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Pamela Y. Reyes, Jesús A. Espinoza, Marı́a E. Treviño, Hened Saade, and Raúl G. López
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Silver nanoparticles precipitation was carried out at 70◦ C in bicontinuous microemulsions stabilized with a mixture of surfactants
sodium bis (2-ethylhexyl) sulfosuccinate/sodium dodecyl sulfate (2/1, w/w) containing an aqueous solution of 0.5 M silver nitrate
and toluene as organic phase. Various concentrations of aqueous solution of sodium borohydride (precipitating agent) and their
dosing times on microemulsions were studied. Regardless of dosing time, higher and medium concentrations of precipitating
agent promoted the formation of worm-like nanostructures, while the lowest concentration allowed to obtain a mixture of isolated
silver nanoparticles (mean diameter ≈ 3 nm) and worm-like nanostructures. Experimental yields much higher than those typical
in precipitation of silver nanoparticles in reverse microemulsions were obtained. An explanation for formation of worm-like
nanostructures based on the development of local zones inside the microemulsions channels with high particle concentrations was
proposed.

1. Introduction
Nowadays, silver nanoparticles attract significant attention
for biomedical applications due to their great biocompatibility and biocide properties [1–6]. A critical feature for the
development of such applications is the size of nanoparticles.
The biocide power of silver nanoparticles depends on their
ability for ions release, which is directly related to their overall superficial area. Because of the increase in the area/volume
ratio as nanoparticle size decreases, nanoparticle dimensions
as small as possible are desirable, in order to increase
eﬃciency. Precipitation in reverse microemulsions [7–16]
is a method that allows obtaining particles with diameters
smaller than 10 nm and narrow particle size distributions.
Nevertheless, the main drawback of this method is its low
yield. Although none of the reports on silver nanoparticles
precipitation in reverse microemulsions found in our literature search shows experimental yields, calculations based
on available data in these reports reveal that theoretical
yields range from near 0.1 [7–9, 11, 13] to 0.4 g [10] silver
nanoparticles per 100 g reaction mixture. This feature of the

method is due to the low concentration of the aqueous phase
(normally ≤15 wt.%) that reverse microemulsions usually
can contain. Unlike reverse microemulsions, bicontinuous
microemulsions can have up to 40–50 wt.% concentration
of the aqueous phase [17]. This is due to diﬀerences in
nanostructure; while reverse microemulsions are made up
of nanodroplets of the aqueous phase dispersed in an oleic
continuous phase, bicontinuous microemulsions are formed
by interconnected aqueous channels with diameters usually
less than 10 nm, immersed in an oleic continuous phase [17].
Because of the higher aqueous phase concentration (where
precipitation reactions occur), it is expected that an increase
in the yield of precipitated silver nanoparticles could be
achieved through the use of bicontinuous microemulsions.
As far as we know, there are no reports about the preparation
of silver nanoparticles by precipitation in this type of
microemulsions. Nevertheless, recently we demonstrated
that precipitation in bicontinuous microemulsions is a
method that allows to produce magnetic nanoparticles with
an average particle diameter less than 10 nm and narrow
particle size distribution [18, 19].
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Table 1: Amount and concentration of NaBH4 aqueous solution
and their dosing time in the precipitation reactions in bicontinuous
microemulsions.
Run
LC1
LC2
MC1
MC2
HC1
HC2

NABH4 solution
(M)
(g)
1.250
15.0
1.250
15.0
1.875
10.0
1.875
10.0
2.840
6.6
2.840
6.6

AOT/SDS
1
0

Dosing time (min)
0.75

0.25

100
110
100
110
100
110

ND
0.5

0.5
ND
Line B
0.75

1φ

0.25

ND

We report here the use of bicontinuous microemulsions
as media for obtaining silver nanoparticles. The precipitation reactions took place at 70◦ C by adding an aqueous
solution of sodium borohydride (NaBH4 ) to microemulsions
containing an aqueous solution of silver nitrate (AgNO3 )
stabilized with the mixture of surfactants sodium bis
(2-ethylhexyl) sulfosuccinate (AOT)/sodium dodecylsulfate
(SDS), in a weight ratio of 2/1, and toluene like organic
phase. The eﬀect of dosing time and concentration of NaBH4
aqueous solution on morphology and particle size was
studied.

1
0
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1
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Figure 1: Composition of the bicontinuous microemulsion where
precipitation reactions were carried out (). Line B indicates
the constant surfactant/toluene weight ratio at which electrical
conductivities were measured. Diagram phase was reproduced from
[20].

2. Materials and Methods
2.1. Materials. AgNO3 (>99%), NaBH4 (>98%), SDS
(>98.5%), and toluene (>99.8%) from Aldrich and AOT
(>96%) from Fluka were used as received. Water was of
tridistilled deionized grade.
2.2. Synthesis of Silver Particles. Precipitation reactions were
carried out at 70◦ C in a 100 mL jacketed glass reactor
equipped with a reflux condenser and an inlet for NaBH4
aqueous solution feed. Composition of the bicontinuous
microemulsions was the same in all precipitation reactions,
and it was chosen based on electrical conductivity measurements of selected samples of mixtures AOT/SDS (2/1,
wt./wt.), 0.5 M AgNO3 aqueous solution, and toluene. The
chosen microemulsion was composed of 35 wt.% surfactant, 30 wt.% 0.5 M AgNO3 aqueous solution, and 35 wt.%
toluene. The typical procedure for the precipitation reaction
started with loading the reactor with the microemulsion
(100 g) and then raising temperature to 70◦ C. After that, the
required amount of aqueous solution of NaBH4 was dosed
drop by drop in a predetermined time to the reactor. In order
to preserve the nanostructure in bicontinuous microemulsions, agitation was not provided during the reactions. In
all reactions, the molar ratio NaBH4 /AgNO3 was equal to
1.25, that is, 25% higher than the stoichiometric ratio.
Table 1 shows the diﬀerent amounts and concentrations
of aqueous solution of NaBH4 dosed at 100 and 110 min.
After addition, completion reaction was allowed to proceed
for 30 min and then acetone was added to precipitate the
solids in the final reaction mixture. Afterwards, the precipitate was washed at least seven times with water-acetone
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Figure 2: Electrical conductivities at 70◦ C of microemulsions at
diﬀerent concentrations of 0.5 M AgNO3 aqueous solution along
the composition line B of Figure 1.

(81/19, wt./wt.) and then dried. Three samples from the
final product were taken for analyzing by X-ray diﬀraction,
Atomic Absorption Spectroscopy and Transmission Electron
Microscopy (TEM).
2.3. Characterization. Electrical conductivities were measured at 70◦ C and 1 KHz with a Hach sension 5 conductivity
meter. X-ray analyses were performed with a Siemens D5000 X-ray Diﬀractometer. The silver content in the final
powder was determined by Atomic Absorption Spectroscopy
in a Varian Spectra 250 AA equipment. Particle size was
determined by TEM in a Titan-300 kV, for which, samples
were prepared by dispersing the resulting powders in acetone
with ultrasonication and then depositing the dispersion on a
copper grid.
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The phase diagram of the system AOT/SDS (2/1, wt./wt.),
0.5 M AgNO3 aqueous solution, and toluene at 70◦ C was
previously reported by our group [20]. This diagram shows
a wide transparent region (1φ), which corresponds to a
microemulsion region. Here, in Figure 1 we reproduce the
phase diagram modified by inclusion of a line (B), which
represents a 50/50 weight ratio of surfactant/toluene. The
results of electrical conductivities measured along line B
are shown in Figure 2. It can be seen here that samples
with aqueous solution contents lower than 10 wt.% show
conductivity values <60 μS/cm. According to literature very
low electrical conductivities are characteristics of reverse
microemulsions, because the discontinuity in their nanostructure [21, 22]. Based on this and the transparency and
fluidity of those samples, it is believed that they are reverse
microemulsions. A further increase in aqueous solution
content leads to an abrupt increase in conductivity between
10 and 15 wt.%, to reach around 2,000 μS/cm at 25 wt.%
aqueous solution. Then, at 30 wt.%, conductivity diminishes
to around 1,350 μS/cm. The great increase in conductivity
values with aqueous solution content suggests a transition
from reverse to bicontinuous microemulsions, because the
higher conducting capacity of the latter arising from their
continuous aqueous phase [22–26]. In fact, determination
of transition from reverse to bicontinuous microemulsions
based on the change of electrical conductivity as a function
of aqueous phase content is a well-documented practice [26–
30]. So, it is concluded that bicontinuous microemulsions are
formed along line B ranging from some point between 10
and 15 wt.% to at least 30 wt.% aqueous solution.
To study the precipitation of silver nanoparticles in
bicontinuous microemulsions at high aqueous phase content, a microemulsion composed of 30 wt.% 0.5 M AgNO3
aqueous solution, 35 wt.% surfactant, and 35% wt. toluene
was chosen. The triangle in Figure 1 indicates the composition of the selected microemulsion.
The appearance of precursor microemulsions in all runs
was yellowish-translucent but it turned to black upon the
starting addition of NaBH4 aqueous solution. After the end
of reactions the precipitate was washed and recovered as a
grayish-black powder. Figure 3 shows the X-ray diﬀraction
pattern of purified product samples from runs LC1and LC2
and the standard patterns of silver and AgNO3 . The samples
patterns show the characteristic signals for the diﬀraction
pattern of silver crystals, while there are no signals for AgNO3
crystals or for other possible silver compounds, for example,
AgO, which could have formed during the washing process.
X-ray diﬀraction patterns of samples from the rest of runs
(not shown) also reveal that all the silver that they contain is
as silver crystals.
TEM micrographs of samples from runs HC1, HC2,
MC1, and MC2 are shown in Figure 4. From these micrographs it is evident that silver precipitated in nanostructures
and sizes diﬀerent to those characteristics of silver synthesized in reverse microemulsions [7–16]. In an inspection
of all micrographs obtained of samples from runs HC1,
HC2, MC1, and MC2, mainly worm-like nanostructures
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Figure 3: X-ray diﬀraction patterns for samples obtained in runs
LC1 (a) and LC2 (b) from precipitation at 70◦ C in bicontinuous
microemulsions containing 30 wt.% 0.5 M aqueous solution of
AgNO3 and 35 wt.% surfactant mixture. Standard patterns of silver
(c) and AgNO3 (d) are included.

composed of silver nanoparticles with diameters larger than
10 nm mixed with some isolated silver nanoparticles were
found. It was not possible to identify any eﬀect of dosing
time. In contrast, the inspection of all micrographs obtained
of samples from runs LC1 and LC2 reveals a mixture of isolated silver nanoparticles with diameters smaller than 10 nm
and the worm-like nanostructures (Figure 5). Histograms
obtained measuring over 200 isolated nanoparticles for run
LC1 and over 400 for run LC2 are also included in Figure 5.
Particle size data in histograms allowed to calculate values
of 3.4 nm in average diameter and σ = 0.8 nm for run
LC1. For run LC2, 3.3 and 0.8 nm for average diameter and
σ, respectively, were obtained. From here, it appears that,
at least in the studied interval, dosing time does not aﬀect
average particle size and particle size distribution of isolated
silver nanoparticles.
Information on particle size can also be obtained by using
data from X-ray diﬀraction patterns of samples from runs
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Figure 4: TEM micrographs for samples obtained in runs HC1 (a), HC2 (b), MC1 (c), and MC2 (d) from precipitation at 70◦ C in
bicontinuous microemulsions containing 30 wt.% 0.5 M aqueous solution of AgNO3 and 35 wt.% surfactant mixture.

LC1 and LC2 and the well-known Scherrer equation, which
is represented as
d=

Kλ
,
β cos θ

(1)

where d is the mean diameter of particle in nm; K is
the dimensional factor (0.9); λ is the X-ray wavelength
(0.154 nm); β is the line broadening at half the maximum
intensity in radians; θ is the Bragg’s angle. From these calculations, d values of 21 and 13.5 nm, for the particles from
runs LC1 and LC2, respectively, were obtained. Diﬀerences
between particle sizes determined by X-ray and TEM are
large. This arises from the fact that estimation of mean particle size by X-ray takes into account all particles, that is, the
isolated ones and those forming worm-like nanostructures.
On one hand, in the particle size determination by TEM,
only isolated nanoparticles were considered. From here, it
is evident that in spite of formation of very small isolated
silver nanoparticles, formation of worm-like nanostructures
constituted of larger nanoparticles is important still at the
lowest concentration of precipitating agent. Furthermore,
it is worthy to note that the X-ray results indicate that
the average diameter for particles from run LC1 was larger
than that of run LC2 (21 versus 13.5 nm), while, according
to TEM, the isolated particles in the samples from both

runs are the same average size. This could be interpreted
as that the worm-like nanostructures from LC2 run are
constituted of smaller nanoparticles than those composing
nanostructures from LC1 run and/or that the proportion
of isolated nanoparticles in the sample from LC2 run is
smaller than that in the sample from LC1 run. In any case, an
inverse eﬀect of dosing time of precipitating agent on average
particle size might exist.
Table 2 shows the amount and purity of the products obtained in all reactions. Experimental yields and
experimental yield/theoretical yield ratios are also included.
Experimental yield was calculated as the grams of silver
obtained per 100 g of total reaction mixture. Theoretical
yield was the expected yield when all the silver in the
AgNO3 in the formulation was converted to metallic silver. Data in Table 2 indicates that by using bicontinuous
microemulsions as a template it is possible to obtain silver
nanostructures with experimental yields around 1.3. This
value is higher than the highest theoretical yield (0.4)
calculated from reported data in the literature on precipitation of silver nanoparticles in reverse microemulsions
[10]. In addition, precipitation in bicontinuous microemulsions allows to reach higher reaction conversions (>80%)
as deduced from the experimental yield/theoretical yield
ratios.
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Figure 5: TEM micrographs and their histograms for particles obtained in LC1 (a) and LC2 (b) from precipitation at 70◦ C in a bicontinuous
microemulsion containing 30 wt.% 0.5 M aqueous solution of AgNO3 and 35 wt.% surfactant mixture.

Table 2: Characteristics and yields of products from precipitation
reactions in bicontinuous microemulsions.
Run Final product (g) Purity (% silver) Yielda
LC1
1.4888
97.7
1.26
LC2
1.6127
84.0
1.18
MC1
1.2732
98.4
1.14
MC2
1.3913
94.5
1.20
HC1
1.6862
84.6
1.34
HC2
1.5518
90.4
1.32
a
b

Yield ratiob
0.88
0.84
0.82
0.83
0.86
0.86

g of silver/100 g of total mixture.
experimental yield/theoretical yield.

In spite of the higher yields reached by precipitation of
silver nanoparticles in bicontinuous microemulsions, only
in the reactions carried out by dosing aqueous solutions
with low NaBH4 concentrations (LC1 and LC2), isolated
nanoparticles with diameters smaller than 10 nm were
synthesized. Precipitations carried out using higher NaBH4
concentrations (runs HC1, HC2, MC1, and MC2) produce
long worm-like nanostructures composed mainly of silver
nanoparticles with diameters larger than 10 nm, regardless
of dosing time of precipitating agent. Based on the location
of AgNO3 within bicontinuous nanostructures and how that
comes into contact with the precipitating agent, a possible
explanation for these results is provided as follows. When the

precipitating agent is dosed on the microemulsion, the aqueous solution containing Na+ and − BH4 ions diﬀuses into the
channels in which Ag+ and − NO3 ions are contained. Under
these conditions, reduction reaction occurs for forming
silver atoms. A fraction of these atoms clusters forming
nuclei in some points of the channels. Thereafter, nuclei
can grow by two mechanisms: (i) recruiting silver atoms (or
clusters of silver atoms), which were formed as a result of the
reduction reactions, and (ii) by aggregation as a consequence
of interparticle collisions. In reverse microemulsions
particles are protected by a surfactant film and so, usually
only a small fraction of the interparticle collisions leads to
aggregation [31]. Nevertheless, particles within the channels
of bicontinuous microemulsions are not protected with any
surfactant film. Thus, a greater particle aggregation should
be expected in precipitation in bicontinuous microemulsion.
On this basis, it is believed that when precipitations are
carried out, dosing aqueous solutions with high NaBH4
contents, zones inside microemulsions channels near to
the contact point between the falling drop and the reaction
mixture would contain high concentrations of precipitating
agent. In these zones, precipitation reactions would occur
very fast, leading to high particle concentrations. This way,
interparticle collisions would be highly favored, and as a
consequence, one-dimensional aggregation, which arise
from the microemulsion channels acting as templates, would
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occur, forming worm-like nanostructures. In contrast,
when lower NaBH4 concentrations are used, zones inside
microemulsions channels near to the contact point between
the falling drop and the reaction mixture will contain low
concentrations of precipitating agent, leading to lower
particle concentrations. So, interparticle collisions and as
a consequence particle aggregation will be less favored,
resulting in fewer worm-like nanostructures and a greater
proportion of isolated small nanoparticles. The apparent
inverse eﬀect of dosing time on average particle size at low
NaBH4 concentrations suggested by X-ray results might
be because a slow dosage would also lead to low particle
concentrations within the microemulsions channels near to
the contact point between the falling drop and the reaction
mixture.

4. Conclusions
Precipitation in bicontinuous microemulsions when an
aqueous solution of the precipitating agent (NaBH4 ) at
low concentration is dosed allows to obtain a mixture of
isolated silver nanoparticles of average diameters around
3 nm and relatively narrow particle size distribution with
worm-like nanostructures composed of silver nanoparticles
with diameters larger than 10 nm. An inverse eﬀect of dosing
time of precipitating agent on average particle size might
exist. Nevertheless, when precipitations are carried out at
higher concentrations of NaBH4 , worm-like nanostructures
are mainly obtained while isolated silver nanoparticles were
very scarce. This was attributed to the development of
local zones within the microemulsions channels with high
particle concentrations, which favors interparticle collisions
and one-dimensional aggregation. At higher and medium
precipitating agent concentrations, no eﬀect of dosing time
on nanostructure type and particle size was identified, probably because of the very small studied interval. Moreover,
experimental yields obtained in all runs were much higher
than theoretical yields calculated from reported data in
literature on precipitation of silver nanoparticles in reverse
microemulsions. These findings may be used as basis for the
further development of a method for preparing isolated silver
nanoparticles of average diameters smaller than 10 nm, narrow particle size distributions, and yields higher than those
typical in precipitation in reverse microemulsions. In fact, it
is proposed that lower NaBH4 concentrations than that used
in the runs LC1 and LC2 would allow to synthesize exclusively isolated silver nanoparticles with diameters smaller
than 10 nm and narrow particle size distributions. This issue,
along with the increase in the dosing time of the precipitating
agent, is explored at the present time by our research
group.
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