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The effect of various factors on the metastable size of ZnS particles was investigated in order to widely and precise-
ly control the size of ultrafine particles synthesized in a microemulsion.  The metastable size of the ZnS particles could
be more widely changed by changing the microemulsion system, the specific permittivity of the organic solvent, the pH,
and the synthesis temperature than the previously reported factors.  We proposed a stabilization model of the ZnS ul-
trafine particles by surfactants and a new method for controlling the size of ultrafine particles synthesized in the micro-
emulsion.

 

The synthesis of nanometer-sized ultrafine particles in a mi-
croemulsion is the subject of intense research because of their
wide applications.  Especially, some researchers have applied
ultrafine particles to supported metal catalysts by immobiliza-
tion of their particles on or in solid supports.
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  We have pro-
posed a new method for the preparation of supported metal
catalysts by immobilizing size-controlled ultrafine particles
synthesized in a microemulsion in solid supports.

 

4

 

The size of the supported metal particles is an important fac-
tor affecting most catalytic behaviors.
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  Therefore, it is neces-
sary to control, both widely and precisely, the size of ultrafine
particles synthesized in a microemulsion in order to enhance
the catalytic performance.  The size of these particles in a mi-
croemulsion is traditionally controlled by the molar ratio of
water to surfactant (

 

w

 

0

 

), the reactant concentration, and the ra-
tio of the potential determining ion.
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  Some researchers have
reported the metastable size of CdS particles of which the
growth rate had significantly decreased, and proposed a kinetic
model for the reduced rate of the CdS particle coagulation pro-
cess.

 

13,14

 

  Accordingly, it is important to reveal the relationship
between the metastable size and various factors in order to
control, both widely and precisely, the size of ultrafine parti-
cles synthesized in a microemulsion.  In this work, we studied
the effect of various factors on the metastable size of the ZnS
particles of which the size was easy to estimate, and proposed
a new method for controlling the size of ultrafine particles syn-
thesized in a microemulsion.

 

Materials and Methods

 

Poly(oxyethylene) (

 

n

 

 

 

=

 

 23) dodecyl ether (Brij35), bis(2-
ethylhexyl) sulfosuccinate (AOT), and hexadecyl trimethyl
ammonium chloride (CTAC) were used as a surfactant.  

 

N

 

-al-
cohols with a carbon number of 2 to 10, 

 

n

 

-hydrocarbons with a
carbon number of 7 to 12, cyclohexane, and isooctane were
employed as the organic solvent.  Zn(NO

 

3

 

)

 

2

 

•

 

6H

 

2

 

O and Na

 

2

 

S
were used as the source of ZnS particles.  The concentration of
the surfactant in an organic solvent was 0.1 mol dm

 

−

 

3

 

.  The

molar ratio of water to surfactant was mainly 6, and the con-
centrations of zinc nitrate, [Zn(NO

 

3

 

)

 

2

 

]

 

aq

 

, and sodium sulfide,
[Na

 

2

 

S]

 

aq

 

, were 5.0

 

×

 

10

 

−

 

2

 

 mol dm

 

−

 

3

 

 and 2.5

 

×

 

10

 

−

 

2

 

 mol dm

 

−

 

3

 

,
respectively.  ZnS particles were synthesized by mixing two
microemulsions, one containing Zn(NO

 

3

 

)

 

2

 

 and the other con-
taining Na

 

2

 

S.
UV-visible absorption spectra were recorded using a UV-

2400 spectrophotometer (Shimadzu Co., Ltd.).  The size of the
ZnS particles synthesized in the microemulsion was estimated
by the band gap using Brus’ equation.
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(1)

The band gap for the bulk ZnS (

 

E

 

g, bulk

 

) is 3.7 eV.  

 

d

 

p

 

 is the
particle diameter, 

 

m

 

e

 

*

 

 and 

 

m

 

h

 

*

 

 are the effective masses of the
electron and hole, respectively, and 

 

e

 

 is the charge of an elec-
tron (1.602

 

×

 

10

 

−

 

19

 

 C).  

 

ε

 

 is the dielectric constant.  The value
of 

 

m

 

e

 

*

 

 

 

=

 

 0.25

 

m

 

e

 

, 

 

m

 

h

 

*

 

 

 

=

 

 0.58

 

m

 

e

 

 and 

 

ε

 

 

 

=

 

 0.52

 

ε

 

0

 

 for ZnS.
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Here, 

 

m

 

e

 

 is the electron rest mass (9.109

 

×

 

10

 

−

 

31

 

 kg) and 

 

ε

 

0

 

 is
the dielectric constant in a vacuum (8.854

 

×

 

10

 

−

 

12

 

 c

 

2

 

 J

 

−

 

1

 

 m

 

−

 

1

 

).
In this study, the particle size, which remained unchanged for 2
hours, was defined as a metastable size.

 

Results

1. Effect of 

 

w

 

0

 

, the Reactant Concentration and the Ratio
of the Potential Determining Ion ([Zn

 

2

 

+

 

]

 

aq

 

/[S

 

2

 

−

 

]

 

aq

 

).    

 

The
effect of 

 

w

 

0

 

 and the reactant concentration on the metastable
size of the ZnS particles was investigated.  AOT/

 

n

 

-heptane was
employed as the microemulsion system.  Figure 1 shows the
dependence of 

 

w

 

0

 

 on the metastable size, together with the re-
lationship between 

 

w

 

0

 

 and the waterpool size estimated by
Adachi et al.
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  In the range 

 

w

 

0

 

 

 

<

 

 3, the metastable size in-
creased from 3.0 to 3.3 nm with increasing 

 

w

 

0

 

.  When 

 

w

 

0

 

 was
more than 3, this size took a constant value, i.e., 3.3 nm.  This
dependence of the particle size on 

 

w

 

0

 

 was similar to that in a
previous study.
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  However, the metastable size was apparently
independent of the waterpool size.  Figure 2 shows the rela-
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tionship between the metastable size with the reactant concen-
tration ([Zn(NO

 

3

 

)

 

2

 

]

 

aq

 

).  [Na

 

2

 

S]

 

aq

 

 was adjusted with the molar
ratio of [Zn

 

2

 

+

 

]

 

aq

 

/[S

 

2

 

−

 

]

 

aq

 

 equal to 2.  The metastable size was
independent of the reactant concentration, and was about 3.3
nm in all cases.

Next, the effect of the ratio of the potential determining ion
on the metastable size was studied.  1-Hexanol was employed
as the organic solvent.  Figure 3 shows the change in the meta-
stable size with the ratio of the potential determining ion.  In
each case, the metastable size did not significantly change.  As
a result, it was difficult to widely control the metastable size of
the ZnS particles in a microemulsion by the previously report-
ed conventional factors.

 

2. Effect of Microemulsion System.    

 

Next, the metastable

size of the ZnS particles synthesized using various types of mi-
croemulsion systems was studied.  Figure 4 shows the relation-
ship between the metastable size and the microemulsion sys-
tems.  The ratio of the potential determining ion, [Zn

 

2

 

+

 

]

 

aq

 

/[S

 

2

 

−

 

]

 

aq

 

, was 2, and the pH was about 6.  The metastable size in-
creased in the order CTAC/1-hexanol 

 

>

 

 AOT/cyclohexane 

 

=

 

AOT/isooctane 

 

>

 

 Brij35/1-hexanol 

 

>

 

 AOT/1-hexanol sys-
tem.  Moreover, this size varied in the range of 2.5 to 3.5 nm
and more widely than that mentioned in section 3.1.  Accord-
ingly, altering the microemulsion system was effective to
widely change the metastable size.

 

3. Effect of an Organic Solvent.    

 

In section 2, it is diffi-
cult to understand the reason why the metastable size widely
changed, because the structure, or property, of the surfactants
and organic solvents employed were not systematically
changed.  The effect of the types of organic solvents on the
metastable size was systematically investigated.  The 

 

n

 

-hydro-

 

Fig. 1.   Change in the metastable size of ZnS particles with
w0.
AOT/n-heptane, [AOT]org = 0.1 mol dm−3, [Zn2+]aq/[S2−]aq

= 2.  Dashied line: waterpool size, Dw = 0.32w0
16.

Fig. 2.   Change in the metastable size of the ZnS particles
with the reactant concentration inside the micelle.
w0 = 6, [Zn2+]aq/[S2−]aq = 2.

Fig. 3.   Change in the metastable size of the ZnS particles
with the ratio of the potential determining ion.
�; AOT/1-hexanol, �; Brij35/1-hexanol, �; CTAC/1-hex-
anol.

Fig. 4.   Change in the metastable size of the ZnS particles
with the various types of microemulsion system.
w0 = 6 [Zn2+]aq/[S2−]aq = 2.
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carbon with a carbon number of 7 to 12 and n-alcohol with a
carbon number of 2 to 10 were employed as the organic sol-
vent.  Figure 5 shows the metastable size when the n-hydrocar-
bon was employed.  AOT was employed as a surfactant be-
cause it only dissolved in the n-hydrocarbon.  The metastable
sizes were independent of the type of n-hydrocarbon.  Next,
the effect of the types of n-alcohol on the metastable size was
studied.  Figures 6, 7, 8, and 9 show the change in the UV-visi-
ble spectra with time in Brij35.  In each case, while the absorp-
tion threshold slightly changed with time, the ZnS particle siz-
es estimated by the band gap using Brus’ equation were almost
constant for 2 hours.  Figure 10 shows the change in the meta-
stable size with the specific permittivity of the organic solvent
employed.  The specific permittivity increases with decreasing
carbon number of the n-alcohol, and those for the n-hydrocar-
bon are almost the same, i.e., 1.9.  The metastable size widely
changed in the range of 2.8 to 3.8 nm and decreased with in-
creasing specific permittivity in all cases.  Accordingly, the
specific permittivity of an organic solvent is an important fac-

tor for widely changing the metastable size of the ZnS particles
synthesized in a microemulsion.

In ethanol as an organic solvent, the metastable size in
Brij35 only existed, and was the smallest of all solvents.  The
ZnS particle size in CTAC/ethanol increased with time after
mixing the two surfactant solutions and had no plateau value.
In AOT/ethanol, no absorption threshold could be observed in
the wide range at wavelength.  The surfactant molecules are
dissolved in ethanol, and no microemulsion forms.  It is inter-
esting, therefore, that in ethanol as an organic solvent, the
metastable size of the ZnS particles in Brij35 only existed, and
could be controlled by selecting of the n-alcohol, regardless of
the formation of a microemulsion.

4. Effect of the pH.    Next, the effect of the pH on the
metastable size was investigated.  The pH was adjusted by the
amount of aqueous ammonia added to the microemulsion be-
fore the formation of the ZnS particles.  Figure 11 shows the

Fig. 5.   Effect of the types of n-hydrocarbon on the metasta-
ble size.
AOT/n-hydrocarbon, w0 = 6 [Zn2+]aq/[S2−]aq = 2.

Fig. 6.   Change in UV-visible spectra with time.
Brij35/ethanol, w0 = 6 [Zn2+]aq/[S2−]aq = 2, absorption
threshold after 120 min: 281 nm, ZnS particle size: 2.8 nm.

Fig. 7.   Change in UV-visible spectra with time.
Brij35/1-butanol, w0 = 6 [Zn2+]aq/[S2−]aq = 2, absorption
threshold after 120 min: 285 nm, ZnS particle size: 2.9 nm.

Fig. 8.   Change in UV-visible spectra with time.
Brij35/1-hexanol, w0 = 6 [Zn2+]aq/[S2−]aq = 2, absorption
threshold after 120 min: 289 nm, ZnS particle size: 3.1 nm.
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change in the metastable size with the pH.  1-Hexanol was em-
ployed as an organic solvent.  The metastable size in AOT in-
creased with the pH and varied in the range of 2.5 to 3.5 nm.
The size in CTAC, however, decreased with increasing the pH,
and changed in the range of 3.0 to 4.2 nm.  When aqueous am-
monia was added to the microemulsion containing Brij35, no
metastable size existed.  As a result, changing the pH was ef-
fective for widely varying the metastable size in AOT and
CTAC.

5. Effect of the Synthesis Temperature.    The effect of the
synthesis temperature on the metastable size was investigated.
Figure 12 shows the change in the metastable size with the
synthesis temperature.  In all cases, the metastable size in-
creased with the synthesis temperature.  Especially, the particle
size in CTAC changed in the range of 3.5 to 4.1 nm.  The parti-
cle size in AOT and Brij35, however, did not widely change.

Thus, the synthesis temperature was an effective factor for
changing the metastable size in CTAC.

Discussion

1. Stabilization Model by Surfactants.    w0 and the reac-
tant concentration did not significantly affect the metastable
size.  These are the factors that are related to the number of
metal ions inside a micelle.  It was reported that the nucleation
rate was different according to the number of metal ions inside
a micelle and, as a result, the final particle size was different.8

In this study, the metastable size of the ZnS particles, however,
was almost independent of these preciously reported factors.
Suzuki et al. suggested that the metastability of the ultrafine
particle composed of a certain number of molecules resulted in

Fig. 9.   Change in UV-visible spectra with time.
Brij35/1-decanol, w0 = 6 [Zn2+]aq/[S2−]aq = 2, absorption
threshold after 120 min: 301 nm, ZnS particle size: 3.5 nm.

Fig. 10.   Effect of the specific permittivity of organic solvent
on the metastable size of the ZnS particles.
�; AOT, �; Brij35, �; CTAC, w0 = 6 [Zn2+]aq/[S2−]aq = 2.

Fig. 11.   Effect of pH on the metastable size of the ZnS parti-
cles.
�; AOT, �; Brij35, �; CTAC, w0 = 6 [Zn2+]aq/[S2−]aq =
2.

Fig. 12.   Change in the metastable size with the synthesis
temperature.
�; AOT, �; Brij35, �; CTAC, w0 = 6 [Zn2+]aq/[S2−]aq =
2.
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a drastic decrease in the particle coagulation rate.14  Boutonnet
et al. suggested that surfactant molecules would adsorb on the
metal particle surface, and restricted the coagulation.17  There-
fore, it is possible that the surfactant molecules were adsorbed
on the surface of the ZnS particles during the growth process,
and restricted the coagulation of the particles and, as a result,
the metastable size of the ZnS particles composed of a certain
number of molecules would exist for several hours.

The metastable size was almost independent of the ratio of
the potential determining ion.  Moreover, when the ratio was
not unit, since the excess ions adsorbed on the surface of the
ultrafine particles and these particles positively or negatively
charged,18 it was presumed that no metastable size existed be-
cause of the repulsion between the charged ultrafine particles
and surfactant molecules.  The metastable size, however, the
existed regardless of the ratio.  From the point of view that the
coagulation of the ZnS particles was restricted by the adsorp-
tion of surfactant molecules, this result suggests that the sur-
face of the ZnS particles have two types of absorption sites,
which would be positively and negatively charged.

The metastable size widely changed by altering the micro-
emulsion system.  When 1-hexanol was used as the organic
solvent, the metastable size increased in the order cationic sur-
factant > nonionic surfactant > anionic surfactant.  These re-
sults suggest that the surfactant molecules have a stronger af-
finity for the ultrafine particles in the order anionic surfactant
> nonionic surfactant > cationic surfactant, and could restrict
the coagulation of particles by the adsorption of these mole-
cules in the early stage of the formation of ZnS particles.
However, as mentioned above, this result was not due to the
adsorption of the excess Zn ion.  This will be mentioned later.

The metastable size was quite dependent on the specific per-
mittivity of the organic solvent employed.  Because the mole-
cules of the organic solvent have more affinity for ultrafine par-
ticles, small particles could form.  T. Hirai et al. mentioned that
water molecules exist on the surface of CdS particles synthe-
sized in the AOT/n-heptane microemulsion system.14  H. Goto
et al. showed that there were bounded water molecules near the

hydrophilic groups of the surfactant consisting of micelle by
NMR.19  If the bounded water molecules exist near the hydro-
philic groups adsorbed on the surface of the ZnS particles, it is
possible to decrease the high energy on the surface of the ZnS
ultrafine particles.

As a result, Fig. 13 shows the stabilization model of the ZnS
particles by anionic surfactant, AOT.  When surfactant mole-
cules adsorbed on the surface of ZnS particles and restrict the
coagulation of the ultrafine particles, the metastable size could
exist.  If the ionic surfactants stabilize the ZnS particles, the
water or counter ion would be needed to restrict the repulsion
between the hydrophilic groups of the surfactant molecules.
As mentioned above, it is reasonable that the water molecules,
which could decrease the high surface energy of ultrafine parti-
cles, would exist on the surface of the ZnS particles.  Except
for ethanol, organic solvents are almost immiscible with water,
and the interface forms.  Therefore, the water molecules and
counter ion, which restrict the repulsion between the hydro-
philic groups of surfactants, could remain on the surface of the
particles.  On the contrary, since ethanol is miscible with water
and the water molecules and counter ion disperse in ethanol,
ZnS particles could not be stabilized by ionic surfactants be-
cause of the repulsion between the hydrophilic groups and,
thus no metastable size existed.

The effect of the specific permittivity of the organic solvent
on the surface of the ZnS particles could be explained in this
model.  The organic solvent molecules would be in contact
with the water phase on the surface of ultrafine particles.  If the
specific permittivity is high, the organic solvent has an affinity
for the water molecules.  The surface of the particles, there-
fore, becomes stable and small metastable particles formed.
On the contrary, if it is low, the surface of the ultrafine particles
becomes unstable.  As a result, the particles grew, and large
metastable particles formed.

The change in the metastable size with the pH was depen-
dent on the ionicity of the surfactants.  As the pH is decreased,
the number of proton would increase in the water phase on the
surface of ZnS particles.  Sulfur ions, thus, dissolve in the wa-

Fig. 13.   Stabilization model of ZnS particles by AOT.
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ter phase to neutralize the surface, and Zn sites with a positive
charge increase on the surface.  Accordingly, in the anionic
surfactant, AOT, the number of adsorption sites would increase
with decreasing the pH, and small metastable particles formed.
On the contrary, in the cationic surfactant, CTAC, when the pH
is decreased, the metastable particles existed.  As was shown in
the stabilization model, this result supports that the two types
of adsorption sites with a positive and a negative charge would
exist on the surface of the ZnS particles regardless of the pH.
However, when the pH is low, the number of adsorption sites
with a negative charge would be smaller than those with a pos-
itive charge.  As a result, the ZnS particles grew and large
metastable particles formed.  In Brij35, if aqueous ammonia
was used to adjust the pH, no metastable size existed.  The hy-
drophilic groups of Brij35 are long oxyethylene groups.  When
the number of adsorption sites with a negative charge would
increase with the pH, the repulsion between the hydrophilic
groups and the surface of the particles might be governed be-
cause of the steric hindrance.  Therefore, Brij35 could not re-
strict the coagulation of particles, and no metastable particles
would exist when aqueous ammonia was added.  In Fig. 4, the
pH was about 6, and the number of adsorption sites with a pos-
itive charge would be larger than that with a negative charge.
This result was consistent with that in Fig. 11.

The metastable size increased with increasing the synthesis
temperature in all surfactants.  This result would be due to the
decrease in the amount of surfactant adsorption with the syn-
thesis temperature.

2. Control Method of the Ultrafine Particle Size in a Mi-
croemulsion.    The metastable size of the ZnS particles could
be widely varied by changing the ionicity of the surfactants,
the specific permittivity of the organic solvent, the pH, and the
synthesis temperature.  However, the effect of the pH and the
synthesis temperature on the metastable size was dependent on
the ionicity of the surfactant.  Moreover, the addition of ammo-
nia water to adjust the pH might affect the crystal structure of
ultrafine particles synthesized in the microemulsion.  Accord-
ingly, the ionicity of the surfactant and the specific permittivity
of an organic solvent could be the important factors for size
control of the ultrafine particles.  As a result, we proposed a
new method for controlling the size of ultrafine particles syn-
thesized in a microemulsion: 1) One can study the relationship
between the ionicity of the surfactant and the metastable size
of the ultrafine particles, and select the ionicity of the surfac-
tant.  2) Using the surfactant selected in 1), one can control the
size of the ultrafine particles by changing the specific permit-
tivity of the organic solvent.  3) Using the surfactant and or-
ganic solvent employed in 2), one can precisely control the
size of ultrafine particles by changing w0.

Conclusion

In this paper, we reported the effect of various factors on the
metastable size of ZnS particles.  We concluded that the meta-
stable size of the ZnS particles could be changed more widely
by changing the microemulsion system, the specific permittivi-
ty of an organic solvent, the pH, and the synthesis temperature
than the previously reported controlling factor.  We proposed a
stabilization model of the ZnS ultrafine particles by surfactants
and a new method for controlling the size of ultrafine particles
synthesized in the microemulsion.

References

1 M. Boutonnet, J. Kizling, V. Mintsa-Eya, A. Choplin, R.
Touroude, G. Maire, and P. Stenius, J. Catal., 103, 95 (1987).

2 T. R. Thurston and J. P. Wilcoxon, J. Phys. Chem. B, 103,
11 (1999).

3 S. Shiojiri, M. Miyamoto, T. Hirai, and I. Komasawa, J.
Chem. Eng. Japan, 31 (3), 425 (1998).

4 M. Kishida, J. Chem. Soc., Chem. Commun., 91, 763
(1995).

5 M. Boudart, Adv. Catal., 20, 153 (1969).
6 I. Lisiecki and M. P. Pileni, J. Am. Chem. Soc., 115, 3887

(1993).
7 H. Yamauchi, T. Ishikawa, and S. Kondo, Colloids and Sur-

faces, 37, 71 (1989).
8 E. Boakye, L. R. Radovic, and K. Osseo-Asare, J. Colloid.

Int. Sci., 120, 163(1994).
9 F. J. Arriagada and K. Osseo-Asare, Colloids and Surfaces,

69, 105 (1992).
10 A. Gonzalez, I. Lado, and M. A. Lopez Quintela, J. Appl.

Phys., 76, 6564 (1994).
11 V. Buschmann, G. Van Tendeloo, Ph. Monnoyer, and J. B.

Nagy, Langmuir, 14, 1528 (1998).
12 H. Inoue, T. Torimoto, T. Sakata, H. Mori, and H.

Yonyama, Chem. Lett., 1990, 1483.
13 T. Hirai, S. Shiojiri, and I. Komasawa, J. Chem. Eng.

Japan, 27, 590 (1994).
14 K. Suzuki, M. Harada, and A. Shioi, J. Chem. Eng. Japan,

29, 264 (1996).
15 L. E. Brus, J. Chem. Phys., 80, 4403 (1984).
16 M. Adachi, M. Harada, and A. Shioi, Y. Sano, J. Phys.

Chem., 95, 7925 (1991).
17 M. Boutonnet, J. Kizling, and P. Stenius, Collods and Sur-

faces, 5, 209 (1982).
18 S. Shiojiri, T. Hirai, I. and Komasawa, J. Chem. Eng.

Japan, 31 (1), 142 (1998).
19 A. Goto, H. Yoshioka, M. Manabe, and R. Goto, Langmuir,

11, 4873 (1995).
 


