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Abstract
The aggregation behavior of TiO2 nanoparticles was investigated through the measurement of aggregate size and zeta potential under
the influence of pH, ferric ion and HA. It is of great significance for assessment of the aggregate removal of TiO2 nanoparticles. The point of
zero charge (PZC) for TiO2 (P25) nanoparticles in suspension was found to be at about pH 6.2, which increased to around pH 9.0 with the
presence of ferric ion (1.0 mM), decreased to less than pH 3.0 with the presence of HA (5.0 mgC/L), and decreased to around pH 4.6 with the
presence of both ferric ion (1.0 mM) and HA (5.0 mg C/L). At PZC with near zero charge density on the surface of the TiO2 nanoparticles, the
TiO2 nanoparticles have the most tendency of aggregation which results in the maximum aggregate size of TiO2 nanoparticles in suspension.
In the region with large positive and negative zeta potential values, it was unable to promote aggregation of TiO2 nanoparticles due to the
high repulsion forces among the TiO2 nanoparticles. The formation of Fe(III)-hydroxy colloids could result in enhancement in the aggregation
process. HA acting as an aggregation energy barrier could inhibit the aggregation of TiO2 nanoparticles. With the presence of both ferric
ion and HA in suspension, the dominant role for aggregation inhibition or promotion will depends on the concentration of ferric ion and
HA. Aggregation will be promoted when the bridging effect of Fe (III)-hydroxy colloids overcomes the effect of repulsion forces among
nanoparticles and the aggregation energy barrier of HA, vice versa. The settling/removal of aggregates with larger size would be easier, while
it is an issue when the TiO2 nanoparticles in suspension are present in aqueous media stably.
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Introduction
As one of the most common nanomaterials, TiO2
nanoparticles have found their industrial and household
applications in cosmetics, sunscreens, pharmacy, socks, paints
and coatings, catalyst, even food and many other fields, which
are expected to continue to grow in the next decade [1]. However,
the release of TiO2 nanoparticles into the aquatic environment
is inevitable during the process of manufacturing, producing
or consuming TiO2 containing products. This draws concerns
of potential impact of TiO2 nanoparticles exposure to human
and environment, although further investigation is required to
understand their potential detailed adverse effects on human
beings and the aquatic ecological environment [1,2].
Recently, great attention has been paid to investigate the
aggregation behavior of TiO2 nanoparticles in the aquatic
environment [3-9]. This is important to quantify and analyze
the impact of TiO2 nanoparticles. Upon releasing into the aquatic
environment, TiO2 nanoparticles rarely exist as individual
dispersed particles. The interactions between TiO2 nanoparticles
and materials present in water under various environmental
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conditions can affect the aggregation fate and transport of TiO2
nanoparticles. pH is a critical parameter to determin the surface
charge of TiO2 nanoparticles, followed by the aggregate size
change [10-12]. The investigation of the effect of metal ions on
the aggregation behavior of TiO2 nanoparticles focuses on Na
and Ca ions [10,11,13,14]. Figure 1 shows Pourbaix diagram of
iron. Ferric ions are the common constituents present in water.
The speciation, solubility and transport of ferric ions depend on
the general composition of the water as well as the presence of
metal complexing ligands. However, effects of ferric ions on the
surface properties and aggregation of TiO2 nanoparticles have
been rarely investigated yet. Natural organic matters (NOMs)
are ubiquitous in nearly all the natural waters and municipal
wastewaters. With large active surface area-to-volume ratio,
the TiO2 nanoparticles tend to adsorb onto NOM [11,15]. Metal
ions and NOMs can present in water simultaneously. However, to
the best knowledge of the author, limited and few studies were
conducted on the investigation of aggregation behavior of TiO2
nanoparticles in complex aqueous conditions with the presence
of metal ions and NOMs under different pH (Figure 1).
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expressed in terms of total organic carbon (TOC) concentration
(mgC/L) measured using a Shimadzu ASI–V TOC Analyzer.
The stock solution for FeCl3•6H2O (50 mM) was prepared by
dissolving FeCl3•6H2O in MQ water. Both stock solutions were
stored in dark at 4°C before use.

Aggregation Experiments
Figure 1: Pourbaix diagram of iron.

In view of above, the main objective of this study was to
investigate the aggregation behavior of TiO2 nanoparticles in
water with the presence of metal ions and/or Humic acid (HA,
one of the most significant fractions of NOM) under different pH,
in terms of aggregate size and zeta potential. It aimed to obtain
insight to interprete the stability of TiO2 nanoparticles followed
by developing strategies to remove them from the aquatic
environment.

Experimental

Chemicals and Materials
Millipore Co. MilliQ (MQ) water with resistivity of 18.2 MΩ
cm was used throughout the study unless otherwise stated.
Evonik P25 (hereafter referred as P25) was provided by Jebsen
& Jessen Chemicals. The TiO2 powder consists of non-porous
spheres with average particle size of 21 nm and specific surface
area of 50 ± 15 m2/g. HA sodium salt and iron (III) chloride
(FeCl3•6H2O) were purchased from Sigma–Aldrich. HA stock
solution was prepared by dissolving HA in MQ water (pH 11
adjusted by 1 M NaOH solution) followed by stirring for 24 h, then
filtered through a 0.45 μm cellulose acetate syringe membrane
filter. The HA concentration for its stock solution was 134 mgC/L

Results and Discussion

50 mg/L of P25 suspension was prepared in MQ water,
followed by ultrasonic treatment for 2 h. The pH value for the
P25 suspension was adjusted using 1 M hydrochloric acid (HCl)
and 1 M sodium hydroxide (NaOH) solutions. To investigate
the effect of ferric ions and/or HA on the aggregation of TiO2
nanoparticles, different amounts of FeCl3•6H2O and/or HA
stock solutions were added to P25 suspension followed by pH
adjustment and magnetic stirring for 24 h before zeta potential
and aggregate size measurements.

Analytical Method

Zeta potential and aggregate size for TiO2 nanoparticles in
suspension were measured on a Malvern Nano-ZS Zetasizer. The
zeta potential was derived from the electrophoretic mobility
using Smoluchowski model [16], while the average aggregate
size was measured from the diffusion coefficient through StokesEinstein equation [17]. The measurements were performed at
25oC, and each sample was measured in triplicate. After mixing
with ferric ions and/or HA for 24 h, TiO2 nanoparticles were
washed with MQ water for three times and dried for X-ray
photoelectron spectroscopy (XPS) analysis on a Kratos Axis
Ultra spectrometer using a monochromatized Al Kα (1486.71
eV) X-ray source to study the surface chemical compositions and
bonding states of the TiO2 nanoparticles. All the spectra were
calibrated with the adventitious carbon at 284.8 eV.

Effect of pH

Figure 2: Effect of pH on aggregate size and zeta potential of TiO2 nanoparticles in suspension without the presence of ferric ions and HA
(a), and with the presence of ferric ions (b), HA (c) and both ferric ions and HA (d).
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As shown in Figure 2 (a), the point of zero charge (PZC) for
TiO2 nanoparticles in suspension was found to be at about pH
6.2. As an amphoteric material, the TiO2 surface is positively
charged at a pH lower than PZC and negatively charged at a
pH higher than PZC, which can be observed in Figure 2. The
decrease of zeta potential to more negative values for TiO2
nanoparticles with increasing pH could be due to the fact that
the OH- concentration increased and thus bond with H+ on the
surface active sites of the TiO2 nanoparticles. The charge density
on the surface of the TiO2 nanoparticles is zero at PZC, thus
the TiO2 nanoparticles have the most tendency of aggregation
in accordance with DLVO theory [10,15], which results in the
maximum aggregate size of TiO2 nanoparticles in suspension. In
the region with large positive and negative zeta potential values,
it was unable to promote aggregation of TiO2 nanoparticles
due to the high repulsion forces among the TiO2 nanoparticles.
It is concluded that the TiO2 nanoparticles in suspension were
considered to be stable and settling/removal of aggregates
would be an issue i n the region far away from PZC (Figure 2).

Ferric ion was added to TiO2 suspension to investigate its
effect on TiO2 nanoparticles aggregation and zeta potential of
TiO2 suspension. The PZC for TiO2 nanoparticles in suspension
increased to around pH 9.0 with the presence of 1.0 mM ferric
ion Figure 2(b). Severe TiO2 aggregation occurred at pH 8-9
due to the decrease of repulsion forces among nanoparticles in
the region near to PZC with low zeta potential. At pH < 6 and
> 9 with high positive and negative zeta potential respectively,
strong repulsion forces among nanoparticles could prevent
their aggregation. However, TiO2 nanoparticles aggregation was
observed. It is noted that the hydroxyl colloids Fe(OH)3 act as the
principal species of Fe(III) in the suspension [18,19]. Thus, it is
assumed the formation of Fe(III)-hydroxy colloids could result in

enhancement in the aggregation process. The bridging effect of
Fe(III)-hydroxy colloids dominated over electrostatic repulsion
existed among nanoparticles and led to the formation of large
aggregates.

The PZC for TiO2 nanoparticles in suspension decreased
to less than pH 3.0 with the presence of 5.0 mg/L HA, and the
TiO2 nanoparticles were negatively charged at pH 3-10 due to
HA adsorption on the surface of TiO2 nanoparticles (Figure 2c).
The aggregate size of TiO2 nanoparticles decreased slightly with
pH increasing along with the increase of negative zeta potential
values due to the repulsion forces among the TiO2 nanoparticles.
It can be concluded that HA could act as aggregation energy
barrier to inhibit the aggregation of TiO2 nanoparticles [10].

The PZC for TiO2 nanoparticles in suspension was at around
pH 6.2 (Figure 2a), which increased to around pH 9.0 with the
presence of ferric ion (Figure 2b), and decreased to less than pH
3.0 with the presence of HA (Figure 2c). As shown in (Figure 2d),
with the presence of both ferric ion (1.0 mM) and HA (5.0 mgC/L),
the PZC of TiO2 nanoparticles in suspension was at around pH
4.6. Due to the weak repulsion forces among TiO2 nanoparticles
at PZC, significant aggregation was observed. With the increase
of pH from PZC onwards, aggregate size of TiO2 nanoparticles
decreased rapidly. This could be attributed to the effect of HA
acting as an aggregation energy barrier where it disregarded
the unstable effect of ferric ions that could have posed in the
suspension. This could be explanatory by the observation of
reduced aggregation effect occurred at pH 6 onwards, which
was contrary with that in mono-system of ferric ions (Figure
2b). These results suggested that, compared to ferric ion, HA
exhibited dominant effect on aggregate size and zeta potential
of TiO2 nanoparticles in suspension with the presence of both
ferric ion and HA.

Figure 3: XPS spectra of (a) Ti 2p, (b) O 1s, (c) Fe 2p and (d) C 1s region for TiO2 nanoparticles after mixing with ferric ions and/or HA for
24 h.
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XPS spectra of Ti 2p, O 1s, Fe 2p and C 1s region for TiO2
nanoparticles after mixing with ferric ions and/or HA for 24 h
were measured to investigate the surface chemical compositions
and bonding states of the TiO2 nanoparticles. (Figure 3a)
illustrates the presence of Ti4+ oxidation state, peaks at 458.3458.4 and 464.0-464.1 eV for Ti 2p3/2 and Ti 2p1/2, respectively
[20]. The TiO2 nanoparticles mixing with ferric ions and/or
HA exhibited insignificant affect to Ti 2p spectra. Figure 3b
demonstrates the XPS spectra of O 1s. The peaks at 529.4-529.6
eV are ascribed to the Ti-O bonds in the TiO2 lattice [21], while
the peaks at 531.3-532.4 eV are related to the oxygen in the

Effect of Ferric Ions Concentration

surface hydroxyl groups (H-O bonds) and/or in the carboxyl
groups (C-O bonds) [21,22]. It is indicated that the mass ratio
of oxygen in Ti-O bonds was higher than that in the surface
hydroxyl groups (H-O bonds) and/or in the carboxyl groups (C-O
bonds). After mixing with ferric ions and/or HA, the oxygen in
the surface hydroxyl groups (H-O bonds) and/or in the carboxyl
groups (C-O bonds) increased. Figure 3c reveals the presence of
Fe 2p in TiO2 nanoparticles surface after mixing with ferric ions.
The peaks at 710.1-710.8 eV and 723.8-724.1 eV correspond to
Fe 2p3/2 and Fe 2p1/2, respectively [23-25] (Figure 3).

Figure 4: Effect of ferric concentration on aggregate size and zeta potential of TiO2 nanoparticles in suspension without (a) and with (b) the
presence of HA.

With the increase of ferric concentration in TiO2 suspension,
the aggregate size increased along with increase of zeta potential
positively as shown in (Figure 4a). The possible reason for TiO2
nanoparticles to continue to aggregate even with the increase of
ferric concentration along with the increase of positive charges
could be due to the formation of Fe(III)-hydroxy colloids which
retarded the effect of high repulsion forces among nanoparticles,
and the bridging effect of Fe(III)-hydroxy colloids led to the
formation of large aggregates. Hence, the TiO2 nanoparticles
would achieve instability and settle down from water in a real
aquatic environment with pH at around 6 and certain ferric ion
to form Fe(III)-hydroxy colloids (Figure 4).

Compared to the effect of ferric ion on aggregate size and
zeta potential of TiO2 nanoparticles in suspension without the
presence of HA (Figure 4a), the aggregate size was evidently
reduced with the addition of HA along with the TiO2 nanoparticles
became negatively charged when ferric concentration was less
than 1.0 mM (Figure 4b). When ferric concentration was higher
than 1.0 mM, both the aggregate size and zeta potential of TiO2
nanoparticles in suspension increased. Ferric ions could exhibit
aggregation ability due to the formation of Fe(III)-hydroxy
colloids which could eliminate the effect of repulsion forces
among nanoparticles, while HA as an aggregation energy barrier
could prevent aggregation. It is indicated that, with 5.0 mgC/L
of HA in suspension, HA played dominant role for aggregation
prevention at ferric concentration of less than 1.0 mM, while
Fe(III)-hydroxy colloids played dominant role for aggregation
promotion at ferric concentration of more than 1.0 mM. The TiO2
0160

nanoparticles would be easily settled down with a high ferric
concentration and a low HA concentration.

Effect of HA

Figure 5a showed that the TiO2 nanoparticles were positively
charged in absence of HA. With the increase of HA concentration
in suspension, TiO2 nanoparticles formed a more compact
cluster coated with the negatively-charged HA, followed by the
modification of the characteristics of TiO2 nanoparticles. A sharp
decrease of aggregate size was found when HA concentration
increased from 0 to 1.0 mgC/L while zeta potential was found
to decrease from 6 mV to -36 mV. Further increase in HA
concentration resulted in insignificant change of zeta potential
with the surface charges of the TiO2 nanoparticles remained in
the negative range (Figure 5).

It was assumed that, under electrostatic interaction of TiO2
nanoparticles, the suspension was considered to be unstable in
absence of HA which allowed the HA-coated TiO2 nanoparticles
to settle down easily. As the HA concentration increased from 1.0
mgC/L onwards, negative zeta potentials of TiO2 nanoparticles
continued to decline to more than -40 mV until it approached a
steady state, and aggregation was prevented due to the stronger
repulsion forces which inhibit aggregation, and thus TiO2
nanoparticles would have an issue in settling down and might
remain in water.

Compared to the effect of HA on aggregate size and zeta
potential of TiO2 nanoparticles in suspension without the
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presence of ferric ion (Figure 5a), TiO2 nanoparticles were
positively charged due to the addition of 1.0 mM of ferric ion
with 1.0 mgC/L of HA in suspension, while they were negatively
charged with HA concentration increase from 1.0 mgC/L onwards
(Figure 5b). With the addition of ferric ion, the aggregate size was
substantially increased with HA concentration till 1.0 mgC/L.
With further increase of HA concentration, the aggregation was
inhibited due to the increase of electrostatic repulsion forces.
Before HA was added into the suspension, ferric ions dominated
in the aggregation process under positive zeta potential values.

This was attributed to the bridging effect of Fe(III)-hydroxy
colloids which overcame the effect of repulsion forces among
nanoparticles. When 1.0 mgC/L of HA was added into the
suspension of ferric ions-coated TiO2 nanoparticles, ferric ions
continued to dominate as larger aggregate size was obtained. As
HA concentration increased from 1.0 mgC/L onwards, the effect
of Fe(III)-hydroxy colloids faded and HA became the dominant
element as aggregation energy barrier to prevent aggregation
due to the strong repulsion forces among nanoparticles.

Figure 5: Effect of HA on aggregate size and zeta potential of TiO2 nanoparticles in suspension without (a) and with (b) the presence of
ferric ion.

Conclusion
With the widespread application of nanotechnology, TiO2
nanoparticles can find their ways entering into surface water,
in which ferric ion and HA are omnipresent commonly. This
draws concerns of impact and risk on human and environment.
Ferric ion coated on TiO2 nanoparticles has the potential to
promote the aggregation due to the formation of Fe(III)-hydroxy
colloids, which could be easily removed from aqueous media.
However, HA as an aggregation energy barrier could inhibit the
aggregation of TiO2 nanoparticles, and thus TiO2 nanoparticles
are stable in aqueous media followed by risk on human and
environment. This study gains a wider insight on the influence
of pH, ferric ion and HA on TiO2 nanoparticles aggregation. It is
useful to predict the fate and transport of TiO2 nanoparticles,
along with their risks in aqueous media.
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