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ABSTRACT

With the development and industrial applications of nanotechnology, increasing produc-
tions of engineered nanomaterials enter the aqueous environments by several routes (i.e.
remediation purpose and unintentional release). Due to the potential risk deriving from
their higher surface activity and greater transferability, engineered nanoparticles bring a
new challenge for the environmental systems and human beings. Under favorable particle–
particle interactions, nanoparticles aggregate, form large clusters, and settle out from the
environmental solutions. The settling process can reduce the mobility of nanoparticles in
environmental systems. In the current study, sedimentation experiments were conducted
under different environmental conditions to investigate the settling process of nanoparticles.
The results indicated that the A/A0 ratios of titanium dioxide (TiO2) nanoparticles increased
with increasing ionic strength. They also increased near the pHpzc (point zero of charge).
However, the increasing concentrations of humic acids in aqueous solutions reduced the
A/A0 ratios even near the pHpzc. The measured zeta potentials revealed that the TiO2

nanoparticles became less charged in the range of pHpzc and at higher ionic strength. It was
due to the double electric layers of TiO2 nanoparticles compressed with increasing in ionic
strength and charge screening effect. Therefore, the electrostatic repulsive force between
nanoparticles significantly declined, which lead to favorable aggregation. The interaction
energies calculated using the DLVO theory under different pH and ionic strength conditions
were consistent with the experimental results from the sedimentation experiments. In
addition, the steric interactions between humic acid absorbed on the surface of TiO2

nanoparticles were responsible for the reduction in the A/A0 ratios.
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1. Introduction

Due to its special structural, thermal, electronic,
and optical properties, TiO2 nanoparticles are widely
used in paints, photovoltaic cells, and wastewater
treatment [1–3]. TiO2 nanoparticles have a potential
toxicity to aquatic organisms and human beings when
they enter into aquatic environments by intentional or
unintentional release (i.e. remediation purposes or sur-
face runoff). Therefore, understanding the mobility of
TiO2 nanoparticles in environmental solutions is
essential and urgent for evaluation of the potential
risk. Aggregation and deposition of engineered
nanomaterials in aquatic systems have been exten-
sively studied to understand their mobility in environ-
mental systems [4–9]. They prove that properties of
nanoparticles (i.e. size, shape, chemical composition,
and surface charge), surrounding solution chemistry
(i.e. pH, ionic strength, ionic composition, and natural
organic matter), and hydrodynamic conditions impact
the stability of nanoparticle suspensions [10]. The
DLVO and extended DLVO theories are utilized to
describe the mobility of nanoparticles in aqueous
solutions, and indicate a good qualitative agreement
with the results from aggregation and deposition
experiments [11–15].

Brownian motion is regarded as the dominant
mechanism in the transport of the primary nanoparti-
cles in aqueous solutions [16,17], while the fluid shear
and gravity sedimentation are generally neglected [4].
Aggregation induced by attractive interactions
between primary nanoparticles results in clusters with
larger diameters [18]. Therefore, the concentration of
the nanoparticles in aqueous suspensions decreases
due to gravitational sedimentation and interception, as
well as the mobility of the nanoparticles in environ-
mental systems. In general, the aggregation process of
engineered nanoparticles in aquatic solutions determi-
nes the probability of occurrence of the sedimentation
process. The aggregation process of nanoparticles has
been extensively studied as discussed above.
However, studies focusing on the sedimentation pro-
cess of aggregated nanoparticles are rare.

Sedimentation of particles has been an active area
of research due to its significance in colloid system
and the industrial applications [19–21]. Some theoreti-
cal and simulation methods (i.e. Brownian dynamic,
Monte Carlo, etc.) are utilized to investigate the effect
of particle size and interaction energy of suspending
particles on the stability of the colloid suspensions
[22,23]. However, the particle sizes in most of the
studies are in the order of microns or above. The sedi-
mentation process of aggregated nanoparticles is
rarely investigated. In addition, environmental

conditions (i.e. pH, ionic strength, and natural organic
matter), which play an important role in the stability
of nanoparticle suspensions were neglected. Therefore,
it is essential to investigate the influence of pH, ionic
strength, and adsorption of humic acid on the sedi-
mentation process.

In the current study, the sedimentation process of
TiO2 nanoparticles in aqueous solutions were investi-
gated over a wide range of pH, ionic strength, and
humic acid content. Zeta potentials of TiO2 nanoparti-
cles were measured to interpret the electrostatic repul-
sive force between nanoparticles. The total interaction
energy was calculated using DLVO theory. By inte-
grating these results, there is the potential to gain a
greater understanding of the sedimentation of
nanomaterials in environmental systems, as well as
their removal in drinking water treatment plant.

2. Experimental section

2.1. Materials

The TiO2 nanoparticles (particle size: 21 nm; speci-
fic surface area: 50 cm2/g) used in the current study
were purchased from Degussa (Essen, Germany). The
stock solutions (1.0 g/L) of TiO2 nanoparticles were
prepared in ultrapure water (18.2 MΩ/cm Millipore,
Billerica, MA, USA) with sonication for 30 min
(50 W/L at 40 kHz). The working solutions of TiO2

nanoparticles were prepared immediately prior to
diluting the stock solution with ultrapure water. The
humic acid was purchased from Sigma–Aldrich. The
stock solution of humic acid was prepared by dissolv-
ing humic acid powder (1 g/L) stirred in water for
24 h, and then filtering the solution through a 0.45 μm
filter membrane. The working solutions of humic acid
were maintained at 1, 5, and 10 mg/L of TOC during
the TiO2 nanoparticles sedimentation experiments.
Analytical grade NaOH and HCl were used to adjust
the pH of the TiO2 nanoparticle suspensions. The ionic
strength was varied by adding different amounts of
0.01 M NaCl stock solution.

2.2. Sedimentation experiments

A strong correlation between absorbance and con-
centrations for TiO2 nanoparticles solutions were
found at a wavelength of 320 nm using an all band
scanning (from 200 to 800 nm). In addition, many
studies have proved that UV254 is a good predictor for
the concentration of metal oxide nanoparticles in
aqueous solutions [11,24]. In the current study,
ultraviolet spectrophotometer (UV759S) was used to
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measure the absorbance of TiO2 nanoparticle
solutions. The sedimentation experiments were started
and monitored during a period of 120 min. An absor-
bance value was recorded every 5 min. All experi-
ments were repeated three times for each condition to
confirm the observations, and the A/A0 ratios pre-
sented were the average results. Solution pH was
measured using a Metrohm 744 pH meter and a
Metrohm Pt 1,000 combination pH electrode, cali-
brated with standard NBS buffers. The Zeta potentials
(ζ-potential) were studied in different media from the
Zetasizer NS (Malvern instruments, UK). The particle
size distribution (PSD) during the early stage of
aggregation were analyzed using dynamic light
scattering (DLS) on a Zetasizer Nano ZS instrument
(Malvern Instruments, UK).

2.3. DLVO Theory

The classical DLVO theory can be utilized to
calculate the total interaction energy (VTotal) of a
nanoparticle experienced in the process of approach-
ing another nanoparticle. The stability of nanoparticles
in aqueous solutions was determined according to the
sum of van der Waals (VDW) and electrical double
layer (EDL) interactions [12]. The expressions for
VVDW and VEDL are:

VTotal ¼ VVDW þ VEDL (1)

VVDW ¼ � Aa1a2
6hða1 þ a2Þð1þ 14h=kÞ (2)

where A is the Hamaker constant, h is the distance
between the centers of the two particles, a1 and a2 are
the radius for each of the particles, and k is the
characteristic wavelength. A value of 6.0 × 10−20 J was
used for A [4].

VEDL ¼ 64pe0e
a1a2

a1 þ a2
f2 expð�jhÞ (3)

j2 ¼ 4pe2
P

z2i ni0
e0ekBT

(4)

where ε0 is the dielectric permittivity in vacuum, ε is
the permittivity of water, ζ is the zeta potential, κ is
the inverse Debye length which is a function of e, the
charge of an electron, ionic strength, ni0, and
counterion valence, zi.

In the current study, the classical DLVO theory
was utilized to describe the effects of the different pH
and ionic strength conditions on the stability of TiO2

nanoparticles. The interparticle interaction potentials
between two nanoparticles were calculated as a func-
tion of their separation distances from Eqs. (1)–(4).

3. Results and discussion

3.1. Characteristics of the TiO2 nanoparticles suspensions

In the current study, the TiO2 nanoparticles in
aqueous solutions were characterized firstly. The size
distribution of the TiO2 nanoparticles was measured
using DLS at pH 7. As shown in Fig. 1, a wide dis-
tribution of 189–615 nm of the diameters of the TiO2

nanoparticles in aqueous solutions is observed, with a
peak at 300 nm. The diameters of the TiO2 nanoparti-
cles obtained using DLS measurements were much
larger than the initial diameter of TiO2 nanoparticles
(21 nm). It indicated that the primary TiO2 nanoparti-
cles aggregated to clusters at pH 7. In addition, AFM
images verified the DLS results. Therefore, it sug-
gested that the aggregation of the TiO2 nanoparticles
in aqueous solutions have occurred during samples’
preparation. The fast aggregation of engineered
nanoparticles in aquatic solutions increased the proba-
bility of occurrence of the sedimentation process.

3.2. Effect of pH on the sedimentation process of the TiO2

nanoparticles

The A/A0 ratio (A, extinction at time = t mins; A0,
extinction at time = 0 min) was used to describe the
sedimentation process. For stable nanoparticle suspen-
sions, the A/A0 ratio will be constant over the entire
experiment. However, for unstable suspensions, the
A/A0 ratio will decrease due to the sedimentation of
aggregated nanoparticles in aqueous solutions. The
faster the change of A/A0 ratios, the less stable the
suspensions. Previous studies suggest that the TiO2

nanoparticles in aqueous solutions can form large
clusters near the pHpzc [25,26]. To investigate the
effect of the pH conditions on the sedimentation pro-
cess of the TiO2 nanoparticles in aqueous solutions,
sedimentation experiments were conducted under dif-
ferent pH conditions (pH 5, 7, 9) at IS 0.01 M. The
results are shown in Fig. 2. The A/A0 ratios changed
insignificantly at the first hour under all pH condi-
tions. They changed to 87.3, 94.4, and 96.6% with a
pH value of 5, 7, and 9, respectively, at end of the
examinations.

The zeta potentials and average size of the TiO2

aggregate were measured to reveal the mechanisms of
the sedimentation process under different pH condi-
tions. As shown in Fig. 3, the zeta potential plot shows
that the zeta potential changed from 30.3 to −30.2 mV
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with increasing pH (from 2 to 11). The pHpzc of the
10 mg/L TiO2 nanoparticles at IS 0.01 M was about
5.2. Therefore, the electrostatic repulsive force was
approximately zero at pH 5. The TiO2 nanoparticles
suspensions were destabilized and aggregated favor-
ably. The average size of TiO2 nanoparticles under dif-
ferent pH conditions showed in Fig. 4 verified the
results. A peak was observed at pH 5.2. Based on the
discussion above, it suggested that the electrostatic
repulsive interaction is the main mechanism for sedi-
mentation process under different pH conditions.

The DLVO theory was utilized to interpret the
sedimentation process of TiO2 nanoparticle in the
view of the interaction energy. The total interaction
energy calculated by Eqs. (1)–(4) between TiO2

nanoparticles under the different pH conditions are
presented in Fig. 5. The DLVO calculations indicated
that the total interaction energy of TiO2 nanoparticles
was negative (attractive) at pH 5. It was approxi-
mately zero with the increasing separation distance.
At pH 3, 4, 6, 7, 8, and 9, repulsive barriers with

Fig. 1. Size distribution of the TiO2 nanoparticles (pH 7, 10 mg/L, ultrasonitcated for 15 min).
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Fig. 2. Sedimentation curves of the TiO2 nanoparticles
under different pH conditions (IS 0.01 M).
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Fig. 3. Zeta potential of the TiO2 nanoparticles under
different pH conditions (IS 0.01 M).
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values of 19.56, 4.05, 9.27, 14.8, 18.56, and 19.39 kBT
were observed. There was a trend of increasing sedi-
mentation rate as repulsive barriers decreases to near
zero. The results calculated using DLVO theory were
in good agreement with the results of sedimentation
experiments under different pH conditions.

3.3. Effect of ionic strength on the sedimentation process of
the TiO2 nanoparticles

Previous studies reveal that the aggregation of
TiO2 nanoparticles is strongly dependent on the ionic
strength of aqueous solutions [11,25,26]. It suggests
that the sedimentation process of the TiO2 nanoparti-
cles may change with the variation of the ionic
strength. The sedimentation curves of the TiO2

nanoparticles were obtained for a wide range of ionic

strength conditions at pH 9. As shown in Fig. 6, the
A/A0 ratios reduced with the increasing ionic strength
during the entire sedimentation experiments. They
changed to 96.6, 87.0, and 73.3% with an ionic strength
of 0.01, 0.03 and 0.1 M, respectively, at end of the
examinations. In comparison to the effects of pH
conditions, ionic strength impacted the sedimentation
process of the TiO2 nanoparticles more severely. The
sedimentation process under different ionic strength
conditions occurred within a few minutes, while sedi-
mentation process under different pH conditions took
at least 60 min to observe a measurable sedimentation
rate.

The measured zeta potentials of 10 mg/L TiO2

nanoparticles suspensions at pH 9 are presented in
Fig. 7. The results showed that the TiO2 nanoparticles
became less negatively charged with the increasing
ionic strength. The double electric layers of TiO2

nanoparticles compressed with the increase in ionic
strength, and charge screening effect impacted the
sedimentation process of the TiO2 nanoparticles.
Therefore, the electrostatic repulsive force between the
TiO2 nanoparticles significantly declined. The TiO2

nanoparticles aggregated and settled out from the
TiO2 suspensions. The zeta potential results are consis-
tent with the variation of the A/A0 ratios from the
sedimentation experiments. The results reported by
Bian indicated that the double electric layers of TiO2

nanoparticles compressed with the increase in ionic
strength, and charge screening effect was the domi-
nant mechanism for the aggregation of the ZnO
nanoparticles [11].

As shown in Fig. 8, the total interaction energies
between TiO2 nanoparticles are negative (attractive) at
IS 1 and 0.1 M. A repulsive barrier emerged with the
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decreasing ionic strength. The values of the repulsive
barrier were 14.88 and 33.59 kBT, respectively, at IS of
0.01 and 0.001 M. The results indicated that the lower
the ionic strength, the more repulsive the interactions
between the TiO2 nanoparticles. The results
calculated using DLVO theory verified the results of
sedimentation experiments.

3.4. Effect of humic acid on the sedimentation of the TiO2

nanoparticles

Natural organic matter (humic acids, fulvic acids,
etc.) is one of the widely existing matter in aqueous
environments, which can absorb onto the surface of
metal oxide nanoparticles [27]. The effects of humic
acid on the sedimentation process of the TiO2

nanoparticles at pH 5.5 and IS 0.01 M are shown in

Fig. 9. The results showed that the A/A0 ratios
decreased with the increase in humic acid concentra-
tion after 60 min. They changed to 89.3, 92.9, and
95.7% with a humic acid concentration of 0, 1 and
5 mg/L, respectively, at end of the examinations. The
results suggested that the humic acid adsorbed onto
the particle surfaces, providing a barrier to aggrega-
tion. Under these conditions, the nanoparticles aggre-
gated for a longer time. Previous studies indicate that
humic acid enhances the stability of nanoparticles sus-
pensions, even at high ionic strength [28,29].

Zeta potentials of the TiO2 nanoparticles under dif-
ferent IS and HA concentrations at pH 5.5 are shown
in Fig. 10. The TiO2 nanoparticles were negatively
charged over the entire range of ionic strength and
humic acid conditions examined. The zeta potential of
the TiO2 nanoparticles increased with the increase in
humic acid concentrations (from 0 to 5 mg/L). It sug-
gested that the absorbed humic acid enhanced the
negative surface charge of TiO2 nanoparticles due to
their carboxylic acid groups. As the surface of the
TiO2 nanoparticle was coated with humic acid, the
charge on the particle was dominated more and more
by the charge of the humic acid. Thus, the electrostatic
repulsive interactions and steric interaction impeded
the aggregation of nanoparticles. The zeta potentials
increased insignificantly when the humic acid concen-
tration varied from 5 to 10 mg/L. It suggested that the
adsorbing capacity of humic acid onto the TiO2

nanoparticles was limited. As shown in Fig. 11, the
results of the adsorbed amount of humic acid on
the surface of the TiO2 nanoparticles verified it. The
humic acid adsorption onto the TiO2 nanoparticles
was investigated under different humic acid concen-
trations (1.0, 5.0, and 10.0 mg/L) and IS at pH 5.5. The
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adsorption of humic acid onto the TiO2 nanoparticles
increased with increasing ionic strength for a given
initial humic acid concentration. It also changed
insignificantly with the increasing humic acid concen-
trations for a given ionic strength concentration.

4. Conclusion

In the current study, the effects of pH, ionic
strength, and adsorption of humic acid on the sedi-
mentation process of the TiO2 nanoparticles in aque-
ous solutions were investigated using the measured
A/A0 ratios. The findings from the current study sug-
gest that the sedimentation process was enhanced near
the pHpzc and with the increase in ionic strength.

However, the increase in humic acid concentration
caused a more stable TiO2 nanoparticle suspension
due to electrostatic and steric interactions. The zeta
potentials were measured to interpret the electrostatic
interaction under different conditions (pH, ionic
strength, and humic acid content). The results indi-
cated that the absolute zeta potential reduced near the
pHpzc or with increasing ionic strength. However, it
indicated that the steric interaction between humic
acid absorbed on the TiO2 nanoparticles enhanced the
negative surface charge of the TiO2 nanoparticle. The
DLVO theory was utilized to describe the sedimenta-
tion process of the TiO2 nanoparticles quantitatively.
The interaction energies were calculated under differ-
ent pH and ionic strength conditions. The results were
found to be in good agreement with the experimental
results. The current study is useful to better under-
stand the mobility of nanoparticles in a diverse array
of real environmental media.
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