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Abstract: The tubular flocculation reactor is a new and efficient device for treating algae-
containing wastewater. The introduction of bubbles during the reaction process can ef-
fectively shorten the time required for floc separation. However, the impact of bubbles
on floc formation and removal in the tubular flocculation reactor is not well understood.
To further clarify the effect of bubbles on the reactor’s operation, this study employed
a uniform experimental design, varying the flow rate, chemical dosage, bubble reaction
distance, and bubble injection rate in the reactor to examine the influence of bubbles under
different operating conditions. The results indicated that as the bubble reaction distance
increased from 0 m to 7.6 m, the removal efficiency increased from 60% to 70%, the floc
size increased from 160 pm to 165 um, and the fractal dimension decreased from 2.1 to
1.9. When the bubble volume increased from 5% to 30%, the removal efficiency increased
from 50% to 80%. Under constant bubble conditions, the rising speed of the flocs increased
from 0.4 mm-s~! to 1.2 mm-s~!, while the removal efficiency increased from 30% to 90%.
A logarithmic correlation was observed between the rising speed and removal efficiency.
A linear relationship was found between the floc rising speed and the floc size, with floc
size increasing from 200 um to 800 pm and the rising speed increasing from 0.4 mm-s~! to
2.3 mm-s~!. An exponential relationship was found between the fractal dimension and the
rising speed, with the rising speed decreasing from 2.3 mm-s~! to 0.4 mm-s~!, while the
fractal dimension increased from 1.93 to 2.02.

Keywords: tubular flocculation reactor; bubbles; floc morphology; floc rising speed;
removal efficiency

1. Introduction

Under the background of global warming, the rapid development of socio-economic
activities has exacerbated the issue of water eutrophication [1], significantly increasing
the likelihood of harmful algal blooms in rivers, lakes, and reservoirs [2]. The outbreak of
harmful algal blooms can severely damage the health of aquatic ecosystems [3], leading
to the death of aquatic organisms such as fish and shrimp [4] and causing lakes to shift
from clear waters dominated by large aquatic plants to turbid waters dominated by algae,
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thus resulting in a gradual decline in water quality [5]. Harmful algal blooms typically
generate large amounts of algal toxins and odorous substances [6], threatening the safety
of drinking water for the general public [7]. Although the most effective strategy for
addressing harmful algal blooms is ecological restoration [8], which involves reducing
nutrients in water bodies and rebuilding healthy aquatic ecosystems [9], this process may
take years or even decades to achieve [10]. Therefore, immediate remedial measures are
urgently needed for water bodies currently affected by harmful algal blooms [11] in order
to mitigate the adverse effects on the health of aquatic ecosystems and drinking water
safety [12].

Among various emergency control measures for harmful algal blooms, algae
harvesting—i.e., separating algae from water—is considered one of the most feasible meth-
ods and has been widely applied in water bodies affected by harmful algal blooms [13].
Algae harvesting can quickly reduce algal biomass in the water [14], preventing large-scale
algal die-offs and minimizing damage to aquatic ecosystems [15]. Furthermore, removing
algae biomass also allows for the extraction of large amounts of nutrients, such as nitrogen
and phosphorus [16]. In addition, during the summer, algae are the main suspended
particles in drinking water sources [17], making algae-water separation an essential step
in the water treatment process [18]. Currently, the most commonly used technologies for
algae-water separation include coagulation-sedimentation [19], coagulation-flotation [20],
and coagulation-filtration [21]. A common feature of these technologies is that they ini-
tially cause algae cells to aggregate into flocs, improving the efficiency of algae-water
separation [22]. Therefore, forming algae flocs suitable for separation is a prerequisite for
achieving optimal algae-water separation efficiency [23].

Research has shown that under different hydraulic conditions, the settling performance
of algae flocs differs significantly [24], and only under appropriate hydraulic conditions
can large and dense algae flocs be formed to achieve the best settling performance [25].
Similar conclusions have been drawn for algae-water separation via flotation methods [26].
Specifically, the structure of algae flocs, controlled by hydraulic shear forces (such as stir-
ring speed), plays a critical role [27]. Larger and denser flocs are more likely to attach to
microbubbles [28], and during the flotation process, they can better resist hydraulic distur-
bances [29], leading to more efficient and faster separation [30]. The tubular flocculator is
a novel floc formation system that, compared to traditional mechanical stirring floccula-
tors [31], has advantages such as simpler structure, no need for additional energy input,
and shorter residence time [32]. Research by Professor Haiyang Zhang has shown that
flocs formed in tubular flocculators settle or rise faster than those formed by mechanical
stirring. Our previous research has also found that the algal flocs produced by the tubular
flocculator are more compact, with a more ideal rising velocity, and require less coagulant,
saving more than 50% of the chemical dosage.

To further enhance the removal efficiency of tubular reactors, bubbles are introduced
into the tubular coagulation reactor to accelerate the rising speed of flocs. This study uses
a uniform experimental design to compare the effects of bubbles on floc formation under
different tube lengths and bubble water ratios. The morphology and rising speed of the
flocs are statistically generated by varying flow rates and coagulant concentrations. The
aims of this study are to clarify the relationship between rising speed and floc characteristics
and to compare the relationship between removal efficiency and rising speed to determine
the impact of bubbles on removal efficiency.
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2. Materials and Methods
2.1. Experimental Design

As shown in Figure 1, the experimental schematic diagram illustrates the impact of
introducing bubbles into the tubular coagulation reactor on floc formation. The experiment
involves three peristaltic pumps to introduce coagulants and samples. The coagulants
selected are polyaluminum chloride (PAC) and polyacrylamide (PAM). A dissolved air
tank is used to generate pressurized dissolved air-water, which is then introduced into the
tubular flocculation reactor’s inlet, where it mixes with the sample and coagulants before
entering the reactor. Bubbles are released in the spiral tube reactor and participate in the
floc formation process.

Computer

Bubble machine

Spiral tubes High-speed cameras

Figure 1. Schematic diagram of the study on the effect of bubbles on the removal efficiency of the reactor.

After the reaction, the sample is collected from the outlet of the spiral tube reactor
into a square container (50 x 150 x 5 mm). One end of the container is painted black,
while the other end is illuminated. A high-speed camera is used to record a 10-s video
capturing 40,000 frames for post-processing to obtain parameters such as floc shape and
rising speed. Two types of spiral tube reactors were used, with a helix central radius of
100 mm and a pipe spacing of 1 mm, made from PVC pipes with diameters of 12 mm and
6 mm, respectively. The equipment parameters are shown in Table 1.

Table 1. Equipment and coagulants used.

Project Specification
Diaphragm pumps 1 0.2-5 L-min~!
Diaphragm pumps 2 0.1-0.7 mL-s~!

Spectrophotometer DR6000, HACH, USA
High-speed camera EO-410 L, Phantom, USA
Spiral tubes length 6700 mm
Spiral tubes radius 100 mm
Spiral tubes inner diameter 12 mm, 6 mm
Bubble machine GWNBI, Gongyuan, China

The experiment was conducted using a halloysite nanoclay suspension, with the clay
being kaolinite with a particle size of 0.1 pm. The concentration of the solution was charac-
terized by measuring the absorbance at a wavelength of 680 nm using a spectrophotometer.
The experiment was mainly divided into two stages: the preparation stage and the formal
experimental stage.

In the preparation stage, the halloysite nanoclay suspension, reagents, and air-water
were mainly prepared. The reagents and halloysite nanoclay suspension were prepared
using laboratory secondary pure water, and the air-water was prepared using clear water.
The pH value of the pure water was 6.71, TOD was 1.2 mg-L~!, and the conductivity

was 2.3 uS-cm™ 1,
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To achieve the required linear velocity, the equipment had a large processing capacity.
To avoid experimental interruptions leading to significant fluctuations in the conclusions
of a set of experiments, the halloysite nanoclay suspension was prepared by diluting a
high-concentration solution. To shorten the dispersion time of the suspension and improve
the stability of the suspension, the high-concentration solution was prepared using pure
water. During the preparation process, a stirrer was used to stir at a speed of 700 r-min~!
under standard atmospheric pressure at 25 °C for at least 8 h. The concentration of the
high-concentration solution was 5 g-L ™!, and the Zeta potential of the kaolinite colloid was
—40.9 mV at this time.

To avoid changes in the properties of the reagents, the reagents were prepared using
pure water. PAC and PAM were baked in a 60 °C oven for 3 h, and then 5 g of each was
weighed using an electronic balance and dissolved in 5 L of pure water to prepare two
bottles of solutions with a concentration of 1 g-L~! for standby use, with PAM needing to
be stirred at a speed of 300 r-min~! under standard atmospheric pressure at 25 °C for more
than 3 h.

In the pressure vessel, clear water was filled to one-third of its capacity, and air was
pumped in using an air pump to reach 0.8 MPa. The pressure vessel was left undisturbed
for more than half an hour to ensure the stability of the air-water. After air dissolution, a
10 mL water sample was taken and left undisturbed until the bubbles disappeared. The
absorbance was measured at a wavelength of 680 nm using a spectrophotometer, and
the sample was tested three times with the average value taken as the absorbance D; of
the air-water.

Before the formal experiment, the high-concentration halloysite nanoclay suspension
was diluted to the required concentration Dy using clear water. During the experiment,
continuous stirring was needed to ensure the uniform dispersion of kaolinite in the sus-
pension and to maintain the stability of the pressure in the air-water container to avoid
fluctuations in flow rate and air content. The specific experimental steps were as follows:

(1) The samples, reagents, and bubbly water were introduced into the inlet of the helical
reactor at a constant rate. The samples and reagents were pumped in using peristaltic
pumps, with the reagents being PAC and PAM. The flow rate of the bubbly water was
controlled by adjusting the valve size.

(2) Liquids were directly introduced into the helical reactor. After the reaction in the
reactor, two 500 mL cups of solution were collected at the outlet using beakers.
Immediately, a high-speed camera was used to film for 10 s at a frame rate of 4000 fps.
After the filming, the setup was left undisturbed.

(38) After standing for 5 min, 10 mL of the solution was taken from 3 cm below the
surface of the liquid in the beaker. Absorbance was measured at 680 nm using a
spectrophotometer. Each sample was tested three times, and the average value was
taken to determine the concentration after removal Dj.

(4) The removal efficiency was calculated, and the effect of dissolved air-water was
subtracted using the following formula, where Dy is the initial absorbance, D, is the
absorbance of the dissolved air-water, «; is the proportion of dissolved air introduced,
and Dj is the absorbance of the liquid sampled using a pipette.

D3 — Doay

(Do — ( s

))/ Do 1)

The experiment used a uniform experimental design. During the experiment, param-
eters such as sample concentration, flow rate in the pipe, coagulant concentration, pipe
diameter, pipe length, and the proportion of dissolved air-water were varied. The detailed
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parameters are shown in Table 2. The dose of coagulants and the flow rate of the fluid in

the pipe were controlled by adjusting the pumping speed of the peristaltic pump.

Table 2. Experimental parameters.

Item Parameter
Concentration of sample (g-L’l) 0.05,0.1,0.15,0.2,0.25,0.3
Concentration of PAC (mg-L’l) 0.5,1,15,2
Concentration of PAM (mg-L_l) 0.5,1,15,2

Velocity of sample (m-s~1) 0.15,0.2,0.25,0.3
Bubble participation length (m) 6.7,6,55,5,45,4,35,3,25,2,1.5,1
Pipe diameter (mm) 6,12
Bubble ratio of sample 0.1,0.15,0.2,0.25

2.2. Video Processing Method

The video processing method is shown in Figure 2. The processing process mainly

consists of two parts: floc recognition and tracking. In the floc recognition step, the initial

position, size, and fractal dimension of the flocs are obtained; in the tracking step, the

movement of the flocs is followed to determine their rising velocity. The specific processing

steps are as follows:
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Figure 2. Schematic diagram of video processing.
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Calibration: Before filming, the focal length of the lens was adjusted until the particles
were clearly visible. A ruler of known length was placed in the filming window. Using
the software Image]J (1.8.0), the number of pixels corresponding to the unit length of
the ruler was measured [33], obtaining the length-to-pixel relationship p, with a result
of 20 um-px’l.

Framing: The video recorded by the high-speed camera was stored in cine format
with a frame rate of 4000 fps. Post-processing was carried out using Python (3.12.4)
and the OpenCV library (4.10.0) to write a recognition program. Every 100th frame
from the first 40,000 frames of the video was processed. An if function was used to
determine if the frame number was divisible by 100 to extract the frames that needed
to be processed. The extracted frames were then subjected to recognition and tracking.
Processing the image frames: The processing of the obtained image frames in-
cludes two parts: edge detection and particle extraction. The specific operations
are as follows:
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Edge detection: The images obtained from framing were processed using the Sobel
operator to detect the particle edges in the images. The algorithm is implemented through
the following calculation:

-1 0 1 1 2 1
Gr=|-2 0 2|, Gy=1[0 0 0 [=*I (2)
-1 0 1 -1 -2 -1

The Sobel operator is an algorithm that identifies the edges of particles in an image
by calculating the rate of change of the grayscale values in a grayscale image. Here, I
represents the input video image, and Gy and Gy are the feature values of the image in the
x and y axes, respectively. Gx and Gy are then transformed and combined into a grayscale
image G, which is subsequently binarized to g(x,y) for edge detection of the particles. This
step is implemented through the following calculations:

0 G(xy) <20
_ 2. 2 _
G=/G+G, g(x,y)—{l Clea) > 20 ©

Particle extraction: The function FindContours is used to detect closed regions enclosed
by parameter 1 in g(x,y). In addition to the image information, the function requires
two parameters: “independent contours” and “only count the outermost layer”.

The FindContours function traverses the binarized grayscale image, examining all
pixels that meet the given value. Starting from the first point, it checks for adjacent points
until closure and includes each detected pixel in an array. After all pixels with the given
value in the image have been traversed, an array S is output, which contains all closed
regions and their corresponding pixels. Each closed region corresponding to a particle is
denoted as S;.

The minAreaRect function is then applied to each S; to obtain the corresponding
minimum enclosing rectangle W;, and all W; are stored in an array W.

(4) Get the results: The two arrays, S and W, extracted from the video, are processed. The
processing of the S array will yield two parameters related to the floc: size and fractal
dimension. The W array will serve as the input file for the dlib library to process the
positional information of each floc over time. The detailed calculations are as follows:

Processing of array S: Each closed region S; within array S is analyzed individually.
The number of pixels contained within S; is counted, and the corresponding area A; is
obtained by using the length-to-pixel relationship p. The floc size @); is then calculated
using the following formula:
{Ai = Counter(S;) * p? @
i = Zm

The calculation of the fractal dimension is performed using the following formula:

N(e) = Counter(¢)
D; = limlOg N(e) (5)
-y

where D; is the fractal dimension of particle i, N(¢) is the number of squares required to
cover the particle region, and ¢ is the side length of the corresponding squares. N(e) is
obtained by the filling method, starting from the left side of the closed region and filling
squares until no more squares contain pixels from the closed region, then counting the
number of squares. An iterative method is used to approach the solution as & approaches
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0, with an initial value of ¢ being half of the particle size and a scaling factor of 0.8. After
performing 10 scales of ¢, a linear fit is applied to the calculated log % and log N(e), and the
slope is taken as D;.

Processing of array W: The video and W array are imported into dlib. For each Wj,
an update is performed every 100 frames, and the coordinates of the center point of the
tracked bounding box (x;,yi) are exported. The value y; is scaled using p to obtain the
height h; of particle iii at the current time. The time t is calculated using the current frame
number and the frame rate.

(5) Data export: The data, including particle number iii, fractal dimension D;, particle
size @, time t, and corresponding height h;, is exported to an Excel file.

3. Results and Discussion
3.1. The Effect of Rising Velocity on Removal Efficiency

As shown in Figure 3, the relationship between removal efficiency and floc rising
velocity is illustrated in the bubble chart. Figure 3A shows the bubble chart of floc rising
velocity and removal efficiency at a fixed 20% bubble water ratio under different flow
rates and coagulant dosages. It can be observed that, when the bubble water ratio is fixed
at 20%, increasing the coagulant dosage results in an increase in the floc rising velocity
from 0.4 mm-s~! to 1.2 mm-s~!, while the removal efficiency increases from 30% to 90%.
Figure 3B displays the bubble chart of floc rising velocity and removal efficiency at different
bubble volumes, where the coagulant dosage is fixed at 1.0 mg-L~!, and the flow rate is
0.2 m-s~!. It can be seen that increasing the bubble water inflow ratio leads to an increase in
the floc rising velocity from 0.4 mm-s~! to 1 mm-s~!, while the removal efficiency increases
from 60% to 69%.
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Figure 3. Bubble chart of the relationship between removal efficiency and floc rising velocity.
(A) Bubble chart of floc rising velocity and removal efficiency at different flow rates and coagulant
dosages. (B) Bubble chart of floc rising velocity and removal efficiency at different bubble volumes.

This is because the kaolinite suspension contains surface charges, and the addition
of coagulant PAC reduces the surface charge, thereby promoting floc formation [34] and
reducing the concentration of suspended kaolinite. During the coagulation process in the
reactor, bubbles contact and attach to the flocs. Increasing the bubble volume leads to
more bubbles interacting with the flocs, which are then buoyed by the bubbles, ultimately
increasing the removal efficiency [35].

As shown in Figure 3, the variation in removal efficiency indicates a correlation
between floc rising velocity and removal efficiency. The fitting result between rising
velocity and removal efficiency is shown in Figure 4. It can be observed that as the rising
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velocity increases, the removal efficiency increases from 38% to 90%. The rising velocity
and removal efficiency follow a logarithmic relationship, with a threshold rising velocity
of 0.6 mm-s~!. When the rising velocity exceeds 0.6 mm-s~!, the increase in removal
efficiency converges at 90%.
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Figure 4. Rising velocity and removal efficiency fitting plot.

3.2. Effect of Floc Shape on Rising Velocity

Figure 5 illustrates the relationship between floc shape and rising velocity. Figure 5A
shows the scatter plot of floc size and fractal dimension. It can be observed that as the
particle size increases from 200 pm to 800 pum, the fractal dimension of the flocs decreases
rapidly from 2.01 to 1.93, indicating a decrease in floc compactness. Before reaching
500 pm, the fractal dimension decreases gradually, but after 500 um, the decline becomes
more rapid.

Fractal dimension
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Figure 5. Schematic diagram of the relationship between floc shape and rising velocity. (A) Relation-
ship between floc size and fractal dimension. (B) Fitting diagram of rising velocity with floc size and
fractal dimension.

Figure 5B presents the fitting chart of rising velocity with floc size and fractal dimen-
sion. It is evident that the rising velocity of the flocs is linearly related to floc size; as the
floc size increases from 200 pm to 800 um, the rising velocity increases from 0.4 mm-s~! to
2.3 mm-s~!. The rising velocity of the flocs is exponentially related to the fractal dimension.
As the fractal dimension increases from 1.93 to 2.02, the rising velocity decreases from
2.3 mm-s~! to 0.4 mm-s~1. This may be because, as the floc size increases, the number
of bubbles required for rising increases, and more attachment points are needed for the
bubbles. Loose flocs can provide enough attachment points for this process [36].
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3.3. The Effect of Bubbles on Floc Formation

Figure 6 is a schematic diagram illustrating the impact of pipe diameter and flow
velocity on removal efficiency. It can be observed that there is a significant difference
in removal efficiency between the 6 mm and 12 mm pipe diameters, with the 12 mm
diameter exhibiting a much higher removal efficiency than the 6 mm one. Considering
the subtle differences in flow field conditions within reactors of different diameters, to
avoid bias in analyzing the effect of bubbles on floc formation due to variations in shear
forces, the following analysis will focus solely on the floc conditions in the 12 mm diameter
reactor [37].
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Figure 6. Schematic diagram of the impact of pipe diameter and flow velocity on removal efficiency.

Figure 7 illustrates the effect of the bubble water injection position on removal effi-
ciency. Figure 7A shows the influence of bubble water injection position on floc size and
fractal dimension. The X-axis represents 0 m for the reactor inlet and 6.7 m for the reactor
outlet. It can be observed that as the bubble water injection position moves toward the
inlet [38], the reaction time of the bubble water decreases, and the floc size increases from
the 160 um range to 165 um. As the floc size increases, the fractal dimension decreases
from 2.1 to 1.9, indicating that the flocs become looser.
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Figure 7. Schematic diagram of the effect of bubble water injection position on removal efficiency.
(A) Schematic diagram of the effect of bubble water injection position on floc size and fractal dimen-
sion. (B) Effect of bubble water injection position on removal efficiency.
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200

Figure 7B presents the effect of the bubble water injection position on removal effi-
ciency. As the injection position moves toward the outlet, the removal efficiency gradually
decreases. Combined with the results shown in Figure 7A, it can be concluded that as the
participation time of bubble water increases, the floc size increases, the compactness of the
flocs decreases, and the removal efficiency increases [39]. This suggests that a portion of
the bubbles is encapsulated within the flocs.

The effect of the bubble water injection ratio on removal efficiency is shown in Figure 8.
It can be observed that as the bubble water injection ratio increases from 5% to 30%, the
removal efficiency increases from 50% to over 80%.
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Figure 8. Effect of bubble water ratio on removal efficiency.

To explore how the increase in bubble water ratio affects removal efficiency, the shape
and fractal dimension of flocs generated at different bubble water ratios and flow rates
were statistically analyzed, as shown in Figure 9. In Figure 9A, the effect of different bubble
water ratios on floc size is presented. It can be observed that as the bubble water ratio
increases, the floc size fluctuates between 140 pm and 160 pm, showing no clear trend
related to the bubble water ratio.
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Figure 9. Schematic of the effect of bubble water ratio on floc formation. (A) Effect of different bubble
water ratios on floc size. (B) Effect of different bubble water ratios on floc fractal dimension.

Further comparison of the fractal dimension with bubble water ratio variations is
shown in Figure 9B. Similar to the trend observed for floc size, the fractal dimension
fluctuates around 2.0, with no significant effect from the increase in bubble water ratio on
floc compactness [40].
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Considering the removal efficiency, floc size, and fractal dimension variations together,
it can be concluded that the relationship between bubbles and flocs is not solely determined
by the bubbles being trapped within the flocs. A portion of the bubbles exists outside the
flocs. The number of bubbles encapsulated by the flocs is more related to the time the
bubbles participate in the floc formation rather than the total number of bubbles involved.

4. Conclusions

This study, based on a tubular coagulation reactor, used a uniform experimental design
to investigate the effects of flow rate and dosage on removal efficiency in reactors with
inner diameters of 12 mm and 6 mm under 20% bubble water conditions. The study also
examined the impact of bubble inlet position and concentration on floc formation, the
relationship between floc shape, and its impact on upward velocity. The conclusions are
as follows:

(1) The removal efficiency has a logarithmic relationship with the floc’s upward veloc-
ity. As the upward velocity increases from 0.1 mm-s~! to 1.2 mm-s~!, the removal
efficiency rises from 38% to 90%. Once the upward velocity exceeds 0.7 mm-s~!, the
increase in removal efficiency levels off and converges at 90%.

(2) The upward velocity of the flocs is correlated with the floc’s shape. Floc size has a
linear correlation with upward velocity; as the floc size increases from 200 pum to
800 um, the upward velocity increases from 0.4 mm-s~! to 2.3 mm-s~!. The fractal
dimension of the flocs has an exponential correlation with upward velocity; as the
fractal dimension increases from 1.93 to 2.02, the upward velocity decreases from
23mm-s ! to 0.4 mm-s~ 1.

(8) The position of bubble introduction affects floc formation. As the bubble introduction
position moves toward the outlet, the time for bubbles to participate in floc formation
shortens. The generated floc size decreases from the 165 pm range to 160 pum, the
fractal dimension of the flocs increases from 1.9 to 2.1, and the removal efficiency
decreases from 70% to 60%.

(4) The amount of bubbles introduced does not significantly affect floc size and fractal
dimension, but as the bubble proportion increases from 5% to 30%, the removal
efficiency increases from 50% to 80%.
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