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In order to reduce the influence of algae on the conventional treatment process of
the water plant, the electro-flotation process was used to test the raw water of a
lake-type reservoir. After raw water with cyanobacteria as the dominant algae is
treated by the best electro-flotation process, the average removal rate of algal
density can reach 99.1%. The effects of current density, residence time, and
electrode spacing on the algal removal efficiency of the electro-floating
process were investigated by orthogonal experiments. The order of influence
was current density > residence time > electrode spacing. Considering
economics, the optimal process conditions were as follows: the current
density was 5 mA/cm?, the dwell time was 6 min, and electrode spacing was
10 mm.
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1 Introduction

Eutrophication has caused serious algal blooms, which is a severe problem to water
quality, particularly in tropical countries like China (Xia et al., 2016; Gu et al., 2021). The
high algal pollution of domestic lakes and reservoirs is a common phenomenon. The famous
Taihu Lake, Chaohu Lake, Dianchi Lake, Donghu Lake, and Dongting Lake, which were
originally beautiful and pleasant, have been reduced to five types of inferior surface water in
the past 20 years, with serious organic pollution and frequent occurrence of high algae (Yang,
20105 Jia et al., 2013; Zhao et al,, 2015). Wuxi city has also caused serious consequences for
the shutdown of water treatment plants in the entire city due to the bloom of cyanobacteria
in Taihu Lake in recent years (Hu et al., 2010; Cao et al., 2022).

A high amount of algae in water is the result of the eutrophication of water sources
(Smith, 2003; Chislock et al., 2013). The water quality is characterized by high algal density,
high potassium permanganate index, high ammonia-nitrogen content, high nitrite content,
high phycochlorotoxin concentration, and high concentration of some metal ions (Chen and
Yeh, 2005; Cao et al., 2011). According to the summary of domestic engineering technology,
when the average algae in lakes and reservoirs are more than 3 million cells/L, the
conventional tap water treatment process can no longer be adapted, and the effluent
quality generally exceeds the standard (Smith, 2003). The pH of water increases as a
result of photosynthesis (Herath, 1997). The effect of algae changes the water quality,
increases organic matter in water, and increases chlorine consumption. The treatment of
water samples necessitates the use of numerous disinfectants (Smith, 2003; Hudnell, 2008).

In the last decade, many new technologies were introduced for algal removal in raw water
with high algae sources, such as permanganate pretreatment, biological pretreatment,
activated carbon adsorption, clay adsorption, diatomite adsorption, membrane filtration,
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and ultrasonic algal killing (Chen and Yeh, 2005; Rodriguez et al.,
2015; Sun et al., 2018). However, in engineering applications, due to
various reasons and the limitations to various technologies, the
treatment effect of water with high algal sources with an algal density
of above 4 million cells/L is not good, even if a project has adopted
ultrafiltration in recent years (Herath, 1997; Mohamed, 2016; Zhan
et al,, 2021). However, the overall treatment effect is not ideal,
membrane fouling is serious, and the algal membrane permeation
rate is high. Therefore, based on the global research of high-algae
source raw water treatment engineering technology in recent years,
the study on the combination and integration of this treatment
technology with high efficiency and strong applicability is a highly
sought-after topic.

Electro-flotation is an alternative process in microalgal
removal that utilizes non-sacrificial electrodes, such as carbon,
graphite, and stainless steel. These non-sacrificial electrodes do
not dissolve during the process, especially under low applied
current and thus reduces water contamination to the lowest
possible level if not completely (Gao et al.,, 2010; Tumsri and
Chavalparit, 2011; Antonyovéa and Antonyb, 2018). As one of the
electrochemical technologies, it is based on the bubble creation.
The bubble size directly influences the effectivity of the treatment
process. The bubbles are created during the following electrolytic
reaction:

Oxidation at the anode:

2Hzo d Oz +4H" + 4e”

Reduction at the cathode:

4Hzo +4e” — 2H2 +40H"

Overall reaction:

2H,0 — 2H, + O,

In this study, the electro-flotation process was used to test the
raw water of a lake-type reservoir to reduce the impact of high
algal density on the conventional treatment process of the water
plant. The effects of current density, residence time, and
electrode spacing on the removal rate of algal density were
analyzed.

2 Materials and methods

2.1 Device

As we know, algae are mostly semi-floating substances, and
air flotation is an efficient algal removal measure. The traditional
air flotation process mainly relies on the generation of a large
number of micro-bubbles in water (the diameter of the bubbles is
mostly above 100 pm) to let the algae float on the water surface
for removal. The removal effect depends on the number of
microbubbles and the size of the bubbles generated in the
pool, and the smaller the bubbles, the more the bubbles and
the stronger the buoyancy (Liu et al., 2014; Lu et al,, 2016). In
addition to electrochemical oxidation, the electrolysis process
also produces a huge amount of 40-pm micro-bubbles; the effect
of electrical flotation treatment is significantly higher than the
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traditional air flotation process (Min et al., 2005). However, due
to the high energy consumption of electrolysis, the effective
contact time of electrolysis must be significantly reduced in
order to save energy. Therefore, in practical applications, the
size of the electrolytic cell is usually quite small, and the air
flotation effect is not usually the primary factor taken into
consideration by the designer, thus limiting its treatment
effect. This process involves combining the two air flotation
processes into one, by installing an electro-flotation device in
the liquid-solid separation of the traditional air flotation process,
in order to make full use of the advantages of both techniques.
Based on saving energy as much as possible, the algal removal
efficiency of traditional air flotation tanks is significantly
improved.

The experimental device was designed according to the
aforementioned principles, as shown in Figure 1. The anode of
the core part of the electrolytic cell is coated with nanoscale
(20 nm) ruthenium, rhodium, and iridium chloride on the
surface of the metal titanium, and after surface activation
treatment, a thin oxide layer of ruthenium, rhodium, and iridium
is formed on the titanium’s surface. Nanoscale ruthenium, rhodium,
and iridium-mixed oxide coatings show a good electrocatalytic
performance.

2.2 Microbubble measurement

The microbubble production rate (A) was calculated by
monitoring the displacement of the water within the silicon tube
for 5 min and then averaging the results (Figure 2). A was computed
by multiplying the average water displacement by the silicon tube’s
cross-sectional area. This is expressed by the following equation:

A =D, x (nD}/4),

where A denotes the average microbubble production rate (cm?/
min), D,, denotes the average water displacement rate (cm/min),
and D; denotes the silicon tube’s interior diameter.

2.3 Raw water

The raw water used in the experiment is taken from Yundang
Lake in the west of Xiamen city (Figure 3), and the main water
quality indicators are shown in Table 1. The biomass of algae in the
reservoir will be affected by the wet and dry seasons. The most
common species of algae in raw water is Microcystis. The wet season
runs from April to September in Xiamen city, during which time
rainfall is relatively high, resulting in a decrease in the density of
algae in the water body (Jiang et al., 2014).

2.4 Removal of algae

The algal cell density, an indicator to measure the algal killing
effect, was counted using a 0.1-mL phytoplankton counting plate,
and the calculation formula is as follows:

N=(AxDxF)/(BxCxE).
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FIGURE 2
Schematic diagram of a microbubble volume measuring device.

N is the number of algal cells per liter of water sample; A is the
area of the counting frame (mm?); B is the area of a visual field
(mm?); C is the number of visual fields during counting (number); D
is the volume of 1L of water after concentration (mL); E is the
volume of the counting frame (mL); and F is the number of algae
measured per piece.

3 Results and discussion

3.1 Effects of the electrode on microbubble
generation

In this study, we considered the rate of microbubble generation
as one important factor in choosing the suitable electrode for the
experiment (Burns et al., 1997; Brasileiro et al., 2021). The plate and
three types of mesh were tested for microbubble generation. In
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electro-flotation, three stages occur during gas evolution: nucleation,
growth, and detachment. Generated microbubbles come from spots
on the surface of the electrode called the nucleating sites, where the
evolution of microbubbles takes place (Lucero et al.,, 2018). The
number of these sites is more likely dependent on the surface area of
the electrode. The more the surface area, the more nucleation sites
are activated, which increases the microbubble generation rate.

In the case of the same size plate and different mesh-type
electrodes, it is important to note the nucleating sites on the
specific surface area. The smaller the mesh radius, the larger the
specific surface area is. The increasing trend of the microbubble
generation rate for these electrodes, as shown in Figure 4, is mainly
because of the increase in the surface area.

3.2 Raw water algal content and
composition

Cyanobacteria were the main algae in the raw water of the test
water, accounting for 99.1% of the total algae with an average of
91.0%, occupying an absolute advantage. Table 2 shows that the
fraction of other algae was relatively low. The reason might be that
the test water is in the subtropical zone, where the temperature is
rather high all year. The average yearly water temperature is roughly
24°C, with the maximum temperature of 32.1°C in August. So, the
increased water temperature allows cyanobacteria to flourish, and
their biomass is substantially higher than that of other algae.

3.3 Effects of current density, plate spacing,
and residence time on algal removal

The main factors affecting the removal of algae include the
water quality parameters of the test water, such as pH, turbidity,
total nitrogen, and total phosphorus (Lucero et al., 2018; Hu et al.,
2022), and the control parameters of the electro-flotation process,
such as current density, electrode spacing, and residence time
(Souza et al., 2016; Antonyovaa and Antonyb, 2018). Under the
current situation of general eutrophication of lakes and
reservoirs, it is difficult to solve the problem of excessive
endogenous nutrients in the short term, and it is impossible to
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TABLE 1 Water quality parameters of raw water in experiments.

Water quality index/average value March April May June July
Turbidity/NTU 18.90 16.32 16.70 17.12 2.46
DOC/mg L™ 7.60 4.60 8.10 6.10 4.00
TP/mgL" 0.03 0.02 0.04 0.04 0.02
TN/mgL™! 1.60 1.60 1.60 1.50 0.90
NO; ™! (mgL™) <0.03 <0.03 <0.03 0.05 0.16
Algae/cells L™ 4.8 x 10° 7.2 % 107 7.3 x 107 9.2 x 10° 2.1 x 107
T/'C 18.1 18.8 20.6 21.9 28.9
DO/mg L™ 10.90 10.78 10.52 9.58 8.30

it is also necessary to take measures to optimize the process

fundamentally eliminate the basic conditions that lead to
parameters for local waters to achieve the purpose of algal

abnormal algal reproduction, therefore insisting on the
implementation of source control strategies. At the same time,  removal.
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Average microbubble generation rate.

TABLE 2 Percentage composition of various species of phytoplankton in raw
water.

Cyanobacteria Other algae
Inflow Outflow Inflow Outflow
Minimum (%) 78.4 81.3 0.9 0.8
Maximum (%) 99.1 98.9 216 154
Average value (%) 91.0 92.5 9.0 8.9

Data are from the microscopic examination results.

TABLE 3 Positive solutions of experimental results.

10.3389/fenvs.2023.1057672

To investigate the effects of current density, residence time, and
electrode spacing on the algal removal rate of the electro-flotation
process, the current density was set to 1, 3, and 5 mA/cm’, and the
residence time was set to 3, 6, and 9 min. The spacing was set to 5, 10,
and 15 mm, and an orthogonal test was performed. The results are
shown in Table 3.

From the range values shown in Table 3, it can be seen that the
order of influence of each factor on the algal removal effect of
electrolysis is current density > residence time > electrode spacing.
According to Faraday’s law, the amount of gas precipitated on the
electrode is proportional to the current density and residence time
through the solution. In the nano-catalytic electro-flotation process,
the longer the residence time, the higher the current density is, and
the better the air flotation effect may be, but the energy consumption
will be significantly increased. The smaller the resistance, the higher
the rate of microbubble generation and the acceleration of the
oxidative decomposition of organic matter are. However, if the
distance between the plates is very small, algae will easily block
the electrodes, and the plates are also prone to scaling, which is not
conducive to the installation and maintenance of the electrodes.

Therefore, considering the economy, the optimal values are as
follows: the current density is 5 mA/cm?, the dwell time is 6 min, and
electrode spacing is 10 mm.

The electrical energy consumption of the electro-flotation (EF)
process for algal removal was evaluated. The energy consumption W
(kWh/m? was calculated using

U-I-t
V >

W =

where U is the voltage (V), I is the applied electrolysis current (A), t
is the electrolysis time (h), and V is the reactor volume (m?).

Number Current density (mA/cm?) Residence time (min) Electrode gap (mm) Algal removal efficiency %
1 1 3 5 721 + 2.3
2 3 6 10 85.3 + 3.1
3 5 9 15 99.1 + 0.8
4 1 6 15 752 + 1.9
5 3 9 5 88.3 + 2.1
6 5 3 10 79.5 + 3.3
7 1 9 10 76.8 + 3.6
8 3 3 15 82.1 + 2.8
9 5 6 5 985+ 1.3
k1 74.7 77.9 86.3
K2 85.2 86.3 80.5
K3 923 88.0 85.5
R 17.7 102 5.8

k is the range, and R is the variance.
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TABLE 4 Comparison of different methods of removing algae.

10.3389/fenvs.2023.1057672

Method Algal type Efficiency (%) Reference
Electro-flotation Microcystis 99.1 This study
Electro-flotation Microcystis aeruginosa 95.3 Lucero et al. (2018)

Flocculation Chlamydomonas reinhardtii > 90 Gerde et al. (2014)

Flocculation Phaeodactylum tricornutum > 90 Sirin et al. (2011)

Dissolved air flotation Tetraselmis sp. 85.6 Hyuckjin et al. (2014)

According to our optimized experimental parameters, W is
0.18 kWh/m”.

Some other methods of algal removal are usually used. These
techniques are mostly efficient reaching beyond 95%. However, they
have disadvantages. Centrifugation is well known for its high energy
consumption; removal by sedimentation requires large space;
filtration is limited by clogging of filters; coagulation-flocculation
uses elevated levels of coagulants and also requires longer contact
time than any other separation methods.

An economic evaluation of the proposed process in this study
was conducted to provide a reference. In terms of 1.0 Yuan/kWh in
China, the total cost is 0.18 Yuan/m® for raw water algae, which is
low than the membrane-combined technology (0.49-0.91 Yuan/m?)
(Huang et al, 2015) and electro-coagulation-flotation technology
(0.29-0.60 Yuan/m?) (Gao et al., 2010).

3.4 Comparison of other algal removal
methods

Several separation methods have recently been proven to be very
effective in the removal of algae; however, not all are cost-effective or
environmental friendly. Table 4 shows the comparison of some of
the previous methods used in algal separation in water. Table 4
shows that flocculation and dissolved air flotation (DAF) provide
excellent removal efficiency but typically necessitate a large number
of coagulants. Excessive coagulant addition can cause water
contamination, endangering humans and aquatic organisms. For
example, an excess of Al,(SO,); in water has been linked to
Alzheimer’s disease (Virk and Eslick, 2015).
flocculation with chitosan is a viable option, but due to its high

Furthermore,

cost, it may be an impractical method of algal removal, particularly
for large-scale operations.

4 Conclusion

Electro-flotation technology is an efficient way of broad-
spectrum algal removal technology. After the raw water with
cyanobacteria as the dominant algae is treated by the optimal
process of electro-flotation, the average removal rate of algal
density can reach up to 99.1%.

The main factors affecting the algal removal efficiency of the
electro-flotation process are current density, residence time, and
electrode spacing. Results showed that the current density was the
most crucial factor for the removal of algae.

Frontiers in Environmental Science

In general economic considerations, the optimum conditions
are as follows: the current density was 5 mA/cm?, the flocculation
time was 6 min, and electrode spacing was 10 mm.
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