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Abstract The formation, breakage, and re-growth of flocs
were investigated by using modified flocculation tests and
numerical simulation to explore the evolution of floc mor-
phology for different hydraulic retention times. The shorter
the aggregation time was, the smaller the flocs produced for
the same hydraulic conditions were. Another interesting dis-
covery was that broken flocs that formed in shorter aggre-
gation time had the capacity to completely recover, whereas
those formed in a longer amount of time had rather worse
reversibility of broken flocs. With the addition of the max-
imum motion step in the representative two-dimensional dif-
fusion-limited aggregation (DLA) model, there was a transi-
tion for flocs from isotropic to anisotropic as the maximum
motion step increased. The strength of flocs was mainly
affected by the distribution of particles near the aggregated
core rather than distant particles. A simplified breakage
model, which found that broken flocs provided more
chances for diffused particles to access the inner parts of
flocs and to be uniformly packed around the aggregated
core, was first proposed. Moreover, an important result
showed that the floc fragments formed with a larger value
of the maximum motion step had more growing sites than
did those with a smaller msa value, which was a benefit of
following the re-forming procedure.
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Introduction

Coagulation and flocculation are widely used in the solid/
liquid separation process and are normally used for the remov-
al of turbidity and natural organic matter (NOM) (Wenzheng
2010; Yukselen and Gregory 2004). Flocs formed in the water
treatment process are considered a type of colloidal substance.
The structure of large flocs changes continually due to the
breakup of the flocs’ internal bonds and re-forming at more
favorable points during the aggregation process (Biggs and
Lant 2000). Typical drinking water treatments are always de-
signed to weaken the effect of floc breakage; nevertheless, in
reality, this often is not the case, with regions of high shear
being popular (McCurdy et al. 2004). Although the major
coagulation mechanisms and the optimization of operational
parameters have been studied for many years, knowledge of
the floc growth mechanism remains limited (Zhong et al.
2011). Therefore, the evolution of floc morphological charac-
terization should be considered for overall process optimiza-
tion and has been the subject of in-depth research in recent
years (Dong et al.; Turchiuli and Fargues 2004; Wang et al.
2011; Yu et al. 2012).

A number of lectures have reported that the dosage and
species of a reagent, especially the dosage strategy, have an
important influence on the different recovery degrees of bro-
ken flocs (Wei et al. 2009; Xu et al. 2010). However, hydraulic
retention time (HRT) has received relatively little attention.
Wabhlberg et al. (1994) showed that activated sludge flocculat-
ed by mechanical means grew rapidly by 99 % within 10 min
under batch conditions. Under the same conditions, the prop-
erties and configuration of flocs formed during the whole
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flocculation process could change intensively for different re-
action times because flocculation treatment does not always
run on a rated flow in a real process. Therefore, it is essential
to pay a great deal of attention to understanding the behavior
of flocs for different reaction times.

A groundbreaking fractal growth model named diffusion-
limited aggregation (DLA) was originally proposed to de-
scribe the aggregate procedure of inorganic particles, such as
ferric, zinc, and silicon dioxide (Witten and Sander 1981).
Despite its simple growing rules, the DLA model can still
display a much more real and fractal phenomenon, which
provides detailed information to further investigate the struc-
ture of agglomerates (Parkinson et al. 1999). Recently, re-
search on the DLA model has become popular, but most of
these studies focused on the physical growth mechanism and
properties of aggregation (Higashitani et al. 2001; Nan et al.
2009; Yao et al. 2014; Zhao et al. 2011). There seemed to be a
lack of combination between the theoretical model and prac-
tical application. Several lectures have stated that suspended
particles move in the orthokinetic regime under shear force,
which means that all particles move in the same direction
(Hopkins and Ducoste 2003; Mpofu et al. 2003). To study
the growing approach of a single floc during flocculation treat-
ment, a hypothesis was proposed in which the random motion
of a particle was the main reason for formation of the fractal
structure of a floc on the condition that the same direction
rotation of each particle is ignored. Based on this hypothesis,
the two-dimensional DLA model can be used to investigate
the single floc growth procedure under a shear flow field.

This work aimed to investigate the impact of different HRT
on clay-polyaluminum chloride (PACI) flocs and develop a
better understanding of the mechanism underlying the aggre-
gation, breakage, and re-growth processes. A series of modi-
fied flocculation tests were conducted under different aggre-
gation and re-growth time. Aggregation time has an impact on
the size distribution of broken flocs, and the reversibility of
broken flocs decreased as condensation time increased.
Moreover, the second breakage of re-grown flocs most likely
occurred at longer re-growing time, which was possibly attrib-
uted to the strength of flocs decreasing as reaction time be-
came too long. For the sake of deeply figuring out the changes
of floc properties for different times, an improved two-
dimensional DLA model with the addition of maximum mo-
tion steps was used to simulate the growing process of flocs,
which allowed a study of the dynamic variation of floc nature
in the static model. Then, the formed virtual floc was ruptured
using a breakage method, which was first proposed to imitate
the actual breaking process. The re-growing stage also
proceeded based on these broken virtual flocs. Through the
statistics of virtual floc characteristic parameters, there was a
transition of virtual flocs from anisotropic to isotopic after
breakage, and broken flocs provided many more adhesion
sites around the aggregated cores to which scattered particles

could stick, which optimized the properties of re-grown flocs.
The improved understanding of this process should be a sig-
nificant addition of knowledge to the field of particle coagu-
lation and removal.

Materials and methods
Stock solution and coagulant

Kalolin clay (Taijin, China) was dissolved in the tap water of
Harbin, China, with a similar preparation to that of Yukelen
and Gregory (Yukselen and Gregory 2004). The final clay
concentration was 100 mg/L. Harbin tap water has medium
total hardness (ca. 160 mg/L as CaCOs) and alkalinity (ca.
115 mg/L as CaCOs) and a pH of approximately 7.8. To avoid
the disturbance of divalent metal ions such as Ca®>* and Mg*"
in tap water, a small dosage of humic acid (Shanghai, China)
was added to the stock solution. The final suspension
contained 100 mg/L kaolin and 2 mg/L humic acid and had
a turbidity of approximately 100 NTU, as determined by an
online turbidimeter (700AQ, WTW, Germany). The particles
in the testing water had an average size of approximately
3 um, as measured by using an online particle counter
(2200PCX, HACH, USA).

PACI was used as the coagulant. Stock PACI solutions of
1 % w/w were prepared at a concentration of 0.1 M in deion-
ized (DI) water (5 g dissolved in deionized water to 500 mL).
This solution was used directly, i.e., without prior preparation.

Apparatus

A modified cubic reactor was applied in these flocculation
tests and had a bottom length D=150 mm and a liquid height
H=150 mm; it was filled with 3.4 L of testing water sample as
the working fluid. A R1342-type impeller (IKA, Germany)
with a diameter =50 mm was used for agitation, and the
center of the impeller was placed at C=H/3 from the tank
bottom. This N-type multiple velocity agitator, named Euro
Star, could realize online monitoring and has been successive-
ly used in some of our previous studies (Yao et al. 2014, 2015,
2016).

From the moment of coagulant addition, a non-intrusive
optical sampling method was used to capture images of the
particles throughout the flocculation process, including aggre-
gation, breakage, and re-growth. The size and structural prop-
erties of the developed flocs were analyzed by using these
digital pictures, especially when calculating the fractal dimen-
sion. The lack of sample handling throughout the procedure
meant that there was nothing to be afraid of regarding the
disturbance characteristics of flocs during the measurements
and that the accuracy of results could be ensured (Chakraborti
et al. 2000). The in situ recognition system consisted of an
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Fig. 2 Flowchart of the off-lattice DLA algorithm
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automated stroboscopic lamp, which was used to illuminate
suspended particles in the reactor, and a high-speed digital
charged-coupled device (CCD) video camera (GmbH,
Germany) with a resolution of 992 (horizontal)x510
(vertical) pixels, which was used to capture particles. The
interrogation window was approximately 5665x2920 pm.
The monitoring system thus had a resolution of approximately
5.7 mm for particle imaging in the present flocculation study.
The process control and image processing software package
(FMans 10, China) was used to determine the geometrical
parameters of the flocs. This device is an independent research
achievement of our team and has also been extensively used in
our previous studies (He et al. 2012; Nan and He 2012); the
detailed configuration is shown in Fig. 1. Based on the real-
time and online monitoring of agglomerate geometry and size
distribution, the temporal evolution of floc characteristics
could be easily studied.

Procedure

The stock solution was diluted in the tap water to 3.4 L and
was rapidly mixed at 400 rpm/min until turbidity of the water
stability. The optimal PACI dosage was first determined by
performing a series of flocculation tests with different coagu-
lant doses (between 1 and 10 mg/L as Al). The stirring speed
was set at 400 rpm/min for 30 s and 100 rpm/min for 20 min.
Then, the turbidity of the supernatant (at 5 cm below the liquid
surface) was measured after 20 min of sedimentation. The
amount of coagulant giving the minimum turbidity was the
optimal dosage used for all other tests in this study (Duan and
Gregory 1998).

PACI solution was added after allowing for 1 min of
steady-state turbidity, and the suspension was rapidly mixed
at 400 rpm/min (G=175 s~ ") for 30 s to destabilize the
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particles. To investigate the evolution of floc morphology with
different HRT, two modes of flocculation processes were
used. The first one included slow stirring speed of 94 rpm/
min (G=20s ") for 10, 15, 20, and 25 min, respectively. After
stirring at 300 rpm/min (G=1413 s~ ') for 1 min to cause
breaking, the stirring speed was reduced to 94 rpm/min for
15 min to allow the flocs to re-grow. In the second mode of
this process, the slow stirring speed of 94 rpm/min was used
for 20 min and 300 rpm/min was used for 1 min to break the
flocs; then, the speed was reduced to 94 rpm/min for 5, 10, 15,
and 20 min to recover the flocs. During these methods, the
average size and fractal dimension of each floc was measured
by the online monitoring devices.

Fig. 4 Schematic of radius of
gyration (a) and characteristic
length (b) for two-dimensional
DLA virtual floc

Fractal dimension of floc by image analysis

The size, d,, of a floc of irregular shape can be calculated in
terms of the equivalent diameter using

d, = (4A/m)'"? (1)

where A is the projected area of the floc. Then, the average
size and size distribution of flocs in more than ten images for a
minute were used to reflect the floc size at the corresponding
moment. In fractal theory, fractal refers to the formation of a
part that bears a certain resemblance to the whole body, em-
phasizing the formed object with self-similarity and scale
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Fig. 5 Variation of floc
morphology in the flocculation
experiment

1 min

invariance (Xiao et al. 2011). To accurately describe the dy-
namic process of floc growth, a boundary fractal dimension
was applied to characterize the fractal properties of flocs. For a
two-dimensional projected particle image, the projected area
of the particles, which scales up with the length of the perim-
eter, was defined as the boundary fractal dimension (D)
(Meakin and Vicsek 1987), which was calculated according to

A°<P2/Dpf (2)

where P is the perimeter of an aggregate and D,y is based on
the perimeter-based fractal dimension of the floc. This D¢
ranges from 1 (for the projected area of a sphere) to 2 (for a
line) (He et al. 2012). Some lectures have reported that typical
values of Dy at the steady state for aggregates are in the range
of 1.1-1.4 (McFarlane et al. 2006; Mpofu et al. 2004; Xiao
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Fig. 6 Variation in average size and boundary fractal dimension during
breakage/re-formation under different flocculation times

@ Springer

5 min 7 min

18 min 20 min

et al. 2011). The mass fractal dimension is also a measure of
floc structure and varies from 1 (for a line) to 3 (for a sphere).
However, there is no direct relation between Dp,¢and the mass
fractal dimension. The value of D¢ not only essentially re-
flects the configuration of the projected flocs’ images, but it
could also reflect the fractal characteristics of particles
throughout the flocculation process and provide a new way
to study the dynamic variation of flocs.

Growth and breakage mechanisms of two-dimensional
DLA model

Aggregated model

Off-lattice simulations of the two-dimensional irrevers-
ible aggregation processes were performed using
MATrix LABoratory. The flowchart of the off-lattice
DLA algorithm is shown in Fig. 2. The original DLA
algorithm is carried out by placing a seed particle at the
center of a cubic box. Then, far from the seed, a new
monomeric particle is released, which wanders stochas-
tically over the lattice at a fixed step length in each
direction until it runs into and sticks to the seed parti-
cle. If, in the course of the walk, a particle crosses the
lattice boundary, it is removed from the model. Then, a
new particle is generated, and this process repeats. The
successive agglomeration of particles develops a DLA
cluster. One method can easily speed up the simulations
by enlarging the step sizes or allowing for returning
instead of escaping (Amitrano et al. 1991; Meakin and
Skjeltorp 1993). Figure 3 shows the comparison with
real and virtual flocs. The two pictures of flocs on the
left were captured using the high pixel digital camera
during a real flocculation process, with D¢ values of
1.326 and 1.435, respectively. The virtual flocs formed
according to the DLA model mentioned above were
placed on the right column, with Dpe values of 1.305
and 1.418, respectively. Even the configurations of vir-
tual flocs were less complicated than those of real flocs,
and their D¢ values were approximate. The results in-
dicated that both of those developed via diffusion
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Fig. 7 Variation in average size and boundary fractal dimension during
breakage/re-formation under different re-forming times

movement had fractal features because the structures of
virtual flocs could represent those of actual flocs.

To investigate the effect of time on the performance of a
virtual floc, a pre-set parameter, M, was brought into the two-
dimensional DLA model to represent the total movement step
of a free particle from emergency to adhesion or escape/death.
The maximum motion step (ms) of a monomeric particle was
first introduced in this model and was used to limit the moving
time of a free particle. If the value of M exceeded the pre-set
ms value, the free particle was considered to have been re-
moved or escaped from the cubic system. The introduction of
ms in the numerical simulation process is the equivalent of
HRT in the feasible tests, which allow for realizing the dy-
namic investigation of floc morphology characteristics in the
simulation method. For convenience, we defined the maxi-
mum motion step in the aggregation stage and that of the re-
growth stage as msa and msr, respectively. By adjusting the
value of ms in the improved DLA model, the effect of aggre-
gation and re-growth time on the properties of virtual flocs
could be investigated efficiently.

Simple breakage model

Surface erosion and large-scale fragmentation are consid-
ered two classic modes of floc rupture and have been
generally accepted (Jarvis et al. 2005; Mikkelsen and
Keiding 2002; Wahlberg et al. 1994; Yeung and Pelton
1996). The surface erosion procedure involves the erosion
of small aggregates or primary particles off the parent
floc, whereas large-scale fragmentation involves flocs
splitting into pieces of a similar size. In this research, a
simplified method of floc breakage, referred to as Rumpf
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Fig. 9 Morphological characteristics of original and broken virtual flocs
under different msa. The notations on the left bottom of every sub-image
are porous ratio and fractal dimension of every virtual floc: al aggregated
virtual floc on msa=200, a2 broken virtual floc on msa=200, bl

and Kendall (Rumpf 1962; Kendall et al. 1986), was car-
ried out based on the two classic strength models of flocs;
it attained the visualization simulation of the floc aggre-
gation, breakage, and re-growth processes.

The gyration radius of a virtual floc was calculated as fol-
lows (Serra et al. 1997):

s

N 1 1/z
Ry = ”12 ~
27 |

N

> (Comv0) + G0’

i=1

where R, is the gyration radius of a virtual floc and 7; is the
distance between the number i particle (x;, y;) and the centroid
of the virtual floc (xg, o).

-
00 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100

X

10 20 30 40 50 60 70 80 90 100
X
aggregated virtual floc on msa=500, b2 broken virtual floc on msa=

500, el aggregated virtual floc msa=1000, and ¢2 broken virtual floc
on msa=1000

The coordinates of the centroid were calculated according
to Eq. (4):

1 N
X0 = N E X
i=1

N
1
Yo N ;Zlyz ( )

x; and y; are the abscissa and ordinate of the number 7 particle,
respectively.

For the fractal feature of a virtual floc, the boundary fractal
dimension mentioned above was also used. The porosity ratio
of virtual flocs is the proportion of the number of particles in

Table 1  Each direction characteristic lengths of virtual flocs

Characteristic length al a2 a3 a4 bl b2 b3 b4 cl c2 c3 c4
Positive direction of x 18.71 12.79 21.02 23.41 25.39 1934 2591 25.29 33.97 21.35 26.71 30.12
Positive direction of y 23.40 15.94 22.65 23.11 26.01 1926  25.06 28.04  40.03 21.03 23.01 28.92
Negative direction of x ~ 30.70 15.36 19.03 25.21 21.16 19.17 27.58 29.21 23.64 21.115 29.40 31.40
Negative direction of y 18.54 15.64 23.08 27.86 32.89 19.10 2341 27.63 41.24 21.44 24.37 32.83
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Fig. 10 Morphological characteristics of re-grown virtual flocs under
different msr. The notations on the left bottom of every sub-image are
porous ratio, and fractal dimensions of every virtual floc a3 and a4 are re-
grown virtual flocs on msr of 200 and 1000, respectively, under broken

the formed aggregation to the number of grids in the region of
the gyration radius. According to this, the porosity ration, .S,
can be expressed as

(5)

where 7 is the particle radius, pre-set at 0.5, and M(R,) is the
particle number in the gyration radius.

An example of calculation of the gyration radius is shown
in Fig. 4a. A total of 3000 particles were used as the initial
condition to start the aggregated process under the pre-set
conditions. If the seed seemed to be at the circle center, there
was always a maximum gyration radius of the floc. A specific
circle with half of the maximum gyration radius was used to
cut the original virtual floc, and the remaining part of the floc,
located in the inner annulus, was considered the broken virtual
floc. Then, considering the broken virtual floc as the core of
re-growth, 3000 particles were released successively again
into the cubic system and moved according to the DLA model
under different msr values to produce new-grown flocs, which
simulated the re-growth process. The characteristic parameters
of the virtual flocs formed in the aggregation, breakage, and
re-growth processes are discussed later.

To describe the anisotropy of virtual flocs, the characteristic
lengths of flocs in every direction were applied in the two-

S =1-7*"N(Ry) /R;

virtual floc formed on msa of 200; b3 and b4 are re-grown virtual flocs on
msr of 200 and 1000, respectively, under broken virtual floc formed on
msa of 500; ¢3 and ¢4 are re-grown virtual flocs on msr of 200 and 1000,
respectively, under broken virtual floc form on msa of 1000

dimensional DLA model. The seed of virtual flocs was set as
the central point such that a horizontal and a vertical line pass
through this central point. The projection lines of virtual flocs
in the x-axis and y-axis were defined as the characteristic
lengths and used to describe the growth of virtual flocs in all
directions. A schematic diagram of characteristic lengths is
shown in Fig. 4b.

Results and discussion

Characteristic analysis of evolution of floc configuration
during flocculation, breakage, and re-growth

Some previous studies have proven that loose and fragile flocs
could be broken into smaller pieces but that a significant re-
versibility of broken clusters is better able to re-form compact
and large flocs under appropriate hydraulic conditions (Barbot
et al. 2010; Sun et al. 2011; Xu et al. 2010). In this study, a
series of modified flocculation tests were carried out on the in
situ online monitoring testing platform to investigate the evo-
lution of floc morphological characteristics for various floccu-
lation times. Figure 5 illustrates the variation of floc morphol-
ogy over the process of flocculation. The initial unstable
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particles collided into each other and gathered to gradually
grow up. At 15 min, the biggest floc was formed with a fragile
and loose structure. As flocs became larger, further growth
was restricted by the applied shear for disruptive forces and
the collision efficiency of particles in the shear field became
lower as particle size increased. Consequently, it could be
inferred that flocs experienced a breakage procedure. Broken
floc pieces were exhibited at 18 min and then rapidly re-
formed via the gentle stirring condition. Comparing the char-
acterizations of flocs formed before and after breakage (at 15
and 20 min in Fig. 5), more compact flocs existed for the latter,
which indicated that the structures of broken flocs could be
improved during the re-forming stage. The aggregation,
breakage, and re-growth of flocs were alternating, repeated
processes, and Fig. 5 shows only part of this procedure.
Even so, the structures of flocs still differed at every time.
Thus, it was necessary to investigate the changes of floc prop-
erties over time.

Effect of flocculation time on the evolution of floc structure

The flocculation process is expected to have a major effect on
the size and shape of broken and re-grown flocs, which is
clearly apparent from the results shown in Fig. 6. With a
flocculation time of 10 min, the average radius increased by
27.23 um and D,¢ grew from 1.15 to 1.32. A similar growing
tendency was found for a flocculation time of 15 min. The
larger values of average size and D, indicated that a higher
development degree of flocs began as the reaction time in-
creased. After coagulation for 20 and 25 min, the two moni-
toring indexes still continuously increased. However, both
reached the maximum values nearly simultaneously and then
slightly fluctuated near the plateaus. It can be seen that there
must be a sufficient amount of time for suspended particles to
aggregate into clusters, but the sizes of flocs are not persistent
as time increases. Some researchers have stated that flocs
would become weaker and even break under the mechanical
stirring process (Yukselen and Gregory 2004). Therefore, rea-
sonable coagulation time has an important effect on floc struc-
ture and likely plays an equally important role for both broken
and re-grown flocs. However, the morphological changes of
floc characteristics with reaction time were not easily obtained
by using the experimental methods.

It is clear from Fig. 6a, b, c that there were considerable
drops in the average radius and fractal dimension immediately
after the stirring speed increased to 300 rpm/min. Moreover,
the values of both parameters began to increase again after the
stirring speed was restored to 94 rpm/min for 15 min, and the
different degrees of reversibility of floc breakage occurred
during the re-growth stage. It was evident that the broken flocs
formed after 10 and 15 min exhibited complete reversibility,
as shown in Fig. 6, in which the values of average radius and
Dprwere always greater than those before breakage. However,
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for 20 and 25 min, the average size of flocs displayed limited
resilience after the re-growth procedure. The results suggested
that the structure and performance of broken and re-grown
flocs were dependent on the effective coagulation time under
the same hydraulic conditions. However, we can only receive
approximate information regarding the characterization evo-
lution of flocs from these feasible tests. To investigate the
detailed breakage procedure of flocs in-depth, we must apply
numerical methods to discuss this phenomenon.

Effect of re-growing time on evolution of floc structure

To further study the possible growth mechanisms of broken
flocs in the re-growth process, flocculation tests were carried
out just as before. First, slow stirring was done for 20 min until
the values of average radius and fractal dimension reached a
stable stage, and stirring at 300 rpm/min was then done for
1 min until breakage. Finally, for the re-forming time, different
values from 5 to 20 min were adopted. The mixing duration
and shear force of the aggregation and breakage stages were
set as coincident during the flocculation tests, and the mor-
phological characteristic values of flocs were fitted at each
time for comparison. The dynamic evolution curves of aver-
age radius and fractal dimension for various re-growing times
are shown in Fig. 7.

The values of average radius and D¢ promptly increased
for the re-growing times of 5 and 10 min, which suggests that
there was an obvious reversibility in the early stage of the re-
growth procedure and the relatively compact broken flocs
rapidly grew to slightly larger and looser ones. It is likely that
the gentle hydraulic condition enhanced the sticking probabil-
ity between free particles and existing clusters. For 15 min of
re-growth, the values of average radius and Dy increased as
the time increased until the limited values of floc size and
fractal structure were reached and then declined as time in-
creased. However, for 20 min of re-growth, both the average
radius and the fractal dimension reached lower plateaus. It can
be seen that a longer reaction time could promote the relative
motion between different-sized particles and probably provide
more opportunities for suspended particles to adhere to larger
clusters. However, coagulant aging could weaken the sticking
capacity among particles, which most likely reduced the com-
pactness of re-grown flocs during longer re-growth time.
Thus, the re-grown flocs had great possibilities to break again
and further aggravate the deterioration of floc structure.
However, all of the conclusions were also speculations based
on the experimental data, which makes it difficult to retrieve
the specific changing process of floc morphology during the
re-growth period.

Compared with the evolution of floc morphology during
the whole flocculation process, the reaction time mainly influ-
enced the formation of flocs. However, the changing mecha-
nism and evolution procedure of floc structure and features
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under different reaction times were clear because they could
not be determined by using the limited experimental methods.
Thus, the modified two-dimensional DLA model and a sim-
plified floc breakage approach were utilized in this study.
Using these numerical methods, we attempted to study the
visualization of floc characteristics over different reaction
times.

Morphological characteristics using two-dimensional
DLA model

As discussed above, the reaction time has a strong influence
on the morphological characteristics of flocs in practical ex-
periments. A two-dimensional DLA model was investigated
to study the evolution of floc morphology throughout the floc-
culation process. To weaken random effects, the same simu-
lation was conducted multiple times and the characteristic
indexes were calculated for each instance. The results shown
in Fig. 8 reveal that every index tended to become stable after
ten simulations. Thus, virtual flocs were simulated under ev-
ery condition ten times, and the average values of the deter-
mined indexes were taken.

Effect of msa on virtual floc

The eventual configurations of simulated flocs from the im-
proved two-dimensional DLA model with different values of
msa are shown in the first row of Fig. 9. The D¢ and porosity
ratios of virtual flocs are included as footnotes at the left bot-
tom of every sub-image. For the least aggregated steps (msa=
200), no obvious fractal feature of the virtual floc was ob-
served. At a slightly longer aggregated duration (msa=500),
the virtual floc gradually grew toward the preponderant direc-
tion and irregular branches emerged. However, for msa=
1000, the branches of the virtual floc grew more and more in
every direction. Floc size increased with the extension of ag-
gregation time during the aggregation process, which was
similar to the results obtained using the experimental method.
Based on the DLA numerical simulation, it was clear that
particles usually grew toward the strong branches without
the occurrence of breakage during the procedure. The long
and robust branches had more opportunities to catch the
suspended particles, which inhibited the growth of shorter
branches. This shielding effect also made it difficult for free
particles to enter the inner part of the virtual flocs.

Moreover, although flocs with less msa seemed to be com-
pact, the values of D¢ were smaller. This result most likely
implied that floc structure was not yet fully developed, which
was expected because this type of floc should have a rather
poor solid-liquid separation capacity. However, for longer
msa, free particles easily adhered to the developed branches
of virtual flocs and urged the flocs to gradually grow more
branches and become rough. In the practical test, floc size did

not increase over too long aggregation time, which may have
been due to breakage originating from the weaker strength of
flocs. The results indicate that the value of msa could inten-
sively reflect the effects of aggregation time on the growing
process of flocs in the simulation and that reasonable control
of the msa is important to produce flocs with the desired struc-
tures and properties.

Effect of breakage method

Based on the simplified method of breakage presented in
Simple breakage model section, the configurations of broken
flocs are shown in the second row of Fig. 9. The visualization
illustrates that there were obvious distinctions regarding the
structure and granularity of flocs before and after breakage,
which was independent of the msa values. The differences
between the maximum and minimum characteristic lengths
before breakage (the values of al, bl, and c1 in Table 1) were,
respectively, 12.16, 11.37, and 17.6, which correspond to the
msa values; these differences between broken flocs (values of
a2, b2, and c2 in Table 1) always tended to be approximate.

The results better indicated that there was a critical moment
when floc structure transferred from isotropic to anisotropic
and the growth inhibition of branches was strengthened.
Moreover, the flocs that formed before breakage had many
more irregular branches, especially in the areas away from
the seed, for the reasons noted above. Nevertheless, the rule-
less branches of broken flocs began to decrease, and there
were considerable drops in both the porosity ratio and fractal
dimension of broken flocs after breakage. Similarly, the aver-
age sizes of flocs dramatically declined when the shear force
significantly increased in the tests.

These results were shown in the simulation, which sug-
gested that the particles’ occupancy within the gyration radius
increased and that the grain density of virtual flocs improved
due to breakage. For msa of 500 and 1000, the differences of
D, between before and after the breakage of flocs were 0.07
and 0.03, respectively. However, there was an appreciable
reduction of the porosity ratio of broken flocs under the same
conditions. We speculated that the breakage process only re-
moved the particles away from the seed; hence, the significant
decline of porosity ratio did not cause a great change in the
flocs’ fractal structures. The particle size distribution near the
seed played a decisive role in the virtual floc compactness,
whereas particles away from the seed hardly contributed to
the compactness of virtual flocs. Wu et al. (2013) stated that
fractal dimension decreases significantly as the radius of the
primary particle increases and that the initial particles play an
important role in the shape of flocs. The difference between
the D¢ of flocs before and after breakage became increasingly
inconspicuous as the msa increased, which may have been due
to the much stronger self-similarity of flocs, which, in turn,
had little impact on the fractal characteristics of broken flocs.
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Effect of msr on virtual floc

Some researchers have proven that broken flocs will recover
under suitable hydraulic conditions via experimental means
(Barbot et al. 2010; Zhao et al. 2013). In the flocculation tests,
we also found that different re-growing time caused various
results in our research. However, the testing methods could
not observe the microscopic changes of floc structure during
the flocculation process. To visualize the re-structuring of bro-
ken flocs under various msr values, a modified simulation was
conducted; specific operations were described in Materials
and methods section. Considering the broken flocs to be ag-
gregated cores, the re-growth process occurred between small
clusters and scattered particles in this mimic flocculation sys-
tem. The final shapes of re-aggregated virtual flocs under var-
ious values of msr are exhibited in Fig. 10. The gray particles
represent the aggregated core, and the re-grown particles are
shown in red. The porosity ratio and Dy of every floc are also
labeled at the left bottom of every sub-image, as in Fig. 9.

The re-grown virtual flocs at an msr of 200 under different
aggregated cores are shown in the first row of Fig. 10. The
released free particles mainly adhered to the boundary of the
aggregated core, which was closely packed with a few
branches. The values of porosity ratio and D, of these re-
grown flocs were similar to those corresponding to broken
flocs but were smaller than those of flocs before breakage.
Then, with an msr value of 1000 (corresponding to a4, b4,
and c4 in Fig. 10), the characteristic lengths (values of a4, b4,
and c4 in Table 1) of the re-grown virtual flocs were slightly
greater than those before breakage and distinct branches de-
veloped around the aggregated cores. The characteristic
lengths of re-grown virtual flocs become rather uniform com-
pared to those of flocs before breakage. This result could il-
lustrate that free particles have similar chances to be captured
by the branches and that the mutual inhibition among the
branches was relatively weaker. In this case, the branched
structure of flocs was improved during the restructuring pro-
cess. Furthermore, the structure of broken flocs impacted the
features of re-grown flocs. Comparing the characteristic
lengths of virtual re-grown flocs with the same msr (values
of a3, b3, c3 and a4, b4, c4 in Table 1), more branched flocs
existed for larger values of msa. It seems that the broken flocs
formed with smaller msa values had fewer potential connec-
tion points for re-growth than did those formed with larger
values.

The results of the investigation of changes in the character-
istic indexes of re-grown flocs indicate that the flocs could
recover their original size after breakage and re-growth and
become even larger than they were before breakage. When
they were formed at smaller values of msr, the broken flocs
had few opportunities to gather with other particles, thus caus-
ing limited reconnection. However, it seems that re-grown
virtual flocs have fairly more branches at greater msr values.
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This may occur because a longer reaction time of the re-
growth process indirectly improves the chances of cores to
capture free particles, thereby promoting the development of
new branches. However, the existence of the shielding effect
could hinder shorter branches from further growth. As a result,
the number of particles in the interior of the gyration radius
was reduced.

However, the values of the porosity ratio and Dy of re-
grown flocs were both lower than those of the original flocs,
which indicated that the properties of flocs were improved
after the breakage and re-growth processes. Additionally,
comparing the characteristic features of re-grown flocs pro-
duced under different msr values, relatively integrated and
mature flocs formed at larger msr values. Thus, a slightly
longer re-growing time resulted in enhanced floc morpholog-
ical characteristics. However, if the re-growing time was too
long, it is speculated that rough and fragile flocs with poor
stability would develop.

Conclusion

The dynamic variation of floc structure for different hydraulic
retention times in the flocculation process has been investigat-
ed via experimental analysis and numerical simulation.
Through a combination of testing and simulated results, this
study presents an in-depth discussion of the behavior of floc
breakage and the fractal growth of flocs.

1. Under the same conditions, different configurations of
flocs formed after breakage under various HRT, thus sig-
nificantly affecting floc structure during the re-forming
process. In flocculation tests, a shorter aggregation time
produced smaller flocs. After breakup, more growing sites
were exposed to give more chances for scattered particles
to adhere in the following process. For the early stage of
re-growth, broken pieces rapidly aggregated to slightly
larger ones, whereas open and porous flocs gradually
formed as the reaction time increased. The broken flocs
formed for a shorter aggregation time had the capacity for
complete recovery, but for a longer reaction time, a rather
worse reversibility of the broken flocs existed.

2. The maximum motion step of a particle was added to the
classic two-dimensional DLA model to introduce the time
concept in the static model and to further discuss the im-
pact of time on the changes of floc characterization. Both
the size and compactness of flocs improved as the maxi-
mum motion step increased, independent of the aggrega-
tion and re-formation processes. However, many more
steps could weaken the compactness of flocs and very
likely induce breakage. A transition for flocs from isotro-
pic to anisotropic as msa increased was found, and the
compactness of flocs was mainly affected by the



Environ Sci Pollut Res (2016) 23:3596-3608

3607

distribution of particles near the aggregated core instead
of those far away.

3. A simplified breakage model of flocs, based on the two
typical strength models of Rumpf and Kendall, was pro-
posed to study the visualization of the breakage/re-
formation process. The peripheral branches of virtual
flocs were destroyed by breakage, and the vacant adhe-
sion sites were exposed, which produced isotropic floc
pieces. Broken flocs provided more chances for free par-
ticles to enter into the inner parts of flocs and to become
uniformly packed around the aggregated core, thus be-
coming re-available to improve the structure and proper-
ties of flocs in the subsequent re-growing process.
Because broken flocs composed the re-aggregated core,
visualization results show that the floc fragments formed
for larger msa values had more growing sites than did
those of smaller msa values, which benefitted the re-
forming procedure.
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