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• The stability of nanomaterials in water de-
termined their removal efficiency

• Nano-particles flocs morphology charac-
teristics as hydraulic variationwas studied

• Nano-particles have higher stability in
water due to structural layer repulsion.

• The flocs formed by Brownian motion
show high ability to resist hydraulic
disturbance.

• The efficient binding mode of nano-
particles is multi-points face-to-face
aggregation.
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An abundance of nano-particles have been exposed to water environment. Owing to the particle size effects, nano-
particles are inclined to absorb harmful substances and increase their levels of toxicity. In this study, the existence
state, aggregation and settlement characteristics of nano-particles in the natural water are studied. Influenced by the
structural layer repulsion, nano-particles have higher stability in natural water. When coagulants were added, nano-
particles could effectively aggregate with slow flocculation speed and relatively small flocs size without hydraulic
shearing due to the significant effect of Brownian motion. It is worth noting that the aggregated flocs formed by
Brownian motion showed high strength and strong ability to resist hydraulic disturbance, and thus the flocs were
harder to break. This is because the combination among nano-particles under hydraulic shearing is the result of a
single-point chain-to-chain aggregation mode, while that under the Brownian motion is the result of multi-points
face-to-face aggregation mode. Therefore, in the process of re-flocculation, flocs formed by the Brownian motion
were more compact. This study provides a new view in nano-particles treatment for both the in-situ treatment process
of natural water body and the regular water treatment plants.
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1. Introduction

With the development of nanotechnology, an abundance of nano-
particles has been exposed to water environment. In many natural water
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bodies such as rivers, lakes, oceans and groundwater, nano-particles are
widely detected (Ivanić et al., 2020). Different from micron particles,
nano-particles easily absorb heavy metals, pesticides, polycyclic aromatic
hydrocarbons and other harmful substances in water due to their small
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particle sizewith large surface areas, forming the carriers of a variety of pol-
lutants and keeping these harmful substances in the water environment for
a longer time (Adeleye et al., 2018). Therefore, the existence of nano-
particles will not only reduce the biodegradation rate and bioavailability
of these harmful substances, but they will also affect the toxicity levels of
these harmful substances to aquatic organisms (Combarros et al., 2016;
Liu et al., 2019). In addition, nano-particles can produce oxidative free rad-
icals, causing metabolic disorders of zebrafish larvae, damage of Escherichia
coli cells, and reduction of hemoglobin hemolytic activities (Yu et al.,
2017).Moreover, due to their small size, nano-particles can also be ingested
by a variety of aquatic organisms, resulting in organisms growth inhibition,
abnormal morphology and even death, which may also eventually harm
human health through the food chain. Therefore, it is necessary to control
the amount of nano-particles in water environment.

Based on the classical DLVO theory, the surface of particles can charge
and form the electrical double layer structure due to adsorption, hydrolysis,
ionization and so on. When two charged particles get close to each other,
the van der Waals force and electrostatic repulsion constrain each other,
which then form energy barriers and therefore maintain the stability of
the particles. The above theory is based on the hypothesis that the particles
are smooth spheres, and the influence of particle size is not considered.
However, in recent studies, the nano-particle aggregation process was
found to be inconsistent with the DLVO theory. From the studies of
Kobayashi et al. (2005), as well as škvarla (2013), the aggregation rate of
nano silica particles is less than the theoretical value, and the aggregation
rate of nano-particles is affected by particle size, solution pH value and
ionic strength. Meanwhile, the deviation degree of theoretical value of
nano-particle was more significant as particle size decreases (Higashitani
et al., 2017). Not only do the inorganic nano-particles show the abnormal
phenomena, in our previous study of the comparation of 100 nm and 1
μmparticle size organic polystyrene plastics (Sun et al., 2021), the same de-
viation phenomena of nano-particle was also found under different pH and
ionic strength condition, and the collision and aggregation mechanisms be-
tween nano andmicron particles were obviously different. Previous studies
indicated that the dynamic behaviors of nano-particles in water are differ-
ent from those of micron particles due to the effect of particle size.

The most common particle treatment technology is coagulation, which
facilitates particle collision, aggregation and sedimentation to achieve the
removal of particles. It has been widely used in the in-situ treatment of nat-
ural water particles and the removal of particles in water treatment plants.
Effective collision between particles is key to achieve efficient coagulation.
However, due to particle size effect, the coagulation reaction kinetics of
nano-particles must be different from that of micron particles. In addition,
the actual water is a complex system that contains matters from molecules
to micron. Thus, the flocs form is usually irregular distribution, of which
microflocs are often difficult to settle. Fine particulate matter, mainly of
nano-particles, often determines the formation of micro flocs properties.
Therefore, figuring out the influence of coagulation control parameters on
the flocs formation and characteristics of nano-particles is vital to optimize
the nano-particles coagulation process and to improve the coagulation effi-
ciency in both natural water body and water treatment plants.

In this study, a rawwater reservoir in southern Chinawas chose to study
the existence state, aggregation and settling characteristics of nano-
particles, as well as the influence of different hydraulic conditions on the re-
moval of particles in the complex system. The particle size distribution,
flocs properties and destabilization mechanism of nano-particles under dif-
ferent conditionswere also explored. This study aims to provide a newview
in the nano-particles treatment process.

2. Materials and methods

2.1. Site description and water sample collection

The study was conducted in a natural reservoir (120.05°E, 29.12°N),
which is located in Yiwu city, Zhejiang Province of Southeastern China,
with a catchment area of 24.42 km2. The reservoir has a normal storage
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capacity of approximately 20 million cubic meters and is 20–30 m deep.
The area is a subtropical monsoon climate zone, and wind in winter and
summer alternate significantly. The rainfall mainly occurs from April to
September, and typhoons are prone to occur in July and August every
year. The annual average temperature is about 17 °C, with the highest aver-
age temperature in July (29.3 °C) and the lowest in January (4.2 °C).

Due to typhoon Hagupit no. 4 in 2020, a large amount of particles got
washed into the reservoir which caused serious water pollution. After 4
months of natural settlement process, the particles were still at a high
level with high turbidity. After detection of particle size, the particles
were mainly nano size, as detailed in Section 3.1.

In this study, two sets of sampleswere taken. Thefirst set of sampleswas
taken 15 days after typhoon, and the second set was taken 4 months later.
After the initial collection, the water samples were delivered under cool
condition (4 °C in cooling boxes) without pH control to the lab within 24
h. Once arrived at the lab, the samples were stored in the dark at 4 °C
until use.

2.2. Analyses of water quality

Analyzed parameters included pH, turbidity, potassium permanganate
index (CODMn) and conductivity. pH was determined by using a pH meter
(MP220, Mettler-Toledo, Switzerland). Turbidity was measured by a tur-
bidity meter (2100P, Hach, USA). CODMn were determined by titrimetric
analysis method. Conductivity was measured by a portable water quality
monitoring instrument (Seven 2 Go, Mettler-Toledo, Switzerland).

2.3. Jar tests

2.3.1. Conventional coagulation tests
Jar tests were carried out by a six-link agitator (MY 3000-6F, Wuhan

Meiyu, China). The relationship of mean velocity gradient, or shear rate
(G) to the stirring speed can be calculated following Hermawan et al.
(2004). The sampleswere stirred at 250 rpm for 30s, and then a certain dos-
age of coagulants was added with a reduced stirring speed at 200 rpm si-
multaneously and maintained for 1 min. Then the mixing speed were
reduced further to 40 rpm for 10 min to promote the formation of flocs.
Then after standing for 30 min, the samples were taken for detection.

In the study, Fe2(SO4)3, Al2(SO4)3, PACl2.2, PACl2.2-HCA1 (PACl2.2 com-
binedwith 5%HCA) and PACl2.2-HCA2 (PACl2.2 combinedwith 10%HCA)
were selected as coagulants. These coagulants are the typical agents used in
normal water treatment, and the addition proportion of HCA was deter-
mined by pre-experiments.

2.3.2. Hydrodynamic influence tests
Two separate sedimentation experiments were conducted to evaluate

the influence of hydraulic conditions on particle aggregation and sedimen-
tation: (1) a dosage of coagulant was added followed by rapid stirring at
200 rpm for 1 min, then slow stirring with 40 rpm for 10 min, and finally
the samples were set for static precipitation for 109 min; (2) a control
group was set to clear out the effect of hydraulic conditions without any
stirring process and directly naturally settling for 120 min after dose.

2.4. Analysis of flocs structure and morphology

A laser diffraction instrument (Mastersizer 2000, Malvern, UK) was
used to monitor the growth of flocs online. The principle and the procedure
of the instrument have been described in detail in previous studies (Sun
et al., 2019). The strength and regrowth ability under different hydraulic
conditions were compared as follow: (1) for normal hydraulic condition,
a dosage of coagulant was added followed by rapid stirring at 200 rpm
for 1 min, then followed by slow stirring at 40 rpm for 10 min, and 5 min
fast stirring at 250 rpm was set to break the flocs, and finally another
10 min slow stirring at 40 rpm was set to make the flocs regrow; (2) in
the controlled group, after 90 min gravity settling, the flocs were stirred
at a speed of 250 rpm for 5 min, and then samples were sat to settle
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statically. The laser diffractometer records data every 35 s. After settling for
60 min, 90 min and 120 min, the flocs were gathered to observe the mor-
phology by optical microscope (Gazer, China).

3. Results and discussion

3.1. The water quality condition and the particle size distribution over time and
depth in natural reservoir

In order to clarify the water quality variation, Table 1 compared the
basic water quality parameters between just after the typhoon ended
(August) and 4 months later (December). Given that the 4 months of natu-
ral precipitation may have caused a difference in settling depths, water
samples of three depths were studied to clarify the water quality and the
particles distribution.

The stability of a particulate matter inwater is affected bymany factors,
including pHvalue, ion strength, particle size, coexistence of organicmatter
or metal ions, etc. (Sun et al., 2021a, 2021b; Ren et al., 2017), of which the
pH, ion strength and particle size play the leading role. The effect of pH
value on the stability of particles mainly depends on the change of surface
charge. Given the containment of functional groups on the surface, the sur-
face charge distribution of particles should be easily changed as pH varied,
which determines the particles aggregation behavior. The larger the differ-
ence between pH and particle isoelectric point (pHPZC), the more stable the
particles are in water. Generally speaking, the pH values were neutral lean-
ing alkalinity, and the pH value showed a slight rise in the December
samples which may have been caused by the prevalence of acid rain in
southern China and the decrease in winter rainfall. In this study, SiO2

whose pHpzc was 2–3 (Sokolov et al., 2006) was the important component
of the particles. Therefore, although there were changes of pH value over
time, the changes were not enough to affect the stability of particles in
water.

The effects of ion strength on the stability of particles rely on the charge
neutralization mechanism and compressing the thickness of the electric
double layer (Gregory, 1975). Per the Schulze-Hardy rule, the critical coag-
ulation concentration (CCC) of hydrophobic colloid is inversely propor-
tional to approximately the sixth power of the number of counter-ion
valences in electrolyte. Particles in natural water are usually negatively
charged. Therefore, the cationic valency and concentration contribute to
the particles aggregation character. The conductivity is positively corre-
lated with ion strength (Griffin and Jurinak, 1973; Simón and Garcı ́a,
1999). From the results, the conductivity was 110±3 μS/cm,which is con-
sistent with the waters of Southern China (Zhu et al., 2019). The concentra-
tion of typical cations, such as Na+, Ca2+ and Mg2+, are extremely low
(less than 10 mmol/L) in the fresh water of China (Mao et al., 2020;
Wang et al., 2020). In the previous study, it was found that a concentration
of divalent cation of 10 mmol/L could lead the SiO2 to reach CCC, while it
would take tenfold or more of concentratedmonovalent cation to reach the
same result (Sun et al., 2021a, 2021b). Therefore, the ion strength condi-
tion in the reservoir maintains the stability of the particles. However, the
CCC was found also to be relevant to the particles size recently (Sun
et al., 2021a, 2021b). It was found that the smaller the particles are, the
higher the CCC, and the more stable the particles are in water.
Table 1
Characteristics of water samples in different depths of Bai Feng Reservoir.

Index August December

Surface
water

7 m
deep
water

15 m
deep
water

Surface
water

7 m
deep
water

15 m
deep
water

Turbidity
(NTU)

1.2 17 600 71 70 69

pH 7.5 7.0 6.6 7.7 7.4 7.5
CODMn(mg/L) 2.42 2.23 4.96 5.98 7.62 5.00
Conductivity
(μS/cm)

109.1 110.0 110.8 113.3 112.5 113.1
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From the turbidity results, particles have undergone intense settling and
mixing process during the 4 months following the first set of samples. In
August, the turbidity increased significantly with increasing depth. Espe-
cially for the 15m deepwater, the turbidity was as high as 600NTU. In con-
trast to the first set of sampling results, the second set of samples taken in
December displayed a uniform turbidity of 70± 2NTU at different depths.
Because the first sample collection was 15 days after a typhoon, it is specu-
lated that the obvious stratification was due to the first stage of natural
settlement where a large amount of particles settled, especially for the
large size particles. However, 4 months later, the large particles have
completely settled, while the smaller particles remained in the water
above 15 m. Furthermore, due to the temperature difference at different
depths, interaction and mixing of particles was caused. Therefore, the
turbidity was similar at different depths.

Based on the turbidity variation results, the particles size distribution of
different depth was also analyzed to further explore the reason for the high
stability of particles in the reservoir. Shown in Fig. 1(a) (Fig. 1(a)) are re-
sults from the August samples. Similarly, particles distribution was found
in both surface water and 7 m deep water. The particles were mainly dis-
tributed in 10-40 μm. While the particles size of 15 m deep water were ob-
viously bigger than that of 7 m with the size distribution in 100-1000 μm
zone. As time went by, similar particle size distributions were found in
surface water, 7 m depth and 15 m depth (Fig. 1(b)). The overall particles
shift to smaller particle size, which were mainly distributed into two
zones, 100-300 nm and 10-50 μm, respectively. Nano-particles, in particu-
lar, were the main component of particulate matters, which may be the
prime contributor to high turbidity.

3.2. Particle stability analysis based on particles size and energy barrier

From the above study, particle size was presumed to be an important
factor affecting the turbidity of the reservoir. According to the Einstein-
Stokes equation, the sedimentation velocity of particles was correlated to
the diameter and density of particles, as well as the density of fluid. Sedi-
mentation velocity of particles with different particle sizes can be calcu-
lated based on the Stokes formula. The specific calculation formula is as
follows,

υs ¼
2r2 ρp − ρl
� �

g

9μ
(1)

in which, υs is the sedimentation rate of the particle, r is the radius of the
particle, ρp is the density of the particle, ρl is the density of the fluid, μ is
the solvent viscosity, and g is the gravitational constant.

The settling height of particles with different particle sizes after settling
for 4 months can be obtained by the formula, as shown in Fig. 2(a). In the-
ory, particles larger than 1.5 μmhave a settling height of greater than 17m,
so water above 15 m should not contain a distribution of 10-50 μm parti-
cles. However, this is not consistent with our results. So further analysis
was carried out to further explore the total energy variation between parti-
cles with different sizes.

According to DLVO theory, the stability of particles depends on Van der
Waals potential energy (VA(h)) and electrostatic repulsion potential energy
(VR

EL(h)) between particles. The total potential energy (VT(h)) is as follows,

VT hð Þ ¼ VA hð Þ þ VR hð Þ (2)

VA hð Þ ¼ −
A
6

2r2

h2 þ 4rh
þ 2r2

hþ 2rð Þ2 þ ln
h2 þ 4rh

hþ 2rð Þ2
 !" #

(3)

VR hð Þ ¼ 2πε0εrrφ0
2 ln 1þ exp −κ hð Þð Þ½ � (4)

κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1000e2NA∑iΖ i

2Mi

ε0εrkBT

s
(5)



Fig. 1. Particle size distribution of water samples at different depths of Reservoir: a. samples taken in August; b. samples taken in December.
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In which, r is the particle radius, h is the distance between particles; A is
the Hamaker constant of the two particles in water. In Eq. (4), ε0 is the vac-
uum dielectric constant, εr is the relative dielectric constant of the solution,
and φ0 is the surface potential of the two particles which approximately
equal to the Zeta potential. In Eq. (4), κ is the reciprocal of the double
Fig. 2.The settling height and the potential energy of particles: a. the settling height after
particles with different diameters as a function of distance; c. the potential energy of m

4

layer thickness, e is the unit charge, NA is Avogadro constant, Zi and Mi

are the valence state and the molality of the ion i, respectively.
When the particles get close to each other, VR

EL(h) increases sharply,
while VA(h) decreases at a relative slower rate, and a peak value appears
in the total potential energy curve which creates an energy barrier (Vmax)
17 meters

a 

4month sedimentation as a function of particle size; b. the potential energy of nano-
icron-particles with different diameters as a function of distance.
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that must be overcome if the particles get closer. The smaller the energy
barrier, the easier particles can approach to each other. According to
Eqs. (2)–(5), VT of different size particles is calculated as shown in Fig. 2
(b) and (c).

From the results, it is found that the energy barrier level was positively
correlated with particle size. In theory, the particles could remain stable
when the energy barrier is higher than 15kBT. In this study, the energy bar-
rier of 10 μm particles was as high as 157kBT. Therefore, in the absence of
external disturbance, 10-50 μm particles could remain highly stable and
suspended in water. However, based on our calculation results, the maxi-
mum energy barrier value was only 6kBT for 100-300 nm particles, of
which should aggregate easily in theory. However, this part of nano-
particles was found to be stable and even the main components of particu-
late matter after 4 months of natural precipitation in this study.

In recently studies, the aggregation rates of nano-particleswere found to
be related to the particles size, but this is not consistent with the
Smoluchowski theory which is based on DLVO theory (Kobayashi et al.,
2005; Skvarla, 2013). It was shown that the aggregation rates of spherical
silica particles were reduced by the order of magnitude by which the parti-
cle size was reduced within a certain nanometer range (Higashitani et al.,
2017). This is because the small size of nano-particles amplifies the short-
range repulsion between the particles. The short-range repulsion, which
originates from the layer composed of water molecules and counterions,
the structured layer made of hydrogen bonds between water molecules,
the gelation layer of silica at the silica-solution interface, or the roughness
of surfaces, etc. (Higashitani et al., 2017), contribute an additional repul-
sion in addition to electrostatic repulsion that invalidate the DLVO theory.
Moreover, large surface area of nano-particles can also help to absorb more
organic matters which form steric hindrance effect and further enhance the
stability of nano-particles in water. In addition, according to calculation
(Fig. 2(a)), the settling rate of 300 nm particles is only 0.68 m in 4 months.
Thus, slow settling rate was also the reason that led to high nano-particles
concentration in water. In summary, high energy barrier contributed to
the high stability ofmicron particulatematter, while, short-range repulsion,
steric hindrance, as well as slow settling rate all led to nano-particles being
resistant to aggregation and settling in natural water.

3.3. Influence of coagulants species and dosages on the aggregation and
sedimentation of nano-particles

According to the water quality discussed above, increasing the aggrega-
tion and sedimentation of nano-particles is the key to reduce turbidity of
water. Coagulation, as the typical technology used in particles treatment,
was chosen to change the stability of nano-particles in natural water. How-
ever, the traditional coagulation parameters setting is not based on nano-
Fig. 3. Turbidity and particle size variation by different coagulants: a.turbidity of w
coagulation.

5

particles, and the process control parameter requirement of coagulation re-
lated to nano-particles is nonexistent. Especially in natural water, the con-
trol parameters of in-situ treatment cannot be determined. During
coagulation process, coagulants type and hydraulic condition are the most
important parameters to determine the coagulation efficiency. Therefore,
in this section, the effect of coagulants species and dosages on the aggrega-
tion and sedimentation of nano-particles were discussed.

In this study, five different species coagulants, Fe2(SO4)3, Al2(SO4)3,
PACl2.2, PACl2.2-HCA1and PACl2.2-HCA2, were selected to reveal the influ-
ence of coagulants species on the aggregation characters of nano-particles
without pH adjustment. Fig. 3 (a) shows the variation of residual turbidity
treated by five different coagulants. From the results, similar removal trend
could be found for different coagulants species, which all decreased rapidly
first and then increased.Meanwhile, the particulatematter showed obvious
aggregation phenomenon after adding coagulant as shown in Fig. 3 (b). The
optimumdosages for all types' coagulantswere different, and the polymeric
coagulants exhibited better coagulation performance with lower optimum
dosages, bigger aggregation size, and higher turbidity removal, in accor-
dance with previous studies (Jiao et al., 2015). Moreover, it's worth noting
that the combination of PACl and organic polymer could decrease the coag-
ulants dosage with limited effects. In the previous study, addition of HCA
was shown to have a significant effect on the removal of organic matters
(Yan et al., 2008). The enhancement depends on the bridge effect due to
the long chain structure of organic polymers. However, nano-particles are
lacking reactive functional sites compared with organic matter, which
may not be conducive to the effective performance of organic polymers.

Generally speaking, the results were in accordance with the common
understanding, that the particles will experience instability and re-
stabilization as the dosage increases because the electronegativity has
been neutralized or reversed under the charge neutralization mechanism
(Duan and Gregory, 2003). However, jar tests were conducted under the
conventional hydraulic conditions. In the actual reservoir, the hydraulic
condition is uncontrollable if the in-situ treatment is implemented. There-
fore, the influence of different hydraulic conditions on the aggregation
and sedimentation of nano-particles were carried out in the following
study. Furthermore, considering the actual removal effect and trying to
avoid the addition of organic matter, PACl2.2 with the optimum dosage
was chose in the following study.

3.4. Effect of hydraulic conditions on nano-particles aggregation and flocs
characteristics

3.4.1. Effect of hydraulic conditions on nano-particles aggregation
The aggregation of particles is controlled by a two-step process: diffu-

sion and binding (Verwey,1955; Elimelech and O'Melia, 1990). When an
ater samples as a function of coagulant dosage; b. particle size distribution after
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appropriate dosage electrolyte is added, the energy barrier between parti-
cles will disappear, so the binding step should no longer be the rate-
limiting step, and the diffusion step becomes the determining factor of
the aggregation process. Three physical effects, including Brownian mo-
tion, hydraulic shear and gravity sedimentation, are considered as the pri-
mary influence factors for particles diffusion (O'Melia, 1980). Although
three physical processes all contribute to diffusion, one of them dominates
the diffusion of particles with different sizes. Peclet number (Pe) is used to
identify the predominate diffusion process at different particles size. Pe can
be obtained by the following formula (Li et al., 2019):

Pe ¼ 2πΔρgr4

3kBT
(6)

Where Δρ is the density difference between fluid and particles, g is the grav-
itational constant (9.81 N/kg), kB is the Boltzmann constant (1.38×10−23

J/K) and T is the thermodynamic temperature (298.15 K). In this study, the
average density of the particles is 2200 g/cm3. Based on the basic data, the
relationship between Pe and r can be calculated. From the results, it was ob-
served that the particle size with 1278 nm was a turning point. When the
particle size was larger than 1278 nm, Pe was bigger than 1, which indi-
cated gravity sedimentation was predominant. Conversely, the Brownian
motion was predominant when Pe was smaller than 1 (particle sizes <
1278 nm). The studied reservoir showed particles distribution characteris-
tics with two distribution intervals of 100–300 nm and 10–50 μm as shown
in Fig. 1(b) with nano-particles being the main component of particulate
matters. Due to the small particle size of nano-particles, the random free
motion is more obvious under the influence of molecular thermal motion,
while micron particles are more obvious influenced by gravity. According
to the calculation, it could be found that the importance of gravity sedimen-
tation and Brownian motion all existed in the reservoir, while Brownian
motion was predominant, especially for the surface water. The above dis-
cussion was based on the state of natural water without hydraulic condi-
tions. However, whether the collision frequency and collision efficiency
of the nano-particles are consistent with traditional coagulation process
under different hydraulic conditions was not clear, and this is vital in the
actual in-situ particulate matter removal or drinking water treatment
process. Therefore, the effects of hydraulic shear on reservoir particles
aggregation and sedimentation are studied in the following step.

Two sets of aggregation experiments with samples taken from the reser-
voir surface in December had 20 mg/L PACl added with and without hy-
draulic shear, followed by the same duration of static sedimentation, with
the process detail discussed in Section 2.3.2. The aggregation performance
was shown in Fig. 4(a, b). Comparatively speaking, the group with hydrau-
lic shear showed faster flocs growth speed. Under hydraulic shearing, a cer-
tain amount of flocs could form after a 15 min static standing with partial
settlement. After 30 min, there was less flocs residue in the suspension,
while most of the flocs had settled at the bottom of the beaker. Almost all
flocs settled after 120 min. By contrast, the group without hydraulic shear-
ing did not form significant flocs until 90 min. Moreover, the flocs sizes in
this group were relatively smaller on average, and the settling ability was
poor. However, it is worth to note that, despite the lack of hydraulic shear-
ing, the continuous flocs growth was observed. After 120 min, the floc sed-
imentation became obvious. Moreover, the distribution of flocs of the two
groups exhibited visible differences. As shown in Fig. 4(c, d), the distribu-
tion of the group without hydraulic shearing was more well-distributed be-
cause of the same probability of motion direction under Brownian motion
effect, while the flocs in the group with hydraulic shearing were more af-
fected by centrifugal force.

In order to compare the sedimentation performance of flocs under dif-
ferent water hydraulic conditions, the same experiment procedure was car-
ried out in 500 mL graduated cylinders as shown in Fig. 4 (e, f). The
settlement height in the beaker experiments was 9 cm, while that in the
graduated cylinders was 24 cm. For the same water volume, with the in-
crease of settling time, it can be found that the settling ability of flocs by
the two hydraulic conditions tends to be similar. When the settling time is
6

more than 60 min, the flocs formed by Brownian motion increased obvi-
ously, and when the settling time reached 120 min, the settling effect was
similar to that formed by the hydraulic shear. From the results above, it
could be implied, in a systemdominated by nano-particles, the flocs density
was relative to the reaction time rather than hydraulic conditions.

3.4.2. Effect of hydraulic conditions on flocs formation and structure
An optical microscope was used to clarify the flocs morphology under

different hydraulic conditions and sedimentation time so as to obtain
more accurate information about the appearance characteristics of flocs.
The two groups' flocs with 60 min, 90 min and 120 min sedimentation
time were collected and compared in Fig. 5. The results were in accordance
with the beaker observation test. Compared to flocs formed by hydraulic
shearing, the flocs formed by Brownian motion were smaller and with
less branches, while flocs formed by hydraulic shearing showed the oppo-
site phenomenon with relatively loose and bigger form and with more
branches.

The microscope results qualitatively reflected the morphological char-
acteristics of flocs. Then the formation and structure characteristics of
flocs were quantitively described by monitoring the growth of flocs online.
The flocs regrowth performance after hydraulic shearing represents the re-
sistant ability of flocs, which reflects the density degree, aggregate property
of flocs to some extent. According to the aggregation and sedimentation
tests discussed above, it was found that the growth of flocs under hydraulic
shearing equilibrates after 11 min, while that of Brownian motion needs
about 90 min. Therefore, the flocs breakage tests with 5 min fast mixing
after 11min and 90min for hydraulic shearing group and Brownianmotion
group was conducted, respectively. The dynamic floc sizes in the coagula-
tion duration process with various hydraulic conditions were monitored
using a Mastersizer 2000 as mentioned in Section 2.4 and the results
were presented in Fig. 6.

Flocs size was presented by themedian equivalent diameter (D50). From
the curves shown in Fig. 6(a), the flocs formed by different hydraulic condi-
tions showed similar trend of growth-breakage-regrowth. The biggest flocs
size of both hydraulic conditions were not much different that D50 value
were 550 μm and 450 μm for hydraulic shearing and Brownian motion, re-
spectively. However, under the Brownian motion condition, the growth
speed of flocs was much slower than that of hydraulic shearing. The slope
(ΔD50(μm)/ΔTime(s)) of hydraulic shearing was 1.709 μm/s, while that of
Brownian motion was just 0.086 μm/s.

The particle size distributions of the two hydraulic conditions at differ-
ent coagulation stages, i.e. the flocs formation steady phase, flocs breakage
phase andflocs re-growth to another plateau, were compared in Fig. 6(b, c).
It was indicated that, before breakage, the flocs size formed by hydraulic
shearing was visibly larger than that by Brownian motion which was in ac-
cordance with the flocs on-line monitoring results (Fig. 6(a)). While, at the
breakage stage, flocs formed by hydraulic shearing broke relatively thor-
ough with the size distributed mean of 20-160 μm (Fig. 6(b)). In compari-
son, the flocs formed by Brownian motion showed stronger break
resistance with particle size distributed at the range of 50-800 μm, espe-
cially the retention of large particle size 500-800 μm (Fig. 6(c)). Corre-
spondingly, the flocs regrowth ability of Brownian motion was also
superior to that of hydraulic shearing condition. The size range of hydraulic
shearing was about 200-500 μm, while that of Brownian motion was much
wider, with a range of 800-1000 μm.

To better understand the impacts of hydraulic conditions on floc proper-
ties, the fractal dimension (Df), strength factor (Sf) and recovery factor (Rf),
which can reflect the flocs density, strength and regrowth ability quantita-
tively, was calculated according to previous study (Xu et al., 2014) and
shown in Table 2. From the results, the fractal dimension (Df) of both hy-
draulic conditions at the formation and breakage stages showed little differ-
ence with a slightly higher Df of hydraulic shearing indicated similar
compact flocs structure. However, at the re-formation stage, flocs formed
by Brownian motion had visibly higher Df than that of hydraulic shearing
which indicated more compact flocs formed by Brownian motion after
breakage. Moreover, consistent with the results obtained from Fig. 6, it is



Fig. 4. Direct observation of aggregation and sedimentation process of particles: a. beaker experiments under hydraulic shearing; b. beaker experiments under Brownian
motion; c. flocs distribution under hydraulic shearing after settling 120 min; d. flocs distribution under Brownian motion after settling 120 min; e. graduated cylinders
experiments under hydraulic shearing; f. graduated cylinders experiments under Brownian motion.
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Fig. 5.Microscope images of flocs formed at different sedimentation times under two hydraulic conditions: a. sedimentation 60 min, b. 90 min, c. 120 min under Brownian
motion；d. sedimentation 60 min, e. 90 min, f. 120 min under hydraulic shearing.
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very obvious from the results that the flocs formed by Brownian motion
displayedmuch higher strength factor (Sf), whichmeans tighter connection
between flocs and the better ability to resist hydraulic disturbances. There-
fore, though similar recovery factor (Rf) of both hydraulic conditions ob-
tained (Table 2), bigger size of regrown flocs of Brownian motion were
found which was correspond to Fig. 6 (b, c).

The much different flocs characteristics discussed above represent the
possible different aggregation and flocs formation mechanisms caused by
the variation of particle sizes and hydraulic conditions. Therefore, the
Fig. 6. Formation, breakage and re-formation processes offlocs under two hydraulic cond
shearing; c. particle size distribution of Brownian motion.
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aggregation mechanisms of reservoir particles under different hydraulic
conditions are explored in the following section.

3.5. The nano-particles aggregation mechanisms under different hydraulic
conditions

The aggregation process of particles in water mainly includes diffusion
and binding (Verwey, 1955), and its efficiency is influenced by collision fre-
quency (β) and collision efficiency (α). In the diffusion process, as
itions: a. online monitor the growth of flocs; b. particle size distribution of hydraulic



Table 2
Properties of flocs formed in three stages under two hydraulic conditions.

Hydraulic conditions Hydraulic shearing Brownian motion

Fractal dimension (Df) Formation 2.42 2.35
Breakage 2.54 2.41
Reformation 2.28 2.56

Strength factor (Sf, %) 10.83 22.34
Recovery factor (Rf, %) 28.72 27.66
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mentioned above, particlesmay be affected by Brownianmotion, hydraulic
shear and gravitational sedimentation. Increasing the collision frequency
between particles is helpful to improve the particles diffusion effect and fur-
ther enforce particle aggregation. In the traditional coagulation process, the
target particles of water treatment are the particles suspended in water
which are affected little by the gravity, and hydraulic condition is the one
of the vital factors that influence the coagulation effects. However, as men-
tioned above, when the particle size is less than 580 nm, Brownian motion
plays a leading role,while in this study, particle size distributed in the range
of 100-300 nm was the main component. Therefore, the role of Brownian
movement cannot be ignored. It can be seen from Section 3.4.2 that hydrau-
lic shear was important in the aggregation of particles in the system which
significantly reduces the reaction time. However, the shear resistance and
re-formation ability of flocs formed under hydraulic shear were obviously
weaker than those formed under Brownian motion. This is mainly because
in the binding process, the aggregation efficiency of particles is mainly de-
termined by the collision efficiency. Collision efficiency α is between 0 and
1, which represents the probability of successful combination of two parti-
cles. An α of 1 indicates that two particles will definitely combine as long as
they collide. The classical discrete aggregation dynamics Smoluchowski
equation is based on the hypothesis that the collision efficiency α = 1
(Thomas et al., 1999). However, from previous studies, we found that for
nano-particles, due to the particle size effect, there is a short-range repul-
sion that does not obey DLVO and may lead to α much lower than 1 for
nano-particles.

In this study, under the hydraulic shearing condition, the coagulant was
promoted to diffuse to the particle surface with fast speed, and a high colli-
sion frequency between particles was observed. Therefore, the particles
were prone to collide and combine. However, the means of combination
was not completely random. As indicated above, affected by centrifugal
force, the active contact sites of particles under hydraulic shearing were
Fig. 7. The aggregation mechanisms un
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usually onefold, which was also proved by the chain structure displayed
in Fig. 5. The combination among particles is the result of a single-point
chain-to-chain aggregation mode, as exhibited in Fig. 7. Therefore, the con-
nection between particles in the flocs is not close, and the flocs were easily
broken under the disturbance of external forces. Meanwhile, more active
contact sites were inclined to expose after the broken stage which contrib-
uted tomore flocs branches, so theDf of regrowth flocs obviously decreased
which was also observed in previous study (Yu et al., 2014). While, for the
Brownianmotion condition, the diffusion of coagulant and the collision be-
tween particlesmainly depended on the thermal motion of molecules, thus,
the collision frequency was relatively slow which adverse to its flocs
growth. Compared to hydraulic shearing, the combination between parti-
cles under Brownian motion needs repeated collisions. In addition, the ac-
tive contact sites were multi-directional, and so the flocs observed in
microscope were lumpy. Therefore, the combination between particles is
the result of a multi-points face-to-face aggregation mode. The collision ef-
ficiency was relatively higher, meanwhile, the connection between the par-
ticles in the flocs formed is tight, and thus the shear resistance ability was
strong (Lin et al., 1989; Kim and Berg, 1999).

4. Conclusion

The existence state, aggregation and settlement characteristics of parti-
cles system, which is mainly composed of nano-particles in natural water
environment, were studied. It is found that due to the particle size effects,
the effect of Brownian motion on nano-particles is more significant. Mean-
while, because of influence by the structural layer repulsion when the
particle size is less than a certain value, nano-particles have higher stability
in natural water than micron particles. Through the study of the influence
of coagulation key factors, including coagulant type, dosage, hydraulic
parameters and so on, on the stability of water particles in this system,
the differences of the aggregation and settlement mechanism between
nano-particles and micron particles in the coagulation process were
revealed. Based on the results, it is found that additional hydraulic shearing
was not necessary for the water with a large proportion of nano-particles
during coagulation process. Only Brownian motion could make the parti-
cles effectively aggregate but with slow flocculation speed and relatively
small flocs size. However, the flocs formed by Brownian motion showed
high strength and strong ability to resist hydraulic disturbance, and thus
the flocs were not easy to break. This is due to the aggregation mechanisms
difference under different hydraulic conditions. In nano-particles system,
der different hydraulic conditions.
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the combination between particles under hydraulic shearing is the result of
a single-point chain-to-chain aggregationmode,while that under Brownian
motion is the result of a multi-points face-to-face aggregation mode. There-
fore, in the process of re-flocculation, flocs formed by Brownian motion
were more compact.

The results are important in practical application. For the in-situ coagu-
lation treatment process of natural water body of which nano-particles
dominate, the hydraulic disturbance should be minimized, and the
Brownian motion should be ensured as the main diffusion mechanism,
given enough reaction and settlement time, so as to reduce the energy con-
sumption and strength of the flocs properties. For the common water treat-
ment process inwater treatment plants, the water after sedimentation often
contains nanoscale particles or flocs and adsorbs organic matter and micro
pollutants that have not been effectively disposed, which pose a great chal-
lenge in the subsequent sand filter or membrane filtration, etc. Therefore,
how to take advantage of the aggregation mechanism of nano-particles
under Brownian motion, improve the properties of residual flocs after sed-
imentation, and further increase the efficiency of filtering, is worth further
research in the next step. This study provides a new treatment perspective
and method for the application of technical methods to control the pollu-
tion of nano-particles in engineering.
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