value in
ANOVA. Values of P-value <0.05 show that the factors are sig-
nificant. The quality of the fit polynomial model was explained
by the coefficient of determination R2. A high R2 value close to
1.0 confirms the accuracy of the predicted model. After the deter-
mination of optimised conditions by RSM, AgNPs were synthe-
sised at these conditions to validate the predicted model.

3. Results and discussion
3.1. UV–visible spectral analysis: After the synthesis, the presence
of AgNPs at each experiment was confirmed using UV–vis spec-
troscopy in the range of 300–800 nm, which has been identified
as a very useful method for the analysis of NPs. The surface
plasmon resonance (SPR) spectra of synthesised particles in
Fig. 1 revealed an absorption peak at the 388–395 nm wavelength
range, which corresponds to AgNPs production [28].

3.2. Optimisation of process variables: In all runs, after the addition
of the GA solution to the aqueous solution of AgNO3 and adjusting
of pH value, at ambient temperature, the colour of the reaction
mixture changed from colourless to dark yellowish brown. The
change in colour indicates the presence of AgNPs in solution [15].
Operation conditions are known to affect the time required to
change the colour of the solution (rate of formation of the NPs)
and the intensity of colour (quantity of synthesised NPs). So, opti-
misation of the process variables is necessary to attain the optimal
conditions in the synthesis of AgNPs. In this process, three variables
including AgNO3 concentration, GA concentration, and pH were
selected. After performing the experiments designed according to
the experimental design, the average particle size for each experiment
was determined by DLS analysis, which was spotted as the response.
The results of experiments are represented in the last column of
Table 1. In the next step, for evaluating the relationship between
process variables and response, a second-order polynomial model
(2) was proposed to calculate the optimised levels of process vari-
ables. By applying multiple regression analysis to experimental
data, the second-order polynomial equation was obtained

Y = 723.453− 8.733A− 21.953B− 138.469C

+ 0.773A2 + 1.485B2 + 7.540C2 − 0.015AB

+ 0.048AC + 0.383BC

(2)
Fig. 1 UV–vis absorption spectra of the synthesised AgNPs
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where Y was the predicted response and A, B, and C were the coded
values of AgNO3 concentration, GA concentration, and pH,
respectively. Fig. 2 draws the experimental values of average
particle size with the calculated from equation ones together. The
R-square value of 0.9998 for the synthesis of AgNPs in Fig. 2 indi-
cates good agreement between the experimental and calculated
values to confirm the reliability of the applied model. The signifi-
cance and adequacy of the constructed model were checked
through the ANOVA using F-test and P-value (Table 3). The
model F-value of 4244.50 and P-value of <0.0001 for AgNPs syn-
thesis imply that the model is statistically significant in determining
the particle size of synthesised Ag. According to Table 3, the
linear factors (A, B, and C), the quadratic factors (A2, B2, and C2)
and the interaction factor (BC) were found significant (p<0.05).
The other factors (AB and AC) were not significant to the response
(p>0.05).

The interaction effects and optimal levels of the factors were
studied by plotting the 3D response surface curves when one of
the factors is fixed at the optimal value and the other two are
allowed to vary. Therefore, three response surface curves (shown
in Figs. 3a–c) were obtained by considering all the possible com-
binations. Fig. 3a represents the interaction between AgNO3 con-
centration and GA concentration at fixed value of the pH equal to
9.02. It clearly shows a slight decrease in average particle size of
AgNPs with the increase of AgNO3 concentration from 3 to
5.42 mM and GA concentration from 5 to 6.25 mM; further
increase in the AgNO3 and GA concentrations led to gradual
increase in average particle size. This plot shows a weak degree
of curvature at two sides; hence, there was no significant interaction
between both factors. It also shows that the minimum response can
be achieved when AgNO3 and GA concentrations at the values of
5.42 and 6.25 mM, respectively. Fig. 3b represents the interaction
between AgNO3 concentration and pH at fixed GA concentration
Fig. 2 Parity plot for the experimental and predicted values of average par-
ticle size of AgNPs

Table 3 ANOVA for CCD

Source of
variation

Sum of
squares

Degree of
freedom

Mean
square

F-value P-value

model 5472.36 9 608.04 4244.50 0.000
A 22.64 1 22.64 158.04 0.000
B 88.97 1 88.97 621.07 0.000
C 2353.40 1 2353.40 16,428.20 0.000
A2 25.64 1 25.64 178.98 0.000
B2 94.73 1 94.73 661.26 0.000
C2 2441.72 1 2441.72 17,044.73 0.000
AB 0.03 1 0.03 0.19 0.672
AC 0.29 1 0.29 2.04 0.191
BC 18.82 1 18.82 131.37 0.000
lack of fit 0.90 5 0.18 2.15 0.281
pure error 0.25 3 0.08 — —

total 6773.47 19 — — —
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Fig. 4 Two-electron oxidation of GA to corresponding quinoid compound
[30]

Table 4 Validation of the predicted model using different levels of pH
and GA concentration

Run number pH GA concentration, mM Average particle size, nm

Predicted Observed

1 7 6.25 37.87 38.30
2 9 6.25 7.51 8.00
3 11 6.25 37.49 38.00
4 7 7 38.11 37.90
5 9 7 8.34 8.85
6 11 7 38.88 38.95

Fig. 3 Response surface curves for the CCD
a AgNO3 concentration–GA concentration
b AgNO3 concentration–pH
c GA concentration–pH
of 6.25 mM. It clearly exhibits a strong and weak degree of curva-
ture for pH and AgNO3 concentration, respectively. From the
response surface plot, it is obvious that pH had a significant
effect on average particle size compared with other factors and
the optimal levels for AgNO3 concentration and pH are obtained
as 5.42 mM and 9.02, respectively. Fig. 3c shows the 3D response
surface plot at varying GA concentration and pH at fixed AgNO3

concentration of 5.42 mM. A minimum average particle size can
be observed in Fig. 3c, which corresponds to a GA concentration
of 6.25 mM and pH of 9.02. In this figure, it observes a strong
and slightly strong degree of curvature for pH and GA con-
centration, respectively, implying that the average particle size
was significantly affected by pH and GA concentration, where
pH produces greater effect. These results are in agreement with
those obtained by statistical ANOVA results.

Our results confirmed the very important role played by pH in
controlling the size of the AgNPs synthesis. Sathishkumar et al.
[29] reported that the pH plays a major role in size control of the
particles; large particles were formed at lower pH, whereas highly
dispersed, small particles were formed at high pH. Therefore, the
particles size decreased with the increase of the pH value up to 9
due to the increase of the reduction rate of the Ag ions (more
nucleation). The average particle size increases when the pH
value is further increased to 11. The increase in particle size is
related to aggregation of particles due to the very rapid reduction
of Ag ions and the formation particles with very small sizes. So,
an optimum pH of 9 has been determined based on our studies.
Concerning GA concentration effect, our results show that it was
also an effective factor on the average particle size. GA acts as a
reducing and capping agent, the oxidation reaction of phenol
groups in GA was responsible for the reduction of Ag ions, and
the produced quinoid compound with a carboxylic acid group
could be adsorbed on the surface of AgNPs accounting for their
stabilisation through electrostatic stabilisation (see Fig. 4) [30]. At
low GA concentration, the compound is not able to completely
cover the Ag ions and reduction rate is also slow; consequently,
agglomerated and large particles are produced. The smaller
average particle size could be achieved with the increase in the
GA concentration to the optimal value (6.25 mM) due to the
higher stabilisation of produced particles by GA. Further increases
in the GA concentration led to enlarge of average particle size,
because it increases the reduction rate too much, and GA is not
able to completely cover all of the produced Ag ions; thus, the
size of the particles increases. The optimal GA concentration pro-
vided the conditions required to produce particles with a sufficiently
small average particle size. The next factor investigated was the
AgNO3 concentration, which is a slightly significant factor, and it
effects on the nucleation process of NPs. As the AgNO3
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concentration increased from 3 to 5.42 mM, the formation of
AgNPs also increased (more nuclei with smaller sizes); however,
it was found that increasing the AgNO3 concentration from 5.42
to 7 mM caused the growth of crystals around the nucleus, resulting
in an increase in average particle size. Finally, the optimal condi-
tions for synthesis of AgNPs with the minimum average particle
size were found in A= 5.42 mM, B= 6.25 mM, and C= 9.02 and
at these conditions, the predicted value of Y (average particle
size) was 7.51 nm.

3.3. Validation of the predicted model: To determine the correct-
ness of the variance analysis model, sets of experiments were per-
formed by selecting pH and GA concentration as two factors, which
have a more major influence on average particle size compared with
AgNO3 concentration. The remaining factor in these experiments
was at fixed level: AgNO3 concentration (5.42 mM). Table 4 sum-
marises the average particle size of each individual experiment
along with the predicted response by model, where the results
verify the previous model that 6.25 mM concentration of GA and
pH of 9 as the best combination for obtaining the minimum
average particle size. The minimum average particle size of 8 nm
(Table 4) was obtained experimentally and this was closer to the
predicted value (7.51 nm).

3.4. Green synthesis of AgNPs at optimised conditions and
characterisation: One experiment at the optimised conditions was
performed to verify the reliability of predicted model. Fig. 5
shows the XRD pattern for the AgNPs synthesised at optimised
conditions, which clearly indicates the formation of the Ag crystal-
line structure. Four strong diffraction peaks at 38.53°, 44.53°,
64.83°, and 77.90° can be attributed to the (111), (200), (220),
and (311) crystalline structures of the face-centred cubic (FCC)
Ag, respectively (identified by ref: 01-087-0719), whereas any
peaks originating from Ag oxides cannot be observed.
Furthermore, the average crystallite size of NPs was 4.5 nm, was
calculated by well known Scherrer equation.

The particle size distribution image of AgNPs synthesised at
optimised conditions is shown in Fig. 6. It is observed that the
size distribution of AgNPs range from 4 to 18 nm. The calculated
average particle size of AgNPs is 8 nm. The predicted value for
average particle size by model and the obtained value from valid-
ation experiment are similar, which confirms the statistical effect-
iveness of the applied model in optimising the synthesis of
AgNPs for minimising the average particle size.
Micro & Nano Letters, 2020, Vol. 15, Iss. 6, pp. 403–408
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Fig. 8 EDX spectrum of the AgNPs synthesised at optimised conditions
To analyse the results of DLS for the synthesised AgNPs,
FE-SEM images were investigated. The FE-SEM image corre-
sponds to optimised sample is revealed in Fig. 7. The surface
morphology of AgNPs showed even shape and spherical nature.
The particle size range from 5 to 20 nm with a narrow size distribu-
tion. The obtained average particle size of AgNPs was about 10 nm,
which is in good agreement with the observation by DLS. Fig. 8
shows the EDX spectrum of the synthesised AgNPs at optimised
conditions, which suggests the presence of Ag as the ingredient
element without oxide layer. The quantitative information of
AgNPs shows the presence of elements such as Ag (89.75%),
oxygen (5.50%), and chlorine (4.75%).
To determine the size, morphology, and dispersity of AgNPs

synthesised at optimal conditions, TEM analysis was performed
(Fig. 9a). The TEM image reveals that the AgNPs formed were
spherical in shape and the size of AgNPs was approximately
about 4.5–7 nm. The size distribution of NPs was in good agree-
ment with the DLS. A histogram of the size distribution obtained
from corresponding TEM image suggests that the average size of
the AgNPs was ∼5.77 nm and narrow size distribution (Fig. 9b).
The UV–vis absorption spectrum of synthesised AgNPs under

optimised conditions is shown in Fig. 10. The absorption spectrum
Fig. 6 DLS analysis of the AgNPs synthesised at optimised conditions

Fig. 5 XRD pattern of the AgNPs synthesised at optimised conditions

Fig. 9 TEM analysis
a TEM image of AgNPs
b Size distribution histogram of AgNPs, synthesised at optimised conditions

Fig. 10 UV–vis spectrum of the AgNPs synthesised at optimised conditions

Fig. 7 FE-SEM image of the AgNPs synthesised at optimised conditions

Fig. 11 FT-IR spectra
a GA
b AgNPs synthesised at optimised conditions
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of NPs showed maximum absorption at 388 nm, which indicates the
presence of AgNPs due to the excitation of SPR. The dual role of the
GA as a reducing and capping agent was confirmed by FT-IR ana-
lysis of AgNPs synthesised at optimal conditions. The FT-IR
spectra of the GA and AgNPs are presented in Fig. 11. As previously
mentioned, the carboxylic acid groups of GA bind to the surface of
the NPs, which was further confirmed by the disappearance of the
peak at 3063 cm−1 corresponds to the OH stretching vibration of
the carboxylic acid groups of GA, which completely disappeared
after the synthesis. It validates that carboxylic acid groups in GA
have interacted with the AgNPs through electrostatic interactions.
The appearance of broad peak at 3453 cm−1 for AgNPs confirmed
the presence of intermolecular hydrogen-bonded network of phenolic
groups on the surface of NPs [30].

4. Conclusion: Our work shows a novel approach including the op-
timisation of process variables through statistical experimental
design for the green synthesis of AgNPs by reduction of AgNO3

with GA as both reducing and capping agent, which have not
been already studied by other researchers. The influence
of various process factors, namely AgNO3 concentration, GA con-
centration, and pH in synthesis of AgNPs has been investigated
by using RSM based on CCD to determine the optimum synthesis
conditions. The results indicate that the pH was the most effec-
tive factor on the average particle size in the synthesis process
of AgNPs. The AgNPs synthesised at optimised conditions
(5.42 mM of AgNO3, 6.25 mM of GA, and pH= 9.02) were inves-
tigated through analyses of the DLS, FE-SEM, EDX, UV–vis spec-
troscopy, and FT-IR. The formation of AgNPs is confirmed by
the observed SPR (λmax at 388 nm) in UV–vis absorption spectrum.
On the basis of the DLS analysis, the average particle size of AgNPs
obtained 8 nm, which was in satisfactory agreement with the pre-
dicted value (7.51 nm) by model. The XRD pattern showed the
FCC Ag and the average crystallite size of AgNPs was 4.5 nm, esti-
mated from Scherrer method. The analysis of FE-SEM predicts the
uniform spherical shape along with the distribution of particle size
within the range 5–20 nm. Size distribution histogram obtained
from corresponding TEM image reveals that the average size of
the AgNPs was ∼5.77 nm and narrow size distribution.
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