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Abstract. Charging and stability of needle-like TiO2 nanoparticles were studied. Measured isoelectric point (IEP)
was pH∼4 and lower than that of spherical ones pH∼6. Heat treatment at 400˚C changed the IEP from 4 to 6. The
shift is probably due to shape controller (ethylenediamine). The particles aggregate around IEP and thus are charge-
stabilized. Experimental hydrodynamic diameters of needle-like particles showed a reasonably good agreement with
the theoretical diameter. That is, the particles can be dispersed to primary particles. 1pK Stern and standard electroki-
netic models describe electrophoretic mobility of needle-like TiO2, indicating that double layer relaxation is significant
for needle-like TiO2.

Keywords: electrophoretic mobility, isoelectric point, 1pK Stern model, double layer relaxation, aggregation, hydrody-
namic diameter.

I. INTRODUCTION

The appearance of nanomaterial leads to significant changes in the world of science and
engineering. Chemical and physical properties expected for nanomaterials are determined by their
size, shape (morphology), composition, reactivity, and surface chemistry [1]. Titanium dioxide
(TiO2: titania) is a naturally occurring mineral and has emerged as one of the most fascinating
nanomaterials in modern era. TiO2 nanoparticles have been extensively used in industrial and
environmental technology due to their various special characteristics (i.e. ultraviolet-absorption,
redox reactivity, insulation, chemically-inert and stability) [2, 3]. From these properties, they are
applied as photocatalyst, coloring, and cosmetics, etc.
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In many cases, nanoparticles are dispersed in liquid medium and are provided as slurry in
manufacturing. To control the properties of the slurry, it is important to characterize the aggrega-
tion, dispersion and charging behaviors of the titania nanoparticles. By contrast, for the wide range
use of titania as a nanomaterial and its general versatility, their release into the environment and
toxicity to human health are concerned [2,3]. Recent papers report that the positive electric surface
charge and aggregation state of nanoparticles affect the growth of bacterial cells [4, 5]. Therefore,
to advance the technical use of titania nanoparticles and to assess the environmental risk, it is cru-
cial to understand the pH-dependent surface electric charging as well as aggregation-dispersion of
titania nanoparticles.

Isoelectric point (IEP, pH at zero electrophoretic mobility) or point of zero charge (PZC, pH
at zero surface charge) of TiO2 nanoparticles is one of the crucial parameters related to charging.
Nevertheless, the values of titania are not yet definitive. While many researchers reported that
IEP of TiO2 is around pH 6, literature values of the PZC or IEP are in the range from pH 2 to
8.4 [6]. This is attributed to the use of commercially available titania particles that may contain
unknown chemical additives or impurities (Si, P, surfactant, trace metal) and other crystalline
composition [7]. Sugimoto and Zhou [8] concluded that the PZC of Ti(OH)4 precipitate is 4.6 and
anatase-type spherical titania particles have PZC of pH 6.0.

Recently, shape controlled needle-like anatase-type titania nanoparticles are well-studied,
because of their characteristic chemical and physical properties [9, 10]. Nevertheless, the effect
of the shape controller on the surface charging and IEP of needle-like TiO2 nanoparticles has
not yet been systematically studied. Also, standard 1pK Stern and electrokinetic models that
describe charging properties of several colloidal particles have not been tested for the needle-like
TiO2 nanoparticles. Furthermore, the experiment of colloid stability and theoretical analysis of
hydrodynamic size of the needle-like TiO2 nanoparticles associated with their surface charging
are scarce.

In this context, we synthesized anatase-type spherical and needle-like titania nanoparticles
with non-impurities, better to say with known ingredients and additives, by hydrothermal treatment
of titanium hydroxide gel [8, 9, 11–14]. Characterizing these non-impurity nanoparticles as a
standard model particle will lead us to get the accurate data and the correct understanding of
surface charging and dispersion properties of TiO2 needle-like nanoparticles. This paper discusses
the results on the surface charge characteristics, aggregation and sedimentation, and hydrodynamic
size of the needle-like TiO2 nanoparticles in aqueous solution.

II. EXPERIMENTAL

Both spherical and needle-like titania particles were synthesized according to the previous
work reported by Kojima et al. [9]. That is, triethanolamine was added to titanium isopropoxide
with molar ratio of [triethanolamine]:[titanium isopropoxide] =2:1. Then, ethylenediamine and
purified water was added to this mixture solution of triethanolamine and titanium isopropoxide. At
this time, the concentrations of titanium isopropoxide and ethylenediamine were diluted to 0.25 M
and 0.2 M, respectively. Then, this precursor solution was put into a screw bottle and heat-treated
at 100˚C for 24 h for gelation. After this treatment, obtained gels were placed into a PTFE-lined
autoclave and hydrothermally-treated at 140˚C for 72 h. The prepared particles were washed 5
times by centrifugation with purified water. Spherical titania particles were synthesized by almost
the same way, however, without an addition of shape controller (ethylenediamine) that is needed to
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produce needle-like TiO2 particles. The crystalline structures of spherical and needle-like titania
nanoparticles were identified by X-ray diffractometry (XRD; MacScience, M18X-HF-SRA) using
CuKα radiation. The morphology of the samples was observed by scanning electron microscope
(SEM; JEOL, JSM-6330F).

Electrophoretic mobility (EPM) of TiO2 nanoparticles was obtained by Zetasizer NanoZS
(Malvern). The instrument uses electrophoretic light scattering technique. The measurements of
EPM were performed at three different KCl concentrations (10−2 M, 10−3 M, 10−4 M) as a func-
tion of pH, which was adjusted by using NaOH and HCl. The concentration of TiO2 suspension
was 0.02 g/L. The used suspensions were sonicated before the measurement. The suspension pH
was checked by using a combination electrode (6.0234.110, Metrohm).

Aggregation and sedimentation behavior of titania nanoparticles was studied at constant
KCl concentrations (10−4 M) as a function of pH. The particle concentration was 0.08 g/L. The pH
was controlled by the addition of NaOH and HCl. After the 0.08 g/L titania suspensions were ultra-
sonicated to make them homogeneous, they were left unmoved for 24 h. Aggregation-dispersion
behavior of the suspension was judged by the naked eye observation; aggregated suspension shows
clear supernatant and sediment. To quantify the degree of aggregation, 1 mL aliquots of the
suspensions were taken from the supernatant without disturbing the sediments. The absorbance
(ABS) of the supernatant was measured in a cell with an optical path length of 1 cm by using a
spectrophotometer (Hitachi, U-1800) at the wave length of light of 600 nm. The pH values of odd
suspensions were measured by the combination electrode (6.0234.110, Metrohm). In addition, the
average hydrodynamic diameter of needle-like titania particles dH was obtained by dynamic light
scattering (DLS) method using the Zetasizer NanoZS as a function of pH.

III. THEORETICAL ANALYSES

III.1. Hydrodynamic size of rod shaped particles
The theoretical hydrodynamic diameter of needle-like TiO2 was evaluated by the method

described in the paper by Tirado et al. [15]. The shape of particles was assumed as a rod with a
length L and diameter d, for which the diffusion constant is given by

D =
kBT

3πηL
(ln p+ν) (1)

ν = 0.312+0.565/p−0.100/p2 (2)
where kBT is the thermal energy, η is the viscosity of medium, p is the aspect ratiop = L/d.

The hydrodynamic diameter (dh) is obtained from the diffusion coefficient using the Stokes-
Einstein equation:

dh = kBT/(3πηD) . (3)
The hydrodynamic diameter determined by dynamic light scattering (DLS) is usually the

intensity-weighted average size dh,av. In a polydisperse system, dh,av is given by [16]

dh,av =
〈
d6

h
〉
/
〈
d5

h
〉

(4)

where < .. . > means averaging. We calculate an average theoretical hydrodynamic size dh,av
by Eqs. (1)-(4) by assuming that L and d are comparable to the long axis length and short axis
length of each needle-like particles measured from SEM pictures. And then, we compare dh,av
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with dH from experiments using DLS. When these hydrodynamic diameters reasonably agree, we
can judge the particles in a suspension are dispersed into primary particles. Such comparison has
never been attempted for the needle-like TiO2.

III.2. Model of charging behavior
The charging behavior of metal oxides, including needle-like TiO2 used in this study, can

be rationalized as surface complexation models like 1pK Stern model [17, 18]. This 1pK Stern
model assumes the protonation at the surface of metal oxides is a single reaction. In TiO2 case,
the dissociation of proton at the surface can be shown as TiOH+1/2

2 � TiOH−1/2 + H+ with the
acid dissociation constant K given by

K =

[
TiOH−1/2

]
10−pH exp(−eψ0/kBT )[
TiOH+1/2

2

] (5)

where Ψ0 is the surface potential, e is elementary charge, square brackets denote surface concen-
trations of surface species.

The 1pK Stern model takes into account a formation of counterion pair at Stern plane.
This reaction for TiO2 surface in KCl solution is given by TiOH+1/2

2 ·Cl− � TiOH+1/2
2 +Cl−

andTiOH−1/2 ·K+� TiOH−1/2 +K+. The mass action law of each reaction is described by

K+ =

[
TiOH−1/2

]
aK exp(−eΨd/kBT )[

TiOH−1/2
2 ·K+

] (6)

K− =

[
TiOH+1/2

]
aCl exp(eΨd/kBT )[

TiOH+1/2 ·Cl−
] (7)

where Ψd is the potential at the Stern plane or diffuse layer potential, which is the potential at the
origin of diffuse double layer. aK and aCl are activites of each ion in mole per volume.

The total number density of adsorption sites at the surface Γ 0 is described as

Γ0 =
{[

TiOH+1/2
2

]
+
[
TiOH+1/2

2 ·Cl−
]
+
[
TiOH−1/2

]
+
[
TiOH−1/2 ·K+

]}
NA (8)

where NA is the Avogadro number. The surface charge density σ0 is thus written by

σ0 = 0.5eNA(
[
TiOH+1/2

2

]
+
[
TiOH+1/2

2 ·Cl−
]
−
[
TiOH−1/2

]
−
[
TiOH−1/2 ·K+

]
). (9)

The Stern layer can be modeled by a parallel plate type condenser and is expressed by

σ0 =Cs(Ψ0−Ψd) (10)

where Cs is the Stern layer capacitance. The Stern plane has the charge density and is given by

σs = eNA(
[
TiOH−1/2 ·K+

]
−
[
TiOH+1/2

2 ·Cl−
]
). (11)

For the diffuse part of electric double layer, the relationship between charge density σd and
the diffuse layer potential Ψd is described by the Gouy-Chapman theory in 1-1 electrolyte solution
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like KCl:
σd =−(2εrε0κkBT/e)sinh(eΨd/2kBT ) . (12)

κ
−1 =

(
εrε0kBT/2e2NAI

)1/2
(13)

where κ−1 is the Debye length and εrε0 is the total permittivity of water, I is ionic strength.
Electro-neutrality requires the following condition.

σd =−(σ0 +σs) (14)

The set of nine non-linear simultaneous equations (5-12,14) was solved numerically. The
total number density of adsorption sites is Γ0 = 5 nm−2 as a literature-based value [18]. The pa-
rameters (Cs, pK =− log10 K, pK+ =− log10 K+, pK− =− log10 K−) can be tuned by comparing
the calculated values with experimental data of surface charge density of TiO2 reported by van
Riemsdijk et al. (rutile) [19] and Volkova et al.(anatase) [20].

Theoretical values of electrophoretic mobility (EPM) can be calculated by substituting zeta
potential into appropriate theoretical equations. While there are several discussions on the position
of slipping plane where zeta potential is defined [21, 22], we assume that the zeta potential is
identical to the diffuse layer potential (i.e. ζ =Ψd) determined from 1pK model with the tuned
parameters and pK =IEP. Two types of EPM theories were applied to convert zeta potential to
EPM. One is the EPM theory for rod-shape particles without considering the effect of diffuse
layer relaxation. According to Ohshima [23], the EPM µm of a rod with a radius R = d/2 is
given by

µm =εrε0ζ [1+2 f (κR)]/3η , (15)

f (κR) =
1
2

[
1+

1

(1+(2.55/κR{1+ exp(−κR)}))2

]
. (16)

To take into account the effect of diffuse layer relaxation reducing EPM, one needs nu-
merical computation programs to solve electrokinetic problems. Unfortunately, however, such a
program for rod-shape particles is not available. Therefore, in this study, we adopt a software
program “cellmobility” that describes electrokinetic phenomena for spherical particles with the
relaxation effect [24–27] using hydrodynamic size, zeta potential, and the scaled drag coefficient
of ions. The software was provided to us by the authors of Refs. [24–26]. The EPM values cal-
culated from these two methods are compared with experimentally obtained EPM of needle-like
titania particles.

IV. RESULTS AND DISCUSSION

Table 1. Size of needle-like TiO2 particles
from SEM images

Unheated Heated
Long axis [nm] 351±47 300±45
Short axis [nm] 40±6 37±7

Fig. 1 shows the SEM pictures of the synthesized
titania. From the figure, we confirmed the formation of
spherical and needle-like nanoparticles. XRD patterns
(data not shown here) of spherical as well as needle-
like titania particles demonstrated that these synthesized
TiO2 particles were anatase type. The mean lengths of
the needle-like titania along long and short axis esti-
mated from SEM images are listed on Table 1.
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Fig. 2. Electrophoretic mobility (EPM) of titania as a function of pH ● spherical (10-4 

mol/L), ○ needle-like (10-4 mol/L),△ needle-like ( 10-3 mol/L),  needle-like (10-2 mol/L） 

(a) 

(b) 

Fig. 1. SEM images of synthesized ti-
tania particles : top) without ethylene-
diamine (ED) and bottom) with ED

Fig. 2. Electrophoretic mobility (EPM) of titania as a function
of pH • spherical (10−4 mol/L), ◦ needle-like (10−4 mol/L),
M needle-like (10−3 mol/L), � needle-like (10−2 mol/L)

Table 2. Hydrodynamic diameter dH (nm) of needle-like TiO2 particles obtained by dy-
namic light scattering

Unheated Heated
pH dH pH dH
7.0 115 7.1 410
8.0 116 7.8 163
9.1 117 8.8 135
9.9 118 10.1 118

Measured EPM values of spherical and needle-like titania particles are plotted against pH
for different ionic strength in Fig. 2(a). From the figure, we found that the IEP of spherical titania
is around pH 6, but needle-like titania particles have IEP around pH 4. In the present method
of synthesis, the only difference between spherical and needle-like particles is the existence of
ethylenediamine added to make the needle-like particles. Therefore, we think that decreasing the
IEP is due to the presence of ethylenediamine or its by-products. To prove this, needle-like titania
particles were treated in TG-DTA (Rigaku, TG8120) to confirm the presence of ethylenediamine
from the variation of the weight of needle-like titania particles. The TG-TDA analysis (data not
shown here) showed a slight decreasing change around 400˚C. To remove ethylenediamine, we
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heated the needle-like TiO2 at 400 ˚C. The SEM images of heated TiO2 (Fig. 3) demonstrated that
the needle-shape remained after the heat treatment. The size of heated particles is also seen in
Table 1. Comparing the sizes of heated and unheated particles, one can find that the heat treatment
gives rise to the shrink of the particles. The EPM values of the heated needle-like titania are shown
in Fig. 2(b). The figure indicates that the heat treatment shifts IEP from pH 4 to pH 6, which is
IEP for spherical titania particles. The shift of IEP by heating means that the lower IEP of original
needle-like titania originates from the shape controller (ethylenediamine) which can be removed
by heating at 400˚C. From these results, we found that needle-like TiO2 nanoparticles with usual
IEP (pH 6) can be obtained by heating at 400 ˚C.

100 nm

400℃℃℃℃ heated needle

 

Fig. 3. SEM images of heat-treated needle-like titania nanoparticle

 

Fig. 4. Aggregation and sedimentation behavior of titania nanoparti-
cles. Lower ABS (absorbance of upper part of suspension) means the
occurrence of aggregation and sedimentation.

Results of aggregation
and sedimentation experiments
are demonstrated in Fig. 4.
In this figure, lower values
of ABS (absorbance of su-
pernatant) mean the formation
of clearer supernatant induced
by aggregation and subsequent
sedimentation. From the fig-
ure, it is obviously seen that
the unheated and heated needle-
like TiO2 suspensions aggre-
gate around pH 4 and pH 6,
respectively. This result con-
forms to the EPM result. That
is, the particles aggregate near
IEP due to charge neutraliza-
tion and disperse at pH being far
from IEP by electrostatic repul-
sion. The DLS measurements
provided the values of hydro-
dynamic diameters dH at differ-
ent pH (Table 2). The values
of dH of heated TiO2 are large
around pH∼7 (∼IEP), indicat-
ing the formation of aggregates.
On the contrary, dH at higher
pH is between the lengths of
long axis and short axis. The calculated theoretical values of dh,av from the length measurement of
SEM were 147 nm and 132 nm for unheated and heated particles. While the theoretical dh,av are
10-20 % larger than measured dH , these diameters were reasonably close, and thus demonstrating
that our needle-like titania can be dispersed to nearly the size of primary particles in aqueous so-
lution by electrostatic repulsive force. The size difference is probably due to the shape difference
of rod and spheroidal needle.
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Fig. 5. Surface charge density of TiO2 as a function of pH and ionic
strength. Symbols are experimenatal data from van Riemsdijk [19]
and Volkova [20]. Lines are calculated by 1pK Stern model.

Fig. 6. Electrophoretic mobility (EPM) of unheated(left) and un-
heated(right) needle-like TiO2. Symbols are experimenatal data.
Soild and broken lines denote theoretical calculations with and with-
out diffuse layer ralaxation effect(RE).

Fig. 5 shows the compar-
ison of the 1pK Stern model
(lines) with experimental data
(symbols) of surface charge
density of TiO2. The experi-
mental values of surface charge
density were taken from the pre-
viously published papers from
different groups [19,20]. By fit-
ting the model calculation and
experimental data, we found
that the use of parameter val-
ues Cs = 1.2 C/Vm2, pK+,− =
−1.02, pK =PZC=6 achieves a
good agreement between model
and experiment. By using
the same parameters and set-
ting pK = IEP (4 or 6), we
calculated EPM of needle-like
TiO2 as shown in Fig. 6, in
which symbols are the exper-
imental data, the broken lines
are calculation by eq. (15),
and the solid lines are drawn
by using the “cellmobility” pro-
gram taking account of the re-
laxation effect (RE) of double
layer with hydrodynamic size
dH . Fig. 6 demonstrates that the
EPM model without RE overes-
timates the magnitude of EPM. On one hand, the EPM evaluated with 1pK Stern and electrokinetic
models including RE reasonably describe experimental EPM of unheated and heated titania par-
ticles. This result suggests that the relaxation effect (RE) is significant and the 1pK Stern and
electrokinetic models including RE is successful for the prediction of EPM of needle-like TiO2
by using the assumption ζ = Ψd and hydrodynamic size. Also the difference of the parameters
between unheated and heated tiatania particle is only pK given from the experimental value of IEP.
This implies that the shape controller (ethylenediamine) shifts pK and thus IEP.

V. CONCLUSIONS

To clarify the electrophoretic mobility (EPM) and isoelectric point (IEP) as well as dispersion-
aggregation behaviors of needle-like titania nanoparticles under the same condition, we synthe-
sized spherical and needle-like titania particles with known ingredients and additives. We found
that the needle-like titania particles with shape controller, ethylenediamine, show lower IEP com-
pared to spherical titania particles. After the thermal treatment at 400 ˚ C, the IEP of needle-like
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titania particles shifted from pH 4 to pH 6. This result demonstrates that a small amount of
organic substance added to control the shape affects the value of EPM and IEP. From the com-
parison of theoretical and experimental hydrodynamic diameters in dispersed state, needle-like
titania nanoparticles can be dispersed to primary particles in aqueous solution. Also the surface
charge density was described by the 1pK Stern model with the same parameters regardless of the
crystalline structure. The theoretical EPM showed a good agreement with experimental EPM by
taking account of the relaxation effect of electric double layer.
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