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Quantitative measurement of aggregation kinetics process
of nanoparticles using nanoparticle tracking analysis
and dynamic light scattering
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Abstract The cerium dioxide nanoparticle (CeO2 NP)
(122 nm) aggregation process was investigated by nano-
particle tracking analysis (NTA), and the results were
compared with those of dynamic light scattering (DLS).
Unlike descriptions based on classical aggregation ki-
netics theory, the size distributions obtained byNTA and
DLS show that aggregation of NPs in an aquatic envi-
ronment is a complicated process and highly dependent
on the particle number concentration, which is informa-
tion that has been rarely presented in the literature. In
particular, not all the particles were aggregated and there
still remained some small CeO2 NPs (< 400 nm), which
has potential adverse environmental risks to the ecosys-
tem and public health. Furthermore, the aggregate sizes
are far smaller than previously shown in aggregation
kinetics experiments. In addition, our findings also in-
dicate that NTA can measure samples with mass con-
centrations ranging from 0.1 to 100 mg/L without dilu-
tion. In contrast, DLS cannot provide accurate informa-
tion about aggregation kinetics when the mass concen-
tration of CeO2 NPs is lower than 1 mg/L (2.02 × 108 ±
1.66 × 107 by NTA data). Consequently, the classical
aggregation kinetics experiment using DLS cannot ac-
curately reflect the fate of NPs in aquatic environment,

especially the heteroaggregation of NPs in complex
water phase, and these results further demonstrate that
the toxicity evaluation of NPs concerning different sizes
measured by DLS need more rigorously experimental
design. Therefore, our findings provide the first quanti-
tative attempt to explore the experimental conditions
and analytical methods for further study of aggregation
kinetics.
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Introduction

As nanotechnology continues to rapidly develop,
engineered nanomaterials (ENMs) are widely used in
printers, cosmetics, electronics, catalysts, medicine,
electronics, groundwater remediation, waste water treat-
ment, andmany other applications (Hou et al. 2015; Zhu
et al. 2014). There are currently over 1000 ENM-
enabled consumer products (Romerofranco et al.
2017), and between 100 and 1000 tons of cerium diox-
ide nanoparticles (CeO2 NPs) can be produced each year
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by a single manufacturer (Piccinno et al. 2012). How-
ever, the rapid growth of the market for ENMs means
that the release of NPs from manufactured ENMs is not
well controlled, especially the discharge of NPs into
aquatic system, resulting in severe water pollution
(Bian et al. 2011; Li and Chen 2012). A clear under-
standing on the behavior (including aggregation, sedi-
mentation, and dissolution) of NPs in water is therefore
crucial to fully elucidate the life cycle and transport
mechanisms of NPs in the environment and the subse-
quent ecosystem risk assessment.

Due to important environmental implication of NPs’
aggregation rate (for example, affecting the rate of sedi-
mentation and thus removal from an aquatic environ-
ment, and so on), several studies using dynamic light
scattering (DLS) were conducted to investigate the ag-
gregation kinetics of nanoparticles (NPs) under various
conditions (Gallego-Urrea et al. 2016; Lee et al. 2015;
Oriekhova and Stoll 2016; Praetorius et al. 2014). This
set of methods has been proved to be feasible, and many
meaningful results have been obtained (Li et al. 2017; Lin
et al. 2016a; Sotirelis and Chrysikopoulos 2016; Xu et al.
2016). However, little attention has been given towhether
DLS can reflect the actual state of NPs in experiments of
aggregation kinetics since the results are usually
overwhelmed by the contribution of a few large particles
to overall scattering (Jiskoot and Crommelin 2005). As
large particles scatter are much lighter than small parti-
cles, the scattering intensity of a particle is proportional to
the sixth power of its diameter, leading to the failure of
polydisperse solution detection and characterization
(Filipe et al. 2010). Moreover, the particle concentration
applied in these experiments is still controversial despite
the clear relationship between the experimental value of
particle concentration and the aggregation behavior. On
one hand, according to the determination of aggregation
kinetics, the hydrodynamic radius is linearly dependent
on the initial particle concentration (Baalousha et al.
2013; Chen and Elimelech 2006; Chen et al. 2006;
Loosli et al. 2015); on the other hand, owing to technical
limitations, the experimental concentration is often higher
than the estimated concentration in the environment. For
instance, owing to their widespread use in commercial
products, CeO2 NPs are frequently chosen as the target
NPs in studies on the environmental behavior of NPs in
water (Hoecke et al. 2011; Keller et al. 2010; Li and Chen
2012; Quik et al. 2010). Data on the aggregation kinetics
of CeO2 NPs are summarized in Table S1, and the con-
centration of the NPs is typically in the range of 7.62–

55.00 mg/L. In order to obtain the optimum light-
scattering intensity in DLS experiments, the CeO2 con-
centration in many studies is higher than the expected
concentration in the environment. However, little is
known about the relationship between the experimental
concentration and the experimental detection limits.

The nanoparticle tracking analysis (NTA), a laser-
based, light-scattering system with an easy-to-use and
reproducible platform, provides a direct, real-time visuali-
zation method for specific and general nanoparticle char-
acterization (Dragovic et al. 2011a). The NTA system also
tracks nanoparticles moving under Brownian motion and
calculates their size and total concentration from the
Stokes–Einstein equation (Dragovic et al. 2011b).
Dragovic et al. reported that NTA can measure cellular
vesicles as small as 50 nm since it is independent of the
refractive index of the particle (Dragovic et al. 2011a).
Elizabeth et al. (2014) investigated the transportation of
TiO2NPs in various soil suspensions byNTA and reported
that the higher stability of TiO2 suspensions resulted in a
higher mobility of TiO2 through soil layers. Unlike DLS,
NTA can track individual NPs and obtain more accurate
particle-size distributions and concentrations. It was shown
by Gillespie et al. (2011) that NTA can successfully mon-
itor the growth of particles of a poorly water-soluble drug,
which cannot be offered by DLS. Filipe et al. (2010)
compared the performance of NTA and DLS in character-
izing drug delivery nanoparticles and protein aggregates
and the results suggested that NTAwas more suitable than
DLS for measuring polydisperse samples. However, few
studies introduced NTA to explain the aggregation kinetics
data obtained through DLS, while DLS alone may be
insufficient for analyzing aggregation kinetics.

Despite its numerous advantages in several research
areas, NTA has several limitations, including the small
detection ranges of the sample particle concentration and
particle size. NTA can only track individual particles with-
in the range of 10–1000 nm and the concentration is
acceptable between 107 and 109 total particles/mL
(Griffiths et al. 2011; Filipe et al. 2010; Lungu et al.
2015). Furthermore, NTA software involves several set-
tings that affect the accuracy of the measurement results.
Operators can intentionally ignore or emphasize the pres-
ence of certain particles, which makes the results depen-
dent on individual judgment and experience. Van der Pol
et al. have shown how NTA distinguished silica and
polystyrene beads based on their refractive index (Pol
et al. 2014). In addition, Mehrabi et al. (2017) reported
that due to the different refractivity index, the camera level
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can be adjusted so Bdark^ that only the brighter,
engineered particles can be tracked in natural solution.
Therefore, NTA experimental results strongly depend on
the operator and software parameters for which the optimal
choices must be empirically determined by the user (Gross
et al. 2016; Krueger et al. 2016). Unfortunately, there is no
guideline provided for NTA about the experimental con-
ditions and analytical methods involved in the study of
NPs’ environmental behavior.

The objective of this study is to explore the actual
aggregation process of NPs rather than classical plot of
hydrodynamic diameter versus time, which has not been
reported in the previous literatures. Firstly, according to
representative research methods (Huangfu et al. 2013;
Quik et al. 2014; Shih et al. 2012; Thio et al. 2011; Xu
et al. 2016), CeO2 NPs are chosen as model ENPs to
examine the normal homo-aggregation kinetics by DLS
and the result, which is consistent with the previous liter-
atures, providing scientific basis to further evaluate the
aggregation process by NTA. Then, the NTA method is
used to investigate the drawbacks of DLS to study the
aggregation process of NPs. A direct comparison between
DLS and NTA is made to characterize the particle size
distribution during the aggregation process. Furthermore,
the relationship is established between the concentration of
aggregates in the experiment and both two instruments’
detection limits. Toxicological studies have shown that NP
toxicity depends on size, shape, surface charge, and their
chemical composition (Behra et al. 2013; Hoecke et al.
2011; Karlsson et al. 2008; Shaw and Handy 2011). Ag-
gregation process can change NP physical morphology,
resulting in different toxicity results. Consequently, a clear
understanding of the aggregation process is crucial to fully
elucidate the fate and transport mechanisms of NPs in the
environment and will enhance our understanding of the
toxicity of NPs in an aquatic environment. The findings are
also expected to provide guidelines for the experimental
conditions and analytical methods in the study of NPs’
aggregation kinetics.

Materials and methods

Nanoparticles and suspensions

CeO2 NPs (25 nm) were purchased from Sigma-Aldrich
(Shanghai, China). The stock solutions were prepared
by dissolving 50 mg of the CeO2 NP powder in a
500-mL beaker with 500 mL of Milli-Q water

(18.2 MΩ cm−1, Millipore, USA). The pH of the CeO2

NP stock suspensions was 5.8, as measured by a pH
meter (MPT-2, Malvern Instruments Ltd., UK). The
stock suspensions were shaken by hand for 30 s and
then sonicated in a homogenizer (1200 W, 25 kHz,
Biosafer1200–98, China) for 30 min at 1200 W and
25 kHz (Qi et al. 2013). KCl and CaCl2 were purchased
fromAladdin Reagents (Shanghai, China), and the stock
solutions were filtered through 0.22-μm filters before
use. All the solutions were stored at 4 °C in the dark
prior to use (Li and Chen 2012). The CeO2 NP stock
dispersions were characterized using several techniques.

NTA method

In order to better judge and interpret the NTA results, the
influence of the parameter settings on the obtained results
was investigated through the optimal particle concentra-
tions and size distributions before the experiments. All
NTA measurements were performed on the NanoSight
300 system and analyzed by NTA 3.2 software (Malvern
Instruments Ltd., UK). The samples used for the NTA
measurements were obtained by diluting each stock sus-
pension (100 mg/L) to suitable multiples. When the top
plate of the flow cell was cleaned, 1 mL of sample was
placed in a syringe and slowly introduced into the test
chamber. Then, the NTA software started to run, and the
camera settings, including the screen gain (SG) and camera
level (CL), were adjusted so that all particles were visible.
The focus was optimized to ensure clear and sharp images
of the particles. Finally, standard measurements were per-
formed, and the detection threshold (DT) was adjusted as
needed (Gross et al. 2016). Standard software settings for
stock solution analysis in this study were: camera level 7,
screen gain 10, detection threshold 15, and blur: auto. All
measurements were performed in triplicate at 25 ± 0.3 °C,
and the error lines represent the standard deviation of the
three measurements. To provide more accurate size distri-
butions and to avoid misinterpretation of the data,
NanoSight software normally offered the finite track length
adjustment (FTLA) data by modifying the raw data. The
adjustment includes optimizing the particle size distribu-
tions and averaging the particles tracked during the total
time of recording (Gallego-Urrea et al. 2011). However,
raw data can contribute to the detection of small amounts
of large particles such as aggregation kinetics. Therefore,
in this study, two different modes for measuring of data
were performed in the aggregation kinetics experiments.
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Understanding aggregation kinetics

In order to obtain convincing data, the aggregation
kinetics was assumed to be the same as those described
by Li and Chen (2012). The concentrations of the elec-
trolytes were within the following range: KCl, 0–
100 mM; CaCl2, 0–50 mM. The particle analyzer
(ZetaSizer Nano ZSP, Malvern Instruments Ltd., UK)
system was used to measure the increase of CeO2 par-
ticle average hydrodynamic diameter with time. For the
measurements, 0.5 mL of KCl (or CaCl2) and 0.5 mL of
the CeO2 NP suspension were placed in a polystyrene
measurement cell. The cell was then shaken slightly and
immediately placed in the Zetasizer. The DLS equip-
ment read the NP size every 21 s and each measurement
consisted of three replicates, therefore, more than 60
data points were recorded in 1 h (Li and Chen 2012).

For the livemonitoring of the CeO2 NPs aggregation,
100 mM KCl and 10 mM CaCl2 solutions were chosen
as representative salt concentrations. The mixture solu-
tion, which was the same as that used in the DLS
measurements, was introduced into the NanoSight
NS300 sample chamber by a syringe. Four 60 s videos
were recorded for each sample after 15, 30, 45, and
60 min of aggregation kinetics (Zheng et al. 2013).

Experimental mass concentration impact

For measurements of the aggregation rate, the mass
concentration range of the CeO2 NPs was 0.1–100 mg/
L. In order to eliminate the effect of salt concentrations
on the aggregation rate, a premeasured amount of KCl
was mixed with 1 mL of the CeO2 NP suspension in a
cuvette to ensure that the aggregation rate constants
were measured under favorable aggregation conditions
(Chen et al. 2006). The details of the experiment were
the same as those described in Understanding aggrega-
tion kinetics.

Results and discussion

Characterization of CeO2 NPs

The properties of the CeO2 NPs in the stock suspension
(100 mg/L) are presented in Fig. S1. The powder XRD
analysis showed that the CeO2 NPs exhibited a typical
fluorite-like cubic structure (Fig. S1A). The scanning
electron microscope (SEM) images (Fig. S1B) showed

that CeO2 NPs were nearly spherical and relatively uni-
form, indicating that the NPs were evenly dispersed (Lv
et al. 2016). The z-average diameter and zeta potential
measured by DLS were 122 ± 12 nm and 36 ± 4 mV,
respectively. The size distribution was measured using
DLS and NTA, and the data in Fig. S1C showed that the
primary particle size varied in the range of 50 to 250 nm
for DLS measurements and 50 to 150 nm for NTA
measurements. The polydispersity indices (PDI) reported
from the DLS analysis for stock suspension is 0.13 ±
0.02, indicating that CeO2 NPs are highly monodispersed
(Busch et al. 2015; Li and Chen 2012). However, it
should be noted that different peak areas were observed
during the measurement of size distribution of the stock
solutions. The peak area decreased in the following order:
DLS >NTA raw data > NTA FTLA data. Fig. S1C also
showed that the raw data yielded a particle concentration
of 5.56 × 107 ± 2.37 × 106 particles/mL, which is much
higher than that obtained from the FTLA data (1.89 ×
107 ± 1.56 × 105 particles/mL). Moreover, the narrower
peak distribution and smoother line in the FTLA data
revealed that the sample was fairly monodisperse, but
such features might probably be less accurate representa-
tions of the data (van der Pol et al. 2014).

DLS is known to have a major drawback in technique
principles, which makes this technique very sensitive to
the presence of large particles. The size distribution of
stock suspension in this study towards larger sizes is
probably caused by dust particles or small amounts of
aggregates. Nur et al. (2015) reported that it was difficult
to obtain a suspension of primary NPs even after soni-
cation. Unlike DLS, NTA tracks individual particles and
yields their size distribution along with a real-time view
of the nanoparticles being measured, independent of the
particle density (Hole et al. 2013). More specifically, the
NTA 3.2 software provides raw and FTLA data for users
to better understand the polydispersity of their samples.
To obtain more Baccurate^ results (FTLA data), the
software automatically corrects the raw data several
times to avoid misinterpretation (Gallego-Urrea et al.
2011). Nevertheless, the unknown modifications to the
data probably eliminate large particles, which are con-
sidered to be experimental errors by the NTA software.
From Fig. S1C, compared with the raw data, the FTLA
data with lower concentration and narrower particle size
distribution indicated that the software automatically
optimizes Bundesired^ data. Van Der Pol et al. (2014)
compared the results of raw data and FTLA data in
measuring the particle size distribution and found that
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FTLAwas not suitable for the measurement of polydis-
perse samples. Therefore, the size distribution of the
NPs from NTA requires careful interpretation.

Overall, despite of the drawbacks, DLS is the most
user-friendly NP size characterization technique, which
is the most frequently used in the study of aggregation
kinetics (Hole et al. 2013; Huangfu et al. 2013; Lin et al.
2016b; Miao et al. 2016). The DLS method in this study
is used to determine z-average hydrodynamic diameter
and the size distribution of CeO2 NPs in different salt
solutions. A direct comparison with NTA FTLA data is
made to reveal the pitfalls of DLS in the field of char-
acterization of aggregation kinetics. The raw data is also
used in this analysis because the raw size distributions
are more precise reflections of the changes in aggrega-
tion, and fitting the results with a software model would
distort the actual data (Lawler et al. 2015).

NTA method

Experimental parameters setting

Asmentioned above, the NTA software involves several
settings that affect the accuracy of the measurement
results. In order to gain a comprehensive understanding
on NTA instruments and software, the effect of each
parameter was carefully analyzed, as shown in Fig. 1.
Standard analysis yielded a particle size of 122 ± 0.9 nm
and a particle concentration of 1.02 × 109 ± 5.39 × 107

particles/mL for the stock suspension, indicating a rela-
tively monodisperse sample. However, higher CL,
higher SG, or lower DT could all increase the particle
concentration, leading to the overestimation of mea-
sured particle concentration. Meanwhile, the size of
CeO2 NPs sharply decreased with increased particle
concentration.

The CL and SG are parameters for the NTA camera
to give a more linear increase in brightness across the
imaging range. This means that the same sample would
be characterized by different particles at different cam-
era levels. Following the instructions in the NanoSight
300 NTA Software Guide (Malvern Instruments Ltd.,
UK), the CL and SG will be increased until all the
particles in the sample could be seen clearly, but no
more than 20% are saturated. A higher CL and SG could
also yield colored pixels so that some primary particles
are tracked repeatedly, and the measured concentration
would be significantly overestimated (Gross et al.
2016). Furthermore, owing to the use of the stock

suspension for the measurements, the primary particles
that were repeatedly tracked decreased the mean size
(Fig. 1). In contrast, a lower CL and SG could leave the
camera with insufficient brightness to track the small
particles in the NTA capture screen, which would result
in lower particle concentration and higher particle size.
Since the DT determines the minimum brightness of
pixels to be considered for tracking, the lower the set-
ting, the more particle centers would be found. Howev-
er, if DT is too low, the Bnoise^ can be tracked, which
results in an overestimation of the particle concentration
and an underestimation of the particle size. On the other
hand, if the DT setting is too high, particles will be
excluded and an inaccurate result will be obtained.
These findings are in accordance with those of Gross
et al. (2016) who demonstrated that the choice of pa-
rameters (CL, DT, or SG) can significantly affect NTA
results (Gross et al. 2016). This section also clearly
showed a direct relationship between the particle size
and the concentration measured by NTA. Incorrect pa-
rameter settings mainly affect the measurement of small
primary particles and the overestimated concentration
reduced the average particle size of the solution. This
phenomenon is probably more evident in the measure-
ment of polydisperse solutions by NTA.

The effect of measurement time

The effect of measurement time on the NTA results was
investigated to explore the potential use of NTA in
analyzing the NP aggregation process. Figure 2 shows
that the particle concentration decreased significantly
with the measuring time. At t0min, the highest peak
was detected, which indicates that the particle concen-
tration was around 3.3 × 107 particles/mL. The peak
shifted to the right and decreased over time. At t60min,
the peak was almost invisible and the size distribution
was very wide. At treflowing when the solution in the test
chamber was reflowing using the syringe, the peak was
detectable again. This finding is inconsistent with the
observations reported by Filipe et al. (2010), who re-
ported that NTAwas very suitable for analyzing protein
aggregates and provided information on their aggrega-
tion. A plausible explanation for this is that since the
measurement temperature used in the experiments by
Felipe et al. was 50 °C, the particles moved faster than
usual and a sufficient number of these particles could be
tracked within the time frame of the experiments. Since
the experiment in the present study was conducted at
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room temperature, some particles settled to the bottom
or moved out of focus in the detection area, making
particle tracking more difficult for the NTA software.
After reflowing of the solution using the syringe, the
particles at the bottom were re-suspended in the test
chamber and more particles could be tracked in the field
of view. Consequently, the results indicated that NTA
may not be suitable for measuring the aggregation ki-
netics. Nevertheless, NTA is still a powerful character-
ization technique used in conjunction with DLS for

analyzing the behavior of NPs in an aquatic environ-
ment, which will be discussed in the following section.

Understanding of aggregation kinetics

Use DLS alone

Fig S2 shows the representative aggregation kinetics
curves of CeO2 NPs in the KCl and CaCl2 solutions
which are obtained using DLS measurements. As

Fig. 1 The particle concentration
and size of CeO2 NP stock
solution (100 mg/L) in various
experimental parameters
measured by NTA. (SG, screen
gain; CL, camera level DT,
detection threshold)

Fig. 2 Particle concentrations of
CeO2 NP stock suspension at
different measuring times
measured by NTA
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expected, in the low ionic strength (IS) ranges of KCl
(2.5 mM) and CaCl2 (0.5 and 2 mM), the aggregation
curves were almost horizontal lines, indicating that no
aggregation was observed. When the concentrations of
KCl and CaCl2 were higher than 5 and 4 mM, respec-
tively, the rate of aggregation increased with increasing
cation concentration. Finally, the aggregation rate
reached the maximum when the KCl concentration
was above 20 mM and the CaCl2 concentration was
above 6 mM. The similar fastest aggregation was ob-
served for CeO2 in 50 mM KCl and 8 mM CaCl2,
through charge neutralization by completely
compressing the electrical double layer (Chekli et al.
2013, 2015; Chen et al. 2010).

As usual, the DLVO theory is always used to analyze
the aggregation behavior of nanoparticles (Bian et al.
2011; Chen and Elimelech 2006; Chen et al. 2006; Shih
et al. 2012). This theory assumes that the interaction of
dispersed particles involves a balance between the van
der Waals attraction and the electrical double-layer re-
pulsion. In the presence of a relatively low concentration
of KCl or CaCl2, the electrical double-layer repulsive
energy was dominant and no aggregation was observed.
An increase in IS would lead to a significant decrease in
the repulsive forces among the particles, resulting in
rapid aggregation rates. When IS in the solution reaches
the critical coagulation concentration (CCC), which
usually refers to the minimum electrolyte concentration
that could completely eliminate the surface charge of
particles, the aggregation rate reaches maximum. The
CCC values in this study were about 50 and 6 mM for
KCl and CaCl2, respectively, which are similar to the
values reported by Li and Chen (2012). Overall, these
findings can provide information on the particle aggre-
gation characteristics. However, it is unclear how much
remains unknown regarding nanoparticles in the aggre-
gation process.

Combined use of DLS and NTA

In order to investigate the behavior of nanoparticles in the
aggregation kinetics, the size distributions of CeO2 NPs in
different salt solutions were measured using both DLS and
NTA, and the results are shown in Fig. 3. After the
beginning of aggregation for 15 min, the particle size
measured by DLS was between 400 and 1000 nm, with
a peak at 600 nm in both salt solutions, while the particle
size was in the range of 50 to 400 nm according to the
NTA FTLA data. After about 30 min, the size distribution

obtained byDLS andNTAwere almost unchanged and the
peak for the mixtures shifted slightly towards the larger
particle size for theDLSdata. Similar results were obtained
for 60 min after the beginning of the experiment. The
similar trends in particle size distributions in both KCl
and CaCl2 solutions reflect the samples’ actual content.
The current data, which show that the aggregation process
was more complicated than previously thought, give a
more complete understanding on the aggregation mecha-
nism of NPs. The results in Fig. 3 indicated that not all
particles in water aggregated together by DLVO or non-
DLVO forces, and many small CeO2 NPs remained unat-
tached in the solution. Furthermore, the size of the aggre-
gated particles was far smaller than the value obtained in
the aggregation kinetics experiment, although the presence
of cations could lead to charge neutralization by
compressing the electrical double layer of NPs and pro-
moted aggregation of the nanoparticles (Chekli et al. 2015;
Shih et al. 2012; Thio et al. 2011). This phenomenon that
not all the particles aggregated together can be explained
by collision efficiency. The collision efficiency which
expresses the ability when two particles collide and form
an aggregate, plays a very important role in the aggregation
kinetics between particles, which depends on the electro-
lyte concentration, pH, particle concentration, point of zero
charge, and temperature (Anne-Archard et al. 2013;
Arvidsson et al. 2011; Cunha and Couto 2011; Hu et al.
2003). Cunha and Couto reported that hydrodynamic in-
teractions have a strong impact on the collision efficiency
during the aggregation process (Cunha and Couto 2011).
Arvidsson et al. (2011) found that the collision efficiency is
very sensitive to the concentration of natural organic matte
(NOM). Table S2 shows that the polydispersity index
(PDI) in the process of aggregation under conditions of
100mMKCl and 10mMCaCl2were in the range of 0.33–
0.64 and 0.31–0.62, respectively, indicating that the NP
solution in the aggregation process was a highly
polydispersed system (Busch et al. 2015; Gillespie et al.
2011). That also indicated that the collision efficiency
significantly influences (p < 0.05) the aggregation process
even without hydrodynamic interactions with NOM. In
fact, random collisions invariably occur among the parti-
cles that undergo Brownian motion in the solution, but
only the effective collisions can lead to the aggregation of
nanoparticles.

The results of this study show very important environ-
mental significance. The size data measured by DLS do
not really reflect the particle size distribution in the sam-
ples, which has an important effect on its potential toxicity
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Fig. 3 Size distribution in the process of aggregation kinetics in the (a) KCl solution (100 mM) and (b) CaCl2 solution (10 mM) measured
with DLS and NTA (CeO2 concentration: 10 mg/L)
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study in aquatic environment. Previous ecotoxicity tests
had showed that the NP toxicity exhibited a small size
effect that nominally smaller NPs are more toxic than
larger NPs (Hoecke et al. 2011; Joo and Zhao 2016). For
instance, Zhang et al. (2012) reported that the toxicity of
NPs in various solutions should increase in the order of
MgCl2 < CaCl2 < KCl since the sizes of NP aggregates in
the CaCl2 and MgCl2 solutions were much larger than
those in the KCl solution. Hoecke et al. (2009) chose three
different sizes of CeO2 NPs for aquatic toxicity tests and
results showed that chronic toxicity was found to increase
with decreasing nominal particle diameter. According to
our study, some of the small aggregates were neglected by
DLS in various solutions. Unfortunately, they may play a
decisive role in toxicological experiments. Therefore, the
hypothesis that the decreased toxicity co-occurs with in-
creasing aggregation of NPs may need to be reconsidered.

However, although there are some studies that report-
ed the complexity of the aggregation process in envi-
ronmental samples, the majority of literatures presented
the standard aggregation process, in which the aggrega-
tion rate or attachment efficiency could always be ob-
tained (Huangfu et al. 2013; Liu et al. 2013; Shih et al.
2012; Thio et al. 2011). In contrast, many evidences
from our present study indicated that even in a simple
system with only salt and NPs, the classic aggregation
kinetics theory cannot sufficiently or precisely describe
particle aggregation, and there remains a discrepancy
between the size distributions obtained by theoretical
analysis and experimental observations. Therefore,
more rigorous experiments should be developed to de-
scribe the aggregation process rather than only the av-
eraged hydrodynamic diameter or mean size (Huangfu
et al. 2013; Shih et al. 2012).

Figure 4 presents the size distributions obtained from
DLS and NTA measurements after particle aggregation
in various electrolyte solutions. In the 0.5 and 2 mM
CaCl2 solutions, the size distributions obtained by DLS
and NTA measurements were consistent with the fact
that the nanoparticles did not aggregate in the solutions.
This conclusion is not only consistent with the experi-
mental observation of the aggregation kinetics (Fig. S2),
but also indicates that the NTA equipment parameters
are set correctly. The size distributions obtained from the
DLS measurements increased with increasing cation
concentration and ranged from 400 to 2000 nm in
100 mM KCl and 600 to 2000 nm in 10 mM CaCl2,
suggesting that the broad distributions and high error
bars were mostly caused by large aggregates.

Remarkably, the difficulty for DLS to distinguish small
particles in polydisperse solutions became apparent, as it
could not detect particles smaller than 400 nm (Fig. 4).
On the other hand, surprisingly, the NTA technique
yielded a relatively narrow size distribution and did
not detect particles larger than 800 nm for all polydis-
perse samples. However, the detection limit of NTA is in
the range of 30–1000 nm, suggesting that aggregates
smaller than 1000 nm should be individually tracked
and calculated (Griffiths et al. 2011). A possible expla-
nation for the inconsistency is that the large (> 400 nm)
aggregates were broken by a slight shear force during
injection (by syringe) into the NTA measurement cell
(Filipe et al. 2010). In addition, as previously mentioned
in Fig. 2, it is increasingly clear that shear can affect the
aggregation state during NTA measurements.

The NTA software generated raw and FTLA data for
the characterization of NPs in a suspension. As can be
seen in the figures, the aggregate size distribution was
consistent in the two sets of data, with a narrow range
between 50 to 400 nm. However, additional information
about the size distribution can still be obtained from the
raw data. The size distributions from 50 to 500 nm with
a rougher line and a sharper peak were observed in the
raw data in all figures, which indicated that the solution
might be more complicated than the result presented by
the FTLA data. Interestingly, some large (> 400 nm)
aggregates were visible through the raw data, but they
disappeared from the FTLA data. It is known that the
NTA software makes several corrections to the raw data
in order to provide a more Bprecise^ size distribution
and to avoid misinterpretation of the obtained data
(Gallego-Urrea et al. 2011). The details of the correc-
tions to the raw data are not available to the user, which
makes it difficult to evaluate and assess the NTA results.
Therefore, a possible explanation is that the NTA soft-
ware in this study smoothed the particle size distribu-
tions and removed the large particles detected by the raw
data as they were considered impurities, resulting in the
smoother, but less accurate representation of the data
(van der Pol et al. 2014).

Experimental mass concentration impact

The impact of mass concentration on NTA measure

It is well known that the disadvantage of NTA is that it
requires a higher sample concentration than DLS, which
limits further development and wider application of the
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Fig. 4 Size distribution from NTA and DLS measurements of CeO2 NPs (10 mg/L) after aggregation kinetics in various electrolyte
solutions: (a) KCl (5, 20, 50, 100 mg/L) and (b) CaCl2 (0.5, 2, 4, 10 mg/L)

87 Page 10 of 15 J Nanopart Res (2019) 21: 87



technique (Vasco et al. 2010). Hence, the objectives of
this section were to investigate the appropriate mass
concentration of CeO2 NPs for potential use of NTA in
measuring the size and particle concentration in aggre-
gation experiments. Figure 5 shows the detected particle
concentration and size of CeO2 NPs in stock solutions of
different mass concentrations. The specific values can
be seen in Table.S3.

As expected, the particle concentration increased
with increasing mass concentration. However, the size
of CeO2 NPs fluctuated according to the mass concen-
tration, and the CeO2 particle size deviated from the
standard value (122 nm) at a mass concentration below
0.5 mg/L or above 10 mg/L. Of particular concern are
the large deviations in the measured particle size in the
stock solution. Although the particle concentration of
the stock solution did not exceed the detection range of
the instrument (107–109 total particles/mL), the optimal
result could not be obtained if the mass concentration
was too high or too low (Filipe et al. 2010). In fact,
particles in the liquid sample that passed through the
beam path moved rapidly under Brownian motion,
allowing information on the particle properties to be
obtained. A much higher sample concentration could
have prevented accurate particle tracking, while a much
lower sample concentration would not have produced a
statistically significant result (Hole et al. 2013). It is
noted that the experimental trend was not significant
since the sample used was the stock suspension, which
was the monodisperse solution. Once the sample be-
came complex and unstable, the effect on the results
became more significant.

The most important finding in Fig. 5 was that NTA
can measure samples with concentration ranging from
0.1 to 100 mg/L, which would satisfy the requirements
of most studies on the life cycle and behavior of NPs
(Keller et al. 2010; Chekli et al. 2015; Hoecke et al.
2011; Quik et al. 2014). Prior to our study, NTA was
generally considered unable to reflect the actual behav-
ior of NPs in an aquatic environment because of the
narrow range of measurements, which means high-
concentration samples always need to be diluted before
each measurement (Dragovic et al. 2011a; Filipe et al.
2010; Gross et al. 2016). In the aggregation process, the
sufficient collision that produces larger aggregates is
directly proportional to the number concentrations (Lv
et al. 2016). When a stock solution is diluted, the colli-
sion efficiency is different because of the lower particle
concentration, leading to a different aggregation rate.
However, it is revealed by our study that accurate mea-
surement results can be obtained by adjusting the pa-
rameters of the NTA equipment without further dilution.

The relationship between the experimental mass
concentration and detection limits in DLS measurement

In order to explore the relationship between the exper-
imental concentration and the experimental detection
limits, the aggregation kinetics was investigated using
different CeO2 NP mass concentrations and time-
resolved dynamic light scattering. Figure 6 shows the
particle size distribution of CeO2 NPs in stock solutions
of different mass concentrations. When the stock con-
centration was greater than 5 mg/L, the peak value did

Fig. 5 Particle concentration and
size of stock solution in various
CeO2 NP mass concentrations
measured by NTA
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not change with the measured concentration, suggesting
that the measurements were accurate. The peak for the
stock solution shifted towards larger particle sizes as the
experimental concentration decreased. The size given
by DLS was 304.4 ± 34.1 nm at a stock concentration
of 0.1 mg/L (Table S4), which is much larger than
normal. Considering that the samples were monodis-
perse stock suspensions, such a big error cannot be
ignored. Traditional light-scattering techniques (such
as DLS) measure the fluctuation in scattering intensity
of NPs and then use this information to calculate the
size of the particles through the Stokes–Einstein equa-
tion (Zetasizer Nano User Manual, Malvern Instru-
ments, UK). The scattering intensity can thus be direct-
ly related to the solution molecular mass of the sample
(Philo 2009). Therefore, the large error was obtained
probably because the light-scattering intensity was too
low for accurate calculation when the NP concentration
was too low.

The aggregation kinetics with different CeO2 NP
mass concentrations in the presence of 100 mM KCl
is shown in Fig. S3. At high CeO2 NP concentrations
(i.e., 10, 20, and 50 mg/L), increasing in nanoparticle
concentration led to a corresponding increase in the
aggregation rate. These results are consistent with the
classic DLVO theory. At electrolyte concentrations
above the CCC, the aggregation rate is completely
dependent on the particle number concentration, the

diffusion of the particles, and the collision efficiency
(Huangfu et al. 2013; Liu et al. 2012, 2013; Shih
et al. 2012). This result also indicates the flaw of
aggregation kinetics, where the selection of initial
particle mass concentration directly determines the
results of the aggregation experiment. Interestingly,
when the mass concentration of CeO2 NPs was lower
than 1 mg/L, the size of CeO2 NP was stable even
when the KCl concentration was higher than the
CCC. Generally, aggregation occurs invariably be-
tween particles in samples when the electrolyte con-
centration is above the CCC. This happens because
when the sample concentration is extremely low and
the particle concentration decreases during the
aggregation process with time, the scattering
intensity detected by DLS is too low for accurate
calculations. This result indicates that there exists
limited detection concentration in the measurement
of aggregation kinetics by DLS. For instance, Chekli
et al. (2015) reported that the final concentration of
citrate-Ag NPs in aggregation study of natural waters
was 1 mg/L. According to our results, this concen-
tration may not reach the sufficiently strong signal on
the DLS. Additionally, Praetorius et al. (2014) inves-
tigated the heteroaggregation kinetics between TiO2

NPs and Suwannee River humic acid and the mea-
surements were performed at a TiO2 concentration of
0.8 mg/L. However, due to the detection limit of

Fig. 6 Particle size distribution
of CeO2 NPs in stock solutions of
different mass concentrations
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DLS, most of the aggregation data obtained by DLS
in this study may be caused by humic acid homo-
aggregation.

Conclusions

The results of size distribution from NTA and DLS
measurements demonstrated that the aggregation pro-
cess is more complicated than previously thought, as not
all particles in the water aggregated together and there
still exist lots of small CeO2 particles (< 400 nm). Fur-
thermore, the size of the aggregated particles is far
smaller than the value obtained by aggregation kinetics
experiment. Interestingly, according to the results of this
paper, samples with concentrations ranging from 0.1 to
100mg/L can bemeasured byNTA, which is wider than
the expected detection limit. Additionally, the accurate
measurement results may be obtained by adjusting the
parameters of the NTAwithout further dilution. In con-
trast, DLS cannot offer accurate result about particle size
when the mass concentration of CeO2 NPs is lower than
1 mg/L.

In conclusion, due to the intrinsic technique princi-
ples, the classical aggregation kinetics results obtained
from DLS may not reflect the accurate behavior of NPs
in an aqua t i c env i ronmen t , l e t a lone the
heteroaggregation of NPs in complex water phase.
Thus, strict and the wide size distribution among the
samples should be a serious concern. Furthermore, no
single analytical technique can offer a comprehensive
understanding on the aggregation process of NPs. NTA
and DLS exhibit individual and special advantages and
only the combined application of these two techniques
can truly characterize the nanoparticles in the aggrega-
tion process. It is believed that these findings will pro-
vide a guide for the experimental conditions and analyt-
ical methods in the study of aggregation kinetics.
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