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Preparation of gold nanoparticles by chemical reduction method using Preyssler heteropolyacid
was investigated. The experimental conditions have been optimized using Taguchi robust design
method with L9 orthogonal array. Particle size of the gold nanoparticles was considered as the
property in the optimization. Amounts of Preyssler heteropolyacid, pH and irradiation time
were selected as the main parameters. The result of Taguchi analysis has shown that in this
process, the preyssler acid amount is the most in°uencing parameter on the size of gold nano-
particle. Also, the e®ects of di®erent parameters are in order to: Preyssler acid amount > pH >
irradiation time (negligible). This method showed that decreasing Preyssler amount and
increasing pH of solution lead to formation of smaller nanoparticles. Finally, the prepared
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nanoparticles at optimum condition with a size of about 6.42 were characterized by using
Dynamic Light Scattering (DLS) method, transmission electron microscopy (TEM), and UV-Vis
spectroscopy.

Keywords: Au nanoparticles; Preyssler; photochemical reduction method; Taguchi robust design;
optimization.

1. Introduction

Metal and metal alloy nanoparticles (NPs) have
many important applications in electronics, dental,
and chemical industries.1,2 They can been prepared
by several methods such as thermal,3 photochemical,4

radiolytic,5 electrochemical,6 or sonochemical
methods7 by means of various reagents. Among these
metal nanoparticles, Au NPs have been used in the
variety of applications such as biomedicalmonitoring,
decorative inks, cosmetics, and lubricants.8

One of the important applications of Au NPs is
in the catalytic reactions, as they can be very
e®ective catalysts.9 Catalysts based on Au NPs are
unique in their activity under mild conditions, even
at ambient temperature or less.8 Therefore, the
existing processes can be operated at considerably
lower reaction temperatures by using these cata-
lysts, which is hopeful for the development of
energy e±cient processes.10,11 This property also
a®ords a motivating analogue to enzyme catalysis,
which can take place at room temperature.12

There are many investigations in the production
of Au NPs with a controlled particle size and par-
ticle size distribution.13,14 A literature review shows
that there are limited reports in the green synthesis
of Au NPs using Polyoxometalates (POMs).15�17

POMs act as reducing agents, photocatalysts, and
stabilizers in the metal nanoparticle synthesis.15,18

One of the attractive properties of POMs is that their
structures remain unchanged under stepwise, multi
electron redox reactions.19 It was also shown that
POMs can be readily reduced in a variety of ways, for
instances, photochemically, electrolytically and
with various oxidants, such as O2 or H2O2.

19,20

Troupis et al. have demonstrated that several metal
ions including Agþ, Pd2þ, Pt3þ and Au3þ could form
metal nanoparticles in the presence of photochemically
activated Keggin polyoxometalates ([SiW12O40�5�
and [PW12O40�4�Þ.15 Mandal and coworkers have
reported that room temperature photochemically
generated [PW12O40�4�� capped gold NPs enable
the reduction of Agþ on the surface of the gold

nanoparticles to form Au�Ag core-shell bimetallic
NPs under further irradiation of UV light.21

Recently, Niu and coworkers have investigated for-
mation of AuNPs using photoreduction of transition
metal monosubstituted Keggin heteropolyanions
[PW11MO39�n� (M ¼ Cu2þ, Ni2þ, Zn2þ, Fe3þÞ.22
Moreover, in our previous works, we have introduced
Preyssler acid and molybdophosphoric acid as
two reducing agents and e±cient stabilizers for the
synthesis of Au NPs.23,24

Although, the Keggin-type and mixed-valance
POMs and Preyssler have been used in the syn-
thesis of Au NPs, to the best of our knowledge,
there is not any report considering the optimum
condition using statistical analysis methods. We
have selected Preyssler acid to synthesize Au NPs
in a photocatalytic method and to ¯nd optimum
conditions in this process. Among various POMs,
Preyssler acid is unique because of many advan-
tages, including strong Bronsted acidity, high hy-
drolytic stability (pH ¼ 0�12), high thermal
stability, corrosiveness, safety, and greenness.25

The analysis of this chemical reduction method to
¯nd optimized factors is a time and labor-consuming
work due to the complexity of interrelationships
between these factors. This analysis is ine±cient by
using the conventional experimental methods. So,
Taguchi robust design method26,27 was applied in
the present study. There is no report in the synthesis
of gold nanoparticles using POMs by chemical re-
duction route using Taguchi robust design method.

The method was developed by Genichi Taguchi
between 1950 and 1960 to improve the execution of
total quality control in Japan.28 This is a simple
and systematic approach to optimize design par-
ameters for better performance, quality, and
cost.29�31 Taguchi method is a combination of
mathematical and statistical techniques used in an
experiential study. It uses fewer experiments in
order to study all levels of input parameters and
¯lters out some e®ects due to the statistical vari-
ation. Therefore, the method is very economical for
characterization of complex processes. Using the
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above technique, we can determine the exper-
imental conditions having the smallest amount of
variability as the optimum condition. The varia-
bility can be expressed by signal to noise (S/N)
ratio.26 The variability of a property is due to
\noise factor", which is a factor di±cult to control.
On the contrary, the factor easy to control is called
\control factor". The experimental condition hav-
ing the maximum S/N ratio is considered as the
optimal condition, as the variability of character-
istics is in inverse proportion to the S/N ratio.26

In this work Au NPs were synthesized with a
green and e±cient reducing agent, Preyssler het-
eropolyacid. The Taguchi robust design was also
applied for optimization of parameters to obtain Au
NPs with smaller size and narrower particle size
distribution by using optimal synthesis conditions.
Also, the e®ect of each parameter on the particle
size and its distribution were evaluated.

2. Experimental

2.1. Materials

HAuCl4 � 3H2O and propan-2-ol (analytical grade)
and all other chemicals were obtained from Merck

Company and used as received. Preyssler hetero-
polyacid (H14[NaP5W30O110]) was prepared
according to our earlier works.25

Britton�Robinson (B�R) bu®ers (phosphate,
acetate and borate) in the pH range of 2�5 were
also used.

2.2. Experimental procedure

Au NPs were prepared by photochemical reduction
method. First, 10mL of HAuCl4 solution (0.001 M)
was added to beaker containing 5mL of Preyssler
heteropolyacid in bu®er solution and then propan-2-
ol was added to the mixture under stirring. The
solution was deaerated with N2 for 30min and then
irradiated by UV light (125W high pressure mer-
cury vapor lamp) under continuous stirring. After a
speci¯c time, the color of the solution changed to
pink, indicating the formation of gold NPs. The
prepared nanoparticles were separated in a high
speed centrifuge at 14 000 rpm for 15min and
washed twice with DI water. Then, the NPs were
dispersed in DI water for characterization. A sche-
matic diagram of the experimental procedure is
shown in Fig. 1.

Fig. 1. Experimental procedure for the synthesis of Au NPs.
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2.3. Characterization of Au NPs

The prepared Au NPs were characterized mainly
based on their DLS, using a laser particle size
analyzer (ZetaSizer Nano ZS, Malvern Instruments
Ltd.). This instrument allows to measure particle
size taking advantage of optoelectronic systems and
particle size is measured by the noninvasive
backscattering (NIBS) technique.

The synthesized NPs at optimum conditions were
characterized by using TEM (PHILIPS CM-
120 transmission electron microscope instrument)
and UV-Vis spectrophotometer (Agilent 8453,
Hewlett�Packard, USA).

2.4. Orthogonal array and
experimental parameters

In this work, the molar concentration of Preyssler
heteropolyacid was varied in the range of 6:7�
10�7 mol to 4:00� 10�6 mol. Au3þ ions concen-
tration and propan-2-ol amount were ¯xed at
0.001M and 2mL, respectively. In addition, the pH
of solution was between 2 to 5 and irradiation time
varied in the range of 45�150min. Description of
parameters and their levels are shown in Table 1.

Taguchi orthogonal array table was used by
choosing three parameters that could a®ect the

particle size.32,33 For the Taguchi design and
subsequent analysis, Minitab software (version 14.1)
was used. The proper orthogonal array for the
experiments was determined by the software. By
selecting L9 orthogonal array, using the three above
mentioned parameters and their levels (shown in
Table 2), the number of required experiments
can be signi¯cantly reduced. Three 3-level par-
ameters can be positioned in a L9 orthogonal array
table. The numbers 1, 2, and 3 in Table 2 indicate
the ¯rst, second, and third levels of a factor,
respectively.

3. Results and Discussion

Preyssler heteropolyacid was chosen to study the
synthesis of Au NPs in a reaction between the
reduced Preyssler ([NaP5W30O110�15�Þ and Au3þ
ions. The reduced form of Preyssler ion was
achieved by photolysis of a deaerated aqueous sol-
ution of propan-2-ol and [NaP5W30O110�14�, in
which propan-2-ol plays the role of sacri¯cial agent:

2ðNaP5W30O110Þ14� þ ðCH3Þ2CHOH

! 2ðNaP5W30O110Þ15� þ ðCH3Þ2C¼Oþ 2Hþ :

ð1Þ

Table 2. Experimental measured particle size values and S/N ratios for Au NPs.

Average particle size

Experiment No. A B C Raw data (nm) S/N Ratio (dB)

1 1 1 1 21.13 �26.50
2 1 2 2 12.34 �21.83
3 1 3 3 6.42 �16.15
4 2 1 2 44.73 �33.01
5 2 2 3 23.85 �27.55
6 2 3 1 19.24 �25.68
7 3 1 3 85.12 �38.60
8 3 2 1 42.69 �32.61
9 3 3 2 31.08 �29.85

Table 1. Parameters and levels used in the experiments using Taguchi robust design method with L9 orthogonal array.

Levels

Symbol Parameter Low (1) Medium (2) High (3)

A Concentration of Preyssler heteropolyacid (M) 6:70� 10�7 1:33� 10�6 4:00� 10�6

B pH 2 3 5
C Irradiation time (min) 45 90 150
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After that, the color of the solution turned gradu-
ally from colorless to pink (formation of Au0), due
to the ability of reduced Preyssler for transferring
electrons e±ciently to gold ions:

3ðNaP5W30O110Þ15� þAu3þ

! 3ðNaP5W30O110Þ14� þAu0 : ð2Þ
The above two equations were occurred in a one-pot
system at ambient temperature. Preyssler ions can
be utilized cyclically as oxidizing or reducing agent
according to Eqs. (1) and (2).

There are several vital factors in the formation of
Au nanosized particles using this photochemical
reduction procedure. In this method, there are
several parameters that a®ect the size of syn-
thesized Au NPs, such as Preyssler acid and pro-
pan-2-ol amounts, pH and time of UV irradiation.
On the basis of reaction mechanism [Eqs. (1)
and (2)], propan-2-ol may have interaction with the
¯rst mentioned factor. Then, three other most im-
portant parameters (Preyssler acid amount, pH,
and irradiation time) that in°uence the size of Au
NPs, were selected as Taguchi parameters in three
levels, which are shown in Table 1.

3.1. Taguchi experimental design

A Taguchi robust design method was used to select
the parameters having the most principal in°uence

on the particle size of Au NPs and to ¯nd the op-
timal conditions. Table 2 shows the structure of
Taguchi orthogonal robust design and also the
results of particle size distribution measurements.

These values show that the Au NPs obtained are
in the range of 6.42�85.12 nm. Table 2 represents
the mean diameters of samples prepared at con-
ditions and levels mentioned in the table. Also, the
size distribution curves of 5 synthesized nano-
particles are shown in Fig. 2. As the DLS curves of
Exps. 1, 2, 5, 6 are approximately similar and for
more clari¯cation, only Exp. 6 is shown in the ¯gure.
As it is seen, most of the synthesized Au NPs are
uniform except Exps. 7 and 9. The DLS of Exp. 3 is
narrow and synthesized NPs in this experiment are
more uniform than others. Diameter of nano-
particles for this experiment are about 4�11 nm.
On the other hand, the prepared Au NPs from
Exps. 7 and 9 are not uniform and size of nano-
particles are in the range of 50�190nm and 21�68nm,
respectively.

In the Taguchi method, the terms \signal" and
\noise" represent the desirable and undesirable
values for the output characteristic, respectively.
Taguchi method uses the S/N ratio to measure the
quality characteristic deviating from the desired
value. The S/N ratios are di®erent according to the
type of characteristic (nominal, smallest or biggest
is the best) and classi¯ed into three groups.34,35 In
the case that smaller characteristic is the best; and

Fig. 2. Size distribution of Au NPs prepared at conditions mentioned in Table 2.
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the S/N ratio is de¯ned as:

S

N
ratio ½dB� ¼ �10 log

y 2
1 þ y 2

2 þ y 2
3 þ . . .

n

� �
; ð3Þ

where yi is the characteristic property (i.e. particle
size in this case) and n is the number of measure-
ments in each experiment. The unit of S/N ratio is
decibel (dB), which is frequently used in communi-
cation engineering. Consistent with its application
in engineering and science, the value of S/N is pro-
posed to be large; hence, the value of
ðy 2

1 þ y 2
2 þ y 2

3 þ . . . =nÞ should be small. To ¯nd
optimal conditions, \the smaller the better" quality
characteristic for particle size must be taken.
Table 2 shows the S/N ratio for particle size using
Eq. (3). Since the experimental design is orthog-
onal, it is then possible to separate out the e®ect of
each parameter at di®erent levels. For example, the
mean S/N ratio for values of parameter A at
levels 1, 2, and 3 can be calculated by averaging the
S/N ratios for the experiments 1�3, 4�6, and 7�9,

respectively. In a similar method, the mean S/N
ratio for each level of the other parameters can be
calculated. The mean S/N ratio for each level is
summarized in Table 3.

As shown in Table 3, the di®erence between
maximum and minimum values of S/N values for
Preyssler acid amount is the highest. Therefore, it
can be found that the amount of Preyssler acid is
the most important parameter in°uencing the gold
particle size. Figure 3 clearly shows the S/N re-
sponse graph for particle size.

As seen in Fig. 3, the e®ects of parameters are in
order of: Preyssler acid amount > pH of solution >
time (the e®ect of time is insigni¯cant). This ¯gure
represents that by decreasing the Preyssler amount,
smaller nanoparticles were obtained. This ¯nding
veri¯es our previous results.23 This might be due
to higher coverage of Preyssler polyanions on the
exterior surface of Au NPs at higher Preyssler con-
centrations. It is suggested that excess POM
adsorption can inhibit further nucleation or promotes

Table 3. Size to noise ratios for Au particle sizes.

S/N ratio (dB)

Symbol Parameter Level 1 Level 2 Level 3 Max�Min

A Preyssler acid amount (mol) �21.48 �28.75 �33.69 12.20
B pH �32.70 �27.32 �23.89 8.81
C Irradiation time (min) �28.26 �28.22 �27.43 0.83

Fig. 3. S/N graphs for particle size of Au NPs.

1250002-6

A. Ayati et al.



coalescence which results in formation of larger
particles. Also, this trend for increasing particle size
with increasing concentration of a reducing/stabi-
lizing agent can be attributed to kinetic e®ects.36 In
addition, in many practical applications, larger
particles could be produced either by slow growth or
by aggregation of nanosize precursors. In the latter
case, higher concentrations of reactants also favor
the formation of such desired dispersions.

Moreover, Fig. 3 represents the dependency of
Au NPs mean diameter to the pH of the solution. It
clearly shows that the NP diameter increases con-
tinuously with a decrease in pH. The variation of
pH does not alter the rate of metal ions' recovery
during the reaction.37 It means that varying the pH
does not change the redox power of Preyssler acid.
Therefore, the e®ect of pH on the Au NPs diameter
has nothing to do with this. It might be that an
electrostatic interaction leads to the dependency of
the nanoparticle diameter on pH. Thus, by
increasing the pH, electrostatic interaction between
the Au3þ ions and Preyssler anions in solution
becomes weaker, which leads to decrease in the size
of nanoparticles.

Moreover, the strong tetrachloroauric acid
(HAuCl4Þ, the most accessible source of Au3þ,
totally dissociates in aqueous solutions generating
AuCl4� complex ions of square planar geometry. At
the low pH, the absorption bands at 226 and
312 nm, corresponding to the p� ! 5dx2 � y2 and
p� ! 5dx2 � y2 ligand�metal transitions, clearly
indicate the presence of the square planar AuCl4�
complex ions.38

At higher pHs (pH � 6), the insertion of the
OH� ions in the inner coordination sphere pro-
ceeds, so chlorinated and hydroxylated complexes
of gold can form.39 In addition, in the dilute sol-
utions (<10�2 M Au3þÞ, the formation of hydroxo
complexes is a much slower process. With respect
to the above statement, we have worked with
10�3 M Au3þ at pH range of 2�5, the conditions
that chlorinated and hydroxylated complexes of
gold could not be formed.

According to Eq. (3), the greater S/N ratio
means the smaller variance of particle size around
the desired value. Therefore, with respect to
Table 2 and Fig. 3, the optimum conditions are A1,
B3, and C3. In other words, based on these S/N
ratios, the optimal conditions for producing Au
NPs with the smallest particle size are A at level 1,
B and C at level 3.

3.2. Analysis of variance (ANOVA)

The main objective of the ANOVA was to explore in
which synthesis parameters signi¯cantly a®ect the
size of Au NPs. The ANOVA is presented in
Table A.1. According to the results, the Preyssler
acid amount has the greatest variance and the pH is
in the second place. The reaction time has no
noticeable e®ect on the particle size. Also, according
to Table 3, for irradiation time the values of S/N
ratios are close to each other and therefore, this
factor can be excluded and pooled ANOVA could be
applied. It should be mentioned that the process of
elimination a factor with insigni¯cant contribution
is called pooling. Table A.2 shows the results of
pooled ANOVA.

The percentage contribution and F-ratios are
shown in the table. The percentage contribution for
Preyssler acid amount is seen to be the highest value
(i.e. 47.9) and this value for pH is 30.8.

3.3. Prediction of particle size at
optimum conditions

The optimal level of the design parameters has
been chosen according to the previous section.
The ¯nal step is to predict the enhancement of the
quality characteristic using optimal level of the
design parameters. The predicted S/N ratio using
optimal level of the design parameters can be cal-
culated as27:

S

N

� �
predicted

¼ S

N

� �
m
þ
Xn

i¼1

S

N

� �
i
� S

N

� �
m

� �
; ð4Þ

where ½S=N�m is the total mean of S/N ratio, ½S=N�i
is the mean S/N ratio at the optimal level, and n is
the number of main design parameters that a®ect
the quality characteristic.

In this case, the value of ½S=N�m calculated from
Table 2 is �27.97. Also, ½S=N�i values for A1, B3,
and C3 obtained from Table 3 are �21.48, �23.89
and �27.43, respectively. By using these values,
Eq. (4) can be written as: ½S=N�predicted ¼ �27:97þ
½ð�21:48þ 27:97Þ þ ð�23:89 þ 27:97Þ þ ð�27:43 þ
27:97Þ� ¼ �16:86 dB.

Therefore, the predicted S/N ratio (�18.86) for
nanoparticle size can be obtained and the corre-
sponding estimated particle size can also be
calculated by using Eq. (5). Therefore, Eq. (5) is
expressed as �18:86 ¼ �10 logðy 2Þ and the
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estimated particle size of 6.96 nm is obtained. The
size distribution of con¯rmation experiment with
the optimal condition level is shown in Fig. 4. The
narrow distribution of particles indicate the uni-
formity of Au NPs.

Table 4 shows the comparison between the pre-
dicted particle size and S/N ratio with those of
experiment using optimal conditions, which is one
of Taguchi design experiment (exp No. 3).

There is a good agreement between the predicted
and the experimental particle sizes. Therefore, by
applying the Taguchi method we have reached the
smaller size for Au NPs.

Figure 5 shows the TEM images of these Au NPs
produced at optimal conditions. As shown in this
¯gure, the Au NPs with the size of about 6.42 nm
can be observed. Figure 6 illustrates the UV-Vis
absorption spectrum of Au NPs obtained at this
optimal condition.

It is known that UV-Vis spectrum of solution
including Au NPs shows an surface Plasmon res-
onance (SPR) band at about 530 nm.22 This ob-
servation almost agrees with the theoretical
expectations based on the evolution of nanoparticle
sizes of Au.40 It has been also con¯rmed by other
experimental investigations.41

4. Conclusions

In this work, nanosized Au particles were syn-
thesized by chemical reduction method using
Preyssler heteropolyacid. The Taguchi robust de-
sign method was used for the ¯rst time for

Fig. 6. The UV-Vis absorption spectrum of gold colloidal
solution at optimal experimental conditions.

Table 4. Results of con¯rmation experiment at optimal
conditions.

Level
Average particle

size (nm) S/N ratio (dB)

Prediction A1B3C3 6.96 �18.86
Experiment A1B3C3 6.42 �16.15

Fig. 4. Size distribution of Au NPs obtained at optimal
experimental conditions (Preyssler acid amount ¼ 6:7� 10�7

mol, pH ¼ 5, propan-2-ol ¼ 2mL at 150min).

Fig. 5. TEM images of Au NPs obtained at optimal exper-
imental conditions.
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optimization of the experimental parameters to
obtain smaller nanoparticle size. As a result, the
Preyssler heteropolyacid amount was the most
important parameter having major in°uence on the
particle size and DLS of Au NPs. The e®ects of
parameters are found to be in order of: Preyssler
acid amount > pH > time (negligible). By choosing
optimal conditions, Au NPs (6.42 nm) with narrow
particle size distribution were prepared and the
results were in good agreement with the data ana-
lyzed by Taguchi robust design method. Also, the
results of UV-Vis absorption con¯rm the above
¯ndings.
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Appendix A

Table A.2. Pooled analysis of variance.

Factor
Degree of

freedom (DOF) Sum of squares (SS) Variance (V) F-ratio (F) Pure sum (S 0) Percent P (%P)

(A) Preyssler
acid amount

2 2389.9 1194.957 9.996 2150.8 47.9

(B) pH 2 1618.9 809.432 6.771 1379.8 30.8
(C) Irradiation time Pooled
Other/error 4 478.2 119.54 21.3

Total 8 4487.0 100

Table A.1. Analysis of variance (ANOVA) for all factors.

Factor
Degree of

freedom (DOF) Sum of squares (SS) Variance (V) F-ratio (F) Pure sum (S 0) Percent P (%P)

(A) Preyssler
acid amount

2 2389.9 1194.9 8.637 2113.2 47.1

(B) pH 2 1618.9 809.4 5.85 1342.2 29.9
(C) Irradiation time 2 201.5 100.7 0.728 0 0
Other/error 2 276.7 138.3 23.0

Total 8 4487.0 100
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