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a b s t r a c t

Dispersion characteristics of a sol were assessed in terms of surface charge, particles size and rheological
measurements. TEOS and phenolic resin were used as silicon and carbon sources, respectively, for prepar-
ing SiC nanopowder. APC was used as a dispersant agent. APC significantly increased the surface charges
of the particles in intermediate pH and moreover as an acidic agent shifted pH to lower values. DLS mea-
surements indicated more stability and controllable size of particles in the presence of APC. At pH < 4,
size of particles was measured to be less than 10 nm. Rheometry measurements for sol showed that the
viscosity increased and stability of particles decreased in intermediate pH. Electrokinetic measurements
were used to determine adsorption specific free energy (�G◦ ) between surface sites and adsorbing
ol–gel processes

hemical synthesis
canning electron microscopy (SEM)
ransmission electron microscopy (TEM)
-ray diffraction

sp

dispersant. Results showed a negative amount (−1.57 RT) that indicates a favorable interaction between
particle surface and dispersant. FTIR of the dried gel powder indicated that (Si–O–C) bonds were formed
due to hydrolysis and condensation reactions. XRD studies showed that the synthesized powder which
was heat treated in 1500 ◦C for 1 h consists of �-SiC phase. SEM observations showed that the �-SiC
particles agglomerated with a particle size less than 100 nm.TEM analysis indicated a semi-spherical

ze of
morphology and mean si

. Introduction

Recently, carbide materials have been used for many appli-
ations in advanced ceramics industry due to their attractive
haracteristics. Silicon carbide is one of the most important car-
ide materials because of its unique properties and is known as an

mportant non-oxide ceramic with high melting point (2827 ◦C),
igh hardness, high wear resistance, low thermal expansion coef-
cient, good chemical resistance and good thermal conduction in
eramic industry [1–3].

This ceramic material is used in electrical industries, high tem-
erature engineering ceramic devices and as reinforcement for
eramic composites [4–7]. Different methods which were used
or SiC particles synthesis include Si metal direct carbonization,
hemical vapor deposition (CVD), carbothermal reduction of silicon
ioxide and sol gel technique. Some of these methods are accom-

anied with shortcomings, these include high cost, low efficiency
nd high impurity.

The sol–gel process, however, has proved a unique method for
ynthesis of nanopowder, this method has several outstanding fea-
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ax: +98 2177240291.
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30–50 nm for �-SiC particles.
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tures such as high purity [8], high chemical activity, improvement
of powder sinterability, possibility for particles mixing at molecu-
lar scale. A sol gel process using metal alkoxides has been widely
applied for the synthesis of ideal powders; homogeneous, size and
shape controlled, and high purity [9]. The flexibility of sol–gel
chemistry, involving silicon alkoxides as precursors and the abil-
ity to prepare stable inorganic matrices close to room temperature
are compatible with a wide variety of dyes [10].

Aelion et al. were among the first to investigate the kinet-
ics of hydrolysis and condensation of TEOS. The rate and extent
of the hydrolysis reaction were found to be influenced by the
strength and concentration of the acid or base catalyst while
temperature and solvent were of secondary importance [11]. Dis-
persion of nano/colloidal size particle suspensions in aqueous and
non-aqueous systems is crucial for the success of many advance
and modern manufacturing processes in a variety of applications.
With a rapid trend towards miniaturization and the utilization of
nanopowders, understanding of their suspension behavior and role
of cohesion are of paramount importance. It is very difficult to keep
nanoparticulate system, as discrete primary particles in the dis-

persion, as it tends to form lose agglomerates. In general, colloidal
and nanosuspensions are thermodynamically unstable due to large
surface energy associated with finely dispersed systems. However,
these dispersions can show kinetic stability if required energy bar-
rier against agglomeration/aggregation can be provided through

dx.doi.org/10.1016/j.jallcom.2010.06.116
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ab_najafi@iust.ac.ir
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orces such as electrical double layer, electrostatic forces. This area
s attracting increasing attention from a variety of interdisciplinary
elds of research [12].

A sol, which forms a gel, is a colloidal suspension of solid par-
icles in a liquid. According to the classical concepts of colloid
hemistry, a colloid is a suspension in which the dispersed phase
s so small (1–1000 nm) that the gravitational forces are negligible
nd interactions are dominated by short-range forces, such as van
er Waals attraction and surface charges [13]. The use of an aqueous
olymeric surfactant allows the achievement of highly stable sus-
ensions for all nanoparticle SiC samples in the considered range
f concentration [14].

Ponton et al. reported on the study of gelation of silica-based
aterials by small amplitude oscillatory shear measurements. The

elation time has been determined from the variation of the elastic
oss moduli with time at different frequencies. Investigations are

ade for different water amounts, monomer concentrations, and
ifferent temperatures [15]. To increase the precision of viscosity
easurements Adamczyk et al. chose the capillary measurement

echnique using a new homemade apparatus, largely eliminating
uspension sedimentation effects. This is vital in view of further
tudies on rheological properties of mineral suspensions in colloid
ilica [16]. Arriagada et al. developed a novel synthesis route for
ilica nanoparticles with a wide range of water/surfactant ratio.
hey showed that particle size and size distribution are complex
unctions of the initial micro emulsion formulation [17].

Zackrisson et al. studied effects of particle concentration on the
rreversible aggregation of colloidal silica using in situ destabiliza-
ion via the ionic strength increase derived from the enzymatic
ydrolysis of urea by urease. Comparisons are made with disper-
ions destabilized by direct addition of salt solutions, which gel
nder very different condition [18]. Martin et al. investigated the
ffect of pressure and temperature on SiC nanopowders obtained
rom silica sol and sugar [19]. Tamon et al. synthesized silica alco-
els by the sol–gel polymerization of TEOS using HCl and NH3 as
atalysts and elucidated the influence of the hydrolysis time on the
elation time and the visible light transmission of alcogels [20].

In this study, the dispersion behavior of nanosize particles in
he presence of ammonium poly-carboxylate (APC) as dispersant
gent is explained. Understanding the importance of the colloid
cience and technology for obtaining suspensions without particle
gglomerates is the main aim of this study since it could result in
roducts with appropriate nanostructure in colloidal processes.

. Materials and methods

.1. Materials

Tetraethyl orthosilicate (TEOS, Merck Ag Germany), choloridric acid and NaOH
HCl, NaOH, Merck Ag Germany) as catalysts solutions, Phenolic resin (Resol, RIL
00 Resitan Co., Iran), ethanol (Merck Ag Germany), acetone (Merck Ag Germany)
s resol solvent and distilled water were used in this study, and ammonium poly-
arboxylate (APC, D-305) with molecular weight of about 8000–10,000 g/mol was
sed as dispersant agent. According to reaction (1), the structure of ammonium
oly-carboxylate and decomposition reactions demonstrate that carboxylic groups
re functional ones which can be decomposed as RCOO− [12].

.2. Methods

At first, 60 ml TEOS, 40 ml water and 30 ml ethanol were mixed and then a solu-

ion containing 50 g phenolic resin in 100 ml acetone was added to it. This solution
nder a reflux condition was homogenized by a magnetic stirrer and its pH was
ontrolled by introducing the sufficient amounts of catalyst (HCl and NaOH). Also
or sol stabilization the dispersant agent (0.05 mol/l) was added to it. Subsequently,
uring hydrolysis reactions and Si(OH)4 particles formation, the solution was deal-
oholized at 40 ◦C. Then, it was diluted by water to prevent faster gelation resulted
ompounds 505 (2010) 692–697 693

from diminishing alcohol. Final solution was included of very small and homogenous
Si(OH)4 particles and phenolic resin which resolved completely.

The temperature elevation resulted in particles connection and polymers for-
mation with siloxan bonds (Si–O–Si). These polymers joint together and made a
chained structure in which water was trapped. The carbon phase was merged inside
the polymer structure. Then the gel was dried and xerogel was produced.

In order to remove the structural water and organic matters, resulted powder
was pyrolyzed at 700 ◦C for 1 h under Ar atmosphere. The obtained powder had black
color. Then the pyrolyzed powder was heat treated at 1500 ◦C for 1 h with a heating
rate of 10 ◦C/min in an electrical furnace (carbolite 1600) in alumina crucible at Ar
flow of 100 ml/min.

The resulted powder was greenish. Various characterization methods includ-
ing particle charge detector (Zeta Sizer, Malvern DTS) were used to perform surface
charge measurements. This detector acts on basis of current potential measurement
which is created when polar ions are separated in double electric layers from charged
particles in liquid. Rheometry analysis was performed (Phisica, MCR300) under ther-
mally controlled conditions from ambient temperature to 120 ◦C. The viscosity was
measured with constant shear rate of 2600 s−1 at 25 ◦C. The rheology behavior of
suspensions contained nanosize particles was studied by measuring viscosity and
shear tension as a function of shear and pH amounts. Sol stabilization was investi-
gated by zeta potentiometry using Zeta sizer Malvern DTS. Dynamic light scattering
analysis (DLS, Malvern DTS) was performed for measuring the particles size and sta-
bility in colloidal system. In this method, the solubility rate is measured on the basis
of the illumination of laser beam with less than 100 nm wavelength in the sol con-
taining nanosize particles. The suspended particles in the sol are constantly moving
due to Brownian motions, and they experience contacts with other particles. The
relationship between particles size and their Brownian motion speed is calculated
from the Stokes–Einstein (Eqs. (1) and (2)) [21].

D = kBT

6��r
(1)

�p = 1
6��r

(2)

where D is the diffusion coefficient, �p is particle mobility, T is the solution tem-
perature, � is the solution viscosity and r is the particle radius. FTIR analysis (FTIR,
Shimadzu, 8400S) for bonds specifications, X-ray diffractions analysis (XRD, Philips
Xpert) for phase studies of synthesized powder, scanning electron microscopy
(FE-SEM, S4160-Hitachi) and transmission electron microscopy (TEM, Philips) for
structural investigations were performed.

3. Results and discussion

3.1. Nanosize particles surface chemical properties

The stability of suspensions containing nanosize particles
depends on the amounts of surface charge. Silica alkoxides in the
presence of water molecules are hydrolyzed according to reaction
(3) and OR groups are replaced by OH ions. This reaction results in
silanol groups (Si-OH) which are naturally amorphous. In pH range
less than that of point zero charge (PZC), silanol groups react with
H+ ions and form (Si-OH2

+) groups [12] and in pH amounts more
than PZC they react with OH− ions and results in (Si-O−) groups
formation (reactions (4) and (5)).

Si-OR + H2O → Si-OH + ROH (3)

Si-OH + H+ → Si-OH2
+ pH < PZC (4)

Si-OH + OH− → Si-O− + H2O pH > PZC (5)

The charge amounts in different pHs corresponding to reactions
(4) and (5) are shown in Table 1. Silanols are relatively acidic and

easily react with OH−. As it can be seen, the PZC can be found in
the pH range of 2–2.5. By increasing the pH, higher negative surface
charges are obtained. The results show that the nanosize particles
exhibit a floculant effect in solution at pHs of 4–7. This effect leads to
strong attraction between particles and alleviates the sol stability.
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Table 1
Experimental data of nanosize particles surface charge density.

pH Surface charge observation density (C/g)

1.50 0.3142
1.75 0.2412
2.00 0.0012
2.50 −0.0107
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3.20 −0.0120 pHPZC = 2–2.5
4.00 −0.0340
5.40 −0.0980
6.90 −0.1960

The surface charge variations (C/g) as a function of pH amounts
ith and without dispersant are plotted in Fig. 1. The amount

f pHPZC in the absence of dispersant agent is in the range of
–2.5. The surface charge is positive at pH amounts lower than
ZC and is negative at higher ones. Addition of dispersant APC
ields changes in surface charge, and the amount of negative sur-
ace charge will be increased because of dispersant adsorption on
anosize particles’ surfaces. APC dispersant changes pH in the sol
nd it becomes more acidic with lower pH amounts. It is clear that
he surface charge on nanosize particles is negative for a wide pH
ange (>2.5). More changes in pH amounts demonstrate that inter-
ction between particles and dispersant APC probably has chemical
ature. The chemical adsorption process which was involved in

ormation of chemical bonds is known as an irreversible surface
dsorption process. Since, unfortunately, there is not any report on
urface charge density for nanosize precursors particles during SiC
ynthesis, we cannot compare the present data and give in depth
omments.

.2. Rheological behavior

The viscosity variations of sol containing nanosize particles as a
unction of pH are shown in Fig. 2 at constant shear rate of 2600 s−1.
s it is seen, the highest viscosity belongs to the pH in range of 4–7.

n other words, particles attraction inside the sol is increased in this
ange, and mobility is decreased. According to Eqs. (1) and (2), as
ol viscosity increases at constant temperature, particles mobility
nd stability decrease. Therefore, sol stability is lower for this pH

ange. Also, the suspension is well dispersed in extremely high and
xtremely low pH amounts and sol viscosity is low and its stability
ncreases.

Fig. 2 could be confirmed by Fig. 3 which shows zeta poten-
ial variation vs. pH. This figure shows that at pH lower than 4 the

Fig. 1. Effect of pH on surface charge density with and without dispersant.
Fig. 2. Effect of pH on suspension viscosity.

ideal zeta potential was achieved for a stable colloidal system. At
pH values of 4–7, the zeta potential tends to zero and minimum
stability was achieved. In this condition the particles agglomera-
tion occurred. At pH values more than 7, the absolute value of zeta
potential increased and formed stable colloidal system.

3.3. Adsorption free energy calculations using electrokinetic
results

It is well established that the interaction between double elec-
tric layers plays an important role on dispersants adsorption.
Electrokinetic measurements are one of the most important meth-
ods for studying dispersants interaction which is performed on the
solution containing dispersants. Electrokinetic data show that the
surface charge on particle surface changes by addition of dispersant
for systems with chemical adsorption. This effect can be shown by
Eqs. (6) and (7) based on special interactions between surface sites

and dispersant based on electric double layer theory [12]:

�pH = 1.0396Coexp

(
−�G◦

sp

RT

)
(6)

Fig. 3. Zeta potential variation vs. pH.
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Table 2
Specific free energy of interaction between particles and APC.

�G ◦
sp (unit RT) �pH pH

No dispersant Sol/APC

−1.570 0.250 2.500 2.250

o

�

w
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f
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−2.264 0.500 3.200 2.700
−2.440 0.600 4.000 3.400
−3.050 1.100 5.400 4.300
−3.210 1.300 6.900 5.600

r

G◦
sp = −RT(ln �pH − ln Co − ln 1.0396) (7)

here �G◦
sp is the free energy of interaction between particles

urface and dispersant, �pH is sol pH changes due to dispersant
ddition, Co is the dispersant concentration (0.05 mol/l), and R and
are standard coefficient of gas and temperature (K), respectively.

nteraction happens with changing in surface charge amounts. This
hange is related to �G◦

sp. The free energy values for surface inter-
ctions at different pH amounts are shown in Table 2. It can be
een that if the free energy amount was more negative, the inter-
ction between particles surface and dispersant will be sufficient
nd the double layer electrical repulsion will be higher. The sur-
ace charge variations in the presence of dispersant with chemical
dsorption mechanism can be quantitatively determined based on
ree specific energy of interaction (�G◦

sp) and a relation between
ispersion behavior and �G◦

sp can be found.
In Table 2 it can be seen that �G◦

sp at intermediate pHs 4–7 is
ore negative and it means that interaction between dispersant

nd particles surfaces is higher at these pH ranges, and at pHs of
.5–4 dispersant effects decreased. So it could be concluded that
PC dispersant increases sol stability based on interaction mecha-
ism between dispersant and particles.

.4. Study of particles size in sol
Fig. 4 shows the particles size variations at the beginning of the
est and before the gelation point. As it can be observed, at low pH,
he particles size is smaller at the beginning and after holding time
ecause of very low concentration of OH− ions. In this condition,
ccording to reaction (4), solubility rate is low. But at higher pH

Fig. 4. Effect of pH on particle size.
Fig. 5. Particle size distribution at pH 2.5 (a) before aging (b) and after gelation time.

amounts, the OH− ions concentrations are increased which encour-
ages the particle growth. In the sol system, due to existence of
electric double layer around particles, they have electrostatic repul-
sive force. Thus, organic agents can be used for thickening adsorbing
layers and for increasing the electrosteric stability in order to pre-
vent from connection of very small particles. Electrosteric stability
is a combination of electrostatic and steric repulsion and occurs
due to adsorbing charged polymers on the surface. Probably, at long
durations in sol processing, electrical charge decreasing and double
layer thinning result in attraction between particles and agglomer-
ates formation; Thus, the particle size increases. Electrosteric force
by placing charged polymers on particles surface leads to increas-
ing zeta potential and electrical repulsion. So as it is observed in
Fig. 4, addition of dispersant APC into the sol increases the parti-
cles stability after holding time in comparison with sols without
APC addition and this stability is more significant at intermediate
pH 4–7 amounts. Fig. 5 illustrates the particles distribution at pH
about 2.5 after and before sol aging. As it is seen, the particles have
a narrow distribution and there is no particles dispersion inside the
solution. Also, the particle size variations after aging are constant.

3.5. Powder properties

The FTIR spectrum of the gel powder is shown in Fig. 6. As
it is seen, siloxane bonds (Si–O-Si) which are formed by com-
plete hydrolysis and condensation reactions of silicon alkoxides are
observed at 498, 800 and 1090 cm−1. A broad band at 3200 cm−1

corresponds to molecular water hydrogen-bonded to each other
and to (Si-OH) groups. The bands observed around 2920 cm−1,
1200–1456 cm−1 and 1393 cm−1, respectively, are related to (C–H)
bonds of methylene, (C–C) and (C–O) bonds, and (C C) double

bonds as well as aromatic loops which all are corresponded to phe-
nolic resin bonds. It is noteworthy that there is a peak related to
(Si–O–C) bonds at 754 cm−1 which is formed from phenolic resin
carbon atoms connections with hydrolyzed and condensed TEOS
(Si–O) bonds at molecular levels.
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Fig. 6. FTIR spectrum

Fig. 7. X-ray diffraction pattern of synthesized SiC nanopowder at 1500 ◦C.

Fig. 8. SEM micrograph (FE-SEM) of synthesized SiC powder heat treated at 1500 ◦C.
of gel powder.

Fig. 7 shows the X-ray diffraction pattern of synthesized powder
with pH 2.5, APC 0.05 mol/l and heat treated at 1500 ◦C for 1 h. It can
be seen that main peaks of synthesized powder at diffraction angles
of (2�) 35.6◦, 41.3◦, 60.1◦ and 72.1◦ are corresponded to (1 1 1),
(2 0 0), (2 2 0) and (3 1 1) planes which are ascribed to cubic �-SiC
phase. It should be noted that close to (1 1 1) planes peak between
2� = 33◦ and 2� = 35◦ there is a shoulder which is related to SiC
hexagonal polytypes which are usually appeared as �-SiC (2H, 4H,
6H, etc.). Finally, no peak can be related to crystoballite and silica
phases at XRD detection capability. The phase evaluation compares
well with investigation carried out by Vix-Guterl et al. [22].

Fig. 8 exhibits the FE-SEM microstructure of synthesized pow-

der. As can be seen in this figure, the produced powder is monosized
and homogeneously distributed with semi-spherical morphology.
The size of formed agglomerates is estimated to be less than
100 nm.

Fig. 9. TEM image and electron diffraction pattern of SiC powder heat treated at
1500 ◦C.



and C

t
m
t
a

T
a
c
S
a
w

4

s
s
e
t
m
p
T
d
t
o
d
S
1
3
p

[
[

[

[

[

[

[

[

[

A. Najafi et al. / Journal of Alloys

Fig. 9 shows transmission electron micrograph (TEM) of the syn-
hesized powder with above characteristics. As it is illustrated, the

ean size of the particles is between 30 and 50 nm. As the diffrac-
ion pattern of particles shows, these particles are polycrystalline
t nanometric levels.

The particles were observed to grow as semi-spherical shape.
his, we believe, is due to controlled processing parameters such
s time and temperature which are maintained under equilibrium
onditions. In fact we noticed, for example, the morphology of �-
iC particles changes to whisker type at long soaking time. Also
t higher temperatures when CO or SiO gases evolve, the particles
ere found to grow in rod shape habit.

. Conclusion

The effects of significant parameters on stability of suspen-
ion containing nanosize particles have been studied. The results
howed that the surface charge on nanosize particles in the pres-
nce of APC dispersants is more negative at pH above 2.5 and
he suspension tends to acidic conditions. Rheological measure-

ents showed that the viscosity of sol increased at intermediate
H and decreased at extremely high and extremely low ones.
his behavior was related to stability of sol in different con-
itions. The particles size could be controlled below 10 nm in
he presence of APC dispersant at pHs lower than 4. The results
f XRD analysis showed the �–SiC as a dominant phase with

ifferent crystalline planes. The microstructures resulted from
EM analysis indicated that the agglomerates size is less than
00 nm. Also the TEM results showed a size in the range of
0–50 nm for polycrystalline powders with semi-spherical mor-
hology.
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