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Abstract: The co-occurrence of non-toxic phytoplankton alongside cyanobacteria adds to the challenge
of treating source waters with harmful algal blooms. The non-toxic species consume the oxidant and,
thereby, reduce the efficacy of oxidation of both the extracellular and intracellular cyanotoxins. In
this work, a 3D printed mini-hydrocyclone was used to separate a mixture of non-toxic green algae,
Scenedesmus obliquus, from a toxic species of cyanobacteria, Microcystis aeruginosa. When water is
pumped through the mini-hydrocyclone, cells exit through an overflow or underflow port depending
on their size, shape, and density relative to the other cells and particles in the water matrix. The
overflow port contains the cells that are smaller and less dense since these particles move toward the
center of the hydrocyclone. In this work, the majority (>93%) of Microcystis cells were found in the
overflow while the underflow contained primarily the Scenedesmus (>80%). This level of separation
efficiency was maintained over the 30-min experiment and the majority of both cells (>86%) remained
viable following the separation, which indicates that the pumping combined with forces exerted
within the mini-hydrocyclone were not sufficient to cause cell death. The impact of free chlorine on
the cells both pre-separation and post-separation was evaluated at two doses (1 and 2 mg/L). After
separation, the overflow, which contained primarily Microcystis, had at least a 24% reduction in the
free chlorine decay rate as compared to the feed water, which contained both species. This reduction
in chlorine consumption shows that the cells separated via mini-hydrocyclone would likely require
lower doses of oxidant to produce a similar level of degradation of the cyanotoxins present in either
the extracellular or intracellular form. However, future work should be undertaken to evaluate this
effect in natural bloom samples.
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1. Introduction

Phytoplankton, i.e., cyanobacteria, dinoflagellates, green algae, and diatoms, in surface waters are
significant contributors to the total carbon biomass pool [1]. Current estimates for this fraction range
from 10% for an average across the lakes of the United States (U.S.) up to 25% to 50% for a reservoir
in southern Australia and 20% to 40% for two lakes in Michigan, U.S. [1-3]. As climate change and
human activities lead to increases in the eutrophication of lakes and higher temperatures, this fraction
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is likely to increase. This is particularly true for cyanobacteria, which favor these conditions over other
phytoplankton, e.g., diatoms and dinoflagellates [4].

Treating the biomass from phytoplankton in source waters is a challenge for drinking water
treatment plants. It can result in treatment upsets due to filtration breakthrough [5-7] and increased
formation of disinfection byproducts [5,8]. Cyanobacteria also have the potential to accumulate and/or
grow within the treatment plant (e.g., clarifier sludge, surface of clarifiers, and gravity filters) or the
water recycling system (e.g., sludge of gravity thickener for backwash water/dissolved air floatation
filtration water) [6,9]. The accumulation and breakthrough of cells requires additional treatment due
to the potential for cells to release secondary metabolites, e.g., taste and odor (T&O) compounds and
cyanotoxins. Cyanotoxins are of concern because they can cause gastrointestinal, skin, liver, and
neurological effects and are linked to cancer, Alzheimer’s disease, and motor neuron disease [10-13].
Although T&O compounds are not a risk to human health, they cause customer complaints and lower
confidence in the water treatment process [14]. Both cyanobacteria and select species of dinoflagellates
and green algae produce T&O compounds [15-17].

When harmful cyanobacteria enter the water treatment process, they will often co-occur with
species that do not produce cyanotoxins or T&O compounds. The presence of non-harmful species
reduces the efficiency of all stages of treatment, including oxidation [6,8]. Previous work has shown
that the presence of a mixed species bloom requires additional ozone, chlorine, and potassium
permanganate to kill-off the cells and detracts from the efficient oxidation of cyanotoxins [6,8,18].
Separating the harmful and non-toxic species from one another would allow for more precise dosing
and efficient oxidation. Although water treatment plants do not currently use any techniques for
separating cells from one another, full-scale separation techniques have been applied in commercial
applications, i.e., biofuels, cosmetics, medicinal products, bio-plastics, and supplements [19]. However,
many of the current methods are limited by high energy and operating costs and long operation times.

Recently, a 3D-printed mini-hydrocyclone was optimized to separate phytoplankton [19]. The
3D-printed mini-hydrocyclone is passive, low cost, and generally low energy and the microfluidic
technique takes advantage of differences in size, density, and morphology to separate cells. A pump
is used to push water through the mini-hydrocyclone where two vortices form, which includes
an overflow vortex and an underflow vortex (Figure 1). The underflow will contain the cells and
particles that are larger, denser, and heavier whereas the overflow will contain smaller, less dense
cells. Particles that are not well-settled may exit through both the under-flow and overflow ports.
The mini-hydrocyclone can separate the particles in the size range of 5 to 20 um [19], which is well
within the general size range for cyanobacterial (0.540 pm) and green algae (0.5-1000 pum) [20].
This novel technique has been evaluated under a limited set of conditions. Ref. [19] employed the
mini-hydrocyclone to concentrate cells by removing water from a valuable commercial species of
phytoplankton, Tetraselmis seucica. The efficient concentration produced a final cell count seven times
greater than the original [19].

In this work, a 3D printed mini-hydrocyclone was employed to separate a toxic
Microcystis aeruginosa (cyanobacteria) from a non-toxic Scenedesmus obliquus (green algae). These
two species were selected since they reflect two of the dominant types of algae, cyanobacteria, and
chlorophyceae, found in North America [21]. A prediction of which species would exit through the
overflow vs. the underflow was calculated using knowledge of cell density, size, and shape. These
predicted results were then compared against the operation of the mini-hydrocyclone and the separated
species were examined to determine the efficiency of the technique, the viability of the cells, and the
effect on the consumption of chlorine.
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Overflow

Figure 1. (a) Experimental set-up with the peristatic pump pushing a mixture of the two species,
Microcystis and Scenedesmus, through the mini-hydrocyclone and into overflow and underflow beakers.
(b) Hydrocyclone produced by pumping cells allows species to exit via the underflow and overflow
ports. Pop-out shows the forces acting on cells within the hydrocyclone: the drag force (Fq), the
buoyance force (Fp), and the centrifugal force (F).

2. Materials and Methods

2.1. Mini-Hydrocyclone Fabrication

The AutoCAD design for the 3D model of an optimized version of the mini-hydrocyclone was
generated in [19] and the design information is available in their Electronic Supporting Information.
Printing was completed with an Ultimaker 3 (Utrecht, The Netherlands) and the polylactic acid
(plastic) model was polished and strengthened with a vapor acetone chamber prior to use. The
3D mini-hydrocyclone was mounted via a ring-stand and connected to a peristaltic pump for
experimentation (Figure 1). The peristaltic pump was run at a flow rate of 50 mL/min for a total of
30 min, which was the time required to process the sample volume of 1500 mL. Overflow and underflow
samples were collected after 5, 10, 20, and 30 min and analyzed to determine cell integrity and species
analysis. Chlorination experiments were conducted on the mixed sample prior to separation as well
as the overflow and underflow samples collected after a 30-min pumping time. The specifics of cell
analysis and chlorination will be discussed in the next section.
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2.2. Preparation of the Phytoplankton Mixture and Chlorination

Two strains, Microcystis aeruginosa (hereafter referred to as Microcystis) and Scenedesmus obliquus
(hereafter referred to as Scenedesmus), were cultured in Z8 sterilized artificial medium. The cells were
purchased from the Canadian Phycological Culture Center (CPCC). The cultures were maintained
at 21 °C with 12 h of florescent light exposure followed by 12 h of darkness. The mixture
created for separation with the mini-hydrocyclone had a ratio of cyanobacteria:green algae of 60:40
(Microcystis:Scenedesmus) with the cell numbers of approximately 31,000 to 21,000 cells/mL. The cultured
cells were transferred into either lab-grade deionized (DI) water or a natural water sample from Lake
Champlain. The natural water sample was collected from the intake of the Bedford Water Treatment
Plant in Southern Quebec, Canada and had 5 mg/L of DOC and a pH of 6.8.

Two chlorine doses (1 and 2 mg/L) were applied to the mixture of phytoplankton in DI water and
the separated overflow sample. The N,N-diethyl-p-phenylenediamine (DPD) colorimetric method
was used to determine the chlorine stock and chlorine residual concentration according to Standard
Methods 4500-C1 G [22]. Following the 15 min of contact time, samples were quenched with 3 g/L of
sodium thiosulfate. Experiments were conducted at room temperature or approximately 20 °C. To
compare the impact of chlorine on the different samples, chlorine decay rates were calculated using
Equation (1).

C = Cpe ™™ (1)

C was the chlorine concentration (mg/L) at a given time, Cy was the chlorine dose applied (mg/L),
k was the rate (s!), and t was the time (s).

2.3. Cell Integrity and Counting Methods

An inverted microscope was used to count cells in the feed water mixed species, overflow,
and underflow samples after preservation with Lugol’s iodine [23]. For cell integrity, simultaneous
fluorescent cell-staining was applied and analyzed with a BD Accuri C6 Flow Cytometer (BD, Oxford,
UK), as described in [6]. The two stains applied were fluorescein diacetate (FDA) and propidium
iodide (PI). FDA passes through cell membranes and, if a cell is metabolically active, the FDA will be
hydrolyzed by the cell-bound esterase and produce a yellow-green fluorescent product. While PI is
itself a red fluorescent compound that penetrates damaged cells and binds with nucleic acids.

2.4. Theoretical Separation Calculations

The mini-hydrocyclone separates suspended cells by the rotational flow or vortices and three
forces act on each cell including the centrifugal force (F.), the buoyant force (Fp), and the drag force
(Fq) (Figure 1b). The F. moves cells outward as a result of the flow velocity. The F,, moves cells toward
the inner part of the hydrocyclone based on the difference between the density of the water (e.g., DI
water or Lake Champlain water) and the cells. The Fq pushes on cells in the opposite direction of the
velocity of the cells, which are moving, and depends on the viscosity of the fluid.

To determine if the cells in this work could be easily separated using this technique, initial
calculations were completed to validate the experiment. By summing the forces acting on these cells, a
net total force can be calculated that will determine if the cells will be present in the underflow or the
overflow (Equations (2)-(4)). These forces depend on the diameter of the cell (D., m), the density of the
cell (pg, kgm_3) at a specific radial distance (r, m), density of the fluid (ps, kgm_3 ), the tangential (v,
m/s) and radical velocity (v, ms‘l) of the cells, and the viscosity of the DI water or Lake Champlain
sample (1, kgm~'s71) [19].

nD? V2

F, = - 6 T Pc (2)
nD? V2

F. = — Pt ®3)

6 r
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Fq = -3nDcnv, 4)

Relative to the other two forces, the drag force will not be a significant actor for phytoplankton
cells [19]. Therefore, to determine the total forces, the centrifugal force was subtracted from the
buoyance force to determine the net effect on these cyanobacterial cells as compared to green algae.
With the constant parameters removed in Equation (5), the total estimated force depends on the
diameter and density of cells as compared to the density of the fluid (in this case, water).

Estimated total force = D2 x (p. — pf) (5)

In the force equation, the diameter of cells is the most significant contributor to the overall value,
but the sign of the force is determined by the density of cells relative to the density of water. Negative
values for the estimated force would mean that the cells move toward the center of the hydrocyclone
and wind up in the overflow. The positive sign means particles will move toward the edge of the
hydrocyclone and exit via the underflow. The diameter of Microcystis aeruginosa (5 um) is slightly lower
than that of the Scenedesmus obliqguus (10 pm), but, as mentioned above, the density of the cells will
likely determine the overall sign of the total force [24]. The density of phytoplankton can vary between
genera and species, the size of the colony, and the stage in the growth cycle [25,26]. Cyanobacteria
specifically have evolved the ability to alter their density via gas vesicle volume, which allows them to
respond to environmental variables, e.g., light levels and nutrient concentrations, and outcompete other
phytoplankton that cannot move within the water column [4,26]. An analysis of Microcystis aeruginosa
collected over several months in Lake Taihu, China showed densities of 990 to 995 kg m~3 [27] with
similar values of 985 to 1005 kg m~2 generated in earlier work [28]. For the Scenedesmus obliquus, the
literature density ranges were less constrained with a maximum value of 1310 kg m=3 [29] and a
minimum of 1070 kg m~3 [30]. Based on estimation of total force as shown in Table 1, regardless of
the specific densities used for these cell cultures, the Microcystis and Scenedesmus will be found in the
overflow and the underflow, respectively. This demonstrates that the two species should be separated
from one another, but efficacy of this separation will be examined further in the results section.

Table 1. Estimated total force calculations from cell densities and cell diameter for Microcystis and
Scenedesmus and the resulting outlet for the cells after separation with the mini-hydrocyclone.

Cell Tvpe Cell Diameter Density Estimated Total Overflow or
P (um) (kg m™3) Force Underflow
Mi ] -
1crm‘:ystls 5 985 1250 Overflow
aeruginosa 5 1005 1250
S d 1 1071 75,
CZZZ‘ e;:;us 0 070 5,000 Underflow
1 10 1310 315,000

3. Results and Discussion

3.1. Separation Efficiency of Mini-Hydrocyclone

The mini-hydrocyclone was run for a total of 30 min, with samples collected every 5 min for the
duration of the experiment. The overflow, underflow, and initial mixture of cells in the Lake Champlain
water were examined for the fraction of Microcystis and Scenedesmus present as well as the viability
of these cells. As predicted in the methods section, the overflow primarily contained Microcystis and
the underflow primarily contained Scenedesmus (Figure 2). The overflow contained a higher average
concentration of Microcystis at 2.7 X 10* + 0.13 cells/mL whereas 1.5 x 10* + 0.08 cells/mL Scenedesmus
cells were detected in the underflow due to the initial 60:40 ratio (Figure 2). The separation of cells was
consistent over time in both the underflow and overflow samples with the number of cells present
after 5 min, which is similar to those at 30 min.
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a. Overflow (Lake Champlain)
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Figure 2. The concentration of Microcystis and Scenedesmus cells present (left axis) and the viability
of those cells (right axis) over time when spiked into Lake Champlain water in the overflow (a) and
underflow (b).

The majority (>86%) of separated cells were viable, which indicates that the separation process
did not result in the death of cells (Figure 2). However, for the Microcystis in the overflow sample, the
percent viable ranged from 92% to 86% with an average of 89 + 2.6%. The Scenedesmus cells found in
the overflow remained at an average of 91 + 0.96%, which is viable throughout the experiment. Cells
have varying tolerance to shear stress with green algae generally found to be more resistant to cell
lysis relative to other phytoplankton [31,32]. A similar trend has been observed with oxidation of cells
where green algae have been shown to be more resistant to oxidation relative to cyanobacteria species
like Microcystis via ozone, potassium permanganate, and hydrogen peroxide [6,33,34].

Although Figure 2 shows the separation of cells in Lake Champlain water, cells were also spiked
into the DI water and a comparison of the separation efficiency for these two background matrices
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can be found in Figure 3. The separation efficiency was calculated by determining the number of
Microcystis cells in the overflow and dividing this number by the sum of the number of Microcystis
cells found in the overflow and in the underflow [19]. Although the target species in this work is the
cyanobacteria, the efficiency for the underflow cells can also be determined. This scenario would be
useful if the targeted species is larger and/or more dense phytoplankton than the species it is being
separated from.

100
= 90 -
>
o
S
‘o 80 1 = ¢
b=
[}
& 70 A . .
= —@— Microcystis - DI water
© —O—Microcystis - Lake Champlain
g 60 1 —m-S d DI
3 cenedesmus -DI water
——Scenedesmus - Lake Champlain
50 T T T T T T
0 5 10 15 20 25 30 35

Time (min)

Figure 3. Separation efficiency of cells in the overflow and underflow of the mini-hydrocyclone
over time.

The separation efficiency generated in Lake Champlain water was slightly higher than the DI
water for the Microcystis cells, but no difference was observed for the Scenedesmus cells (Figure 3). For
Microcystis, this efficiency was an average of 95 + 1.4% in the Lake Champlain water and 93 + 0.30% in
DI water. In this case, the separation of Scenedesmus cells in the underflow was less efficient at 84 + 3.1%
in the DI water and 83 + 2.4% in the Lake Champlain water. Over the experiment time period (up
to 30 min), no difference was observed with the separation efficiency between the two background
matrices highlighting the suitability of the mini-hydrocyclone for potential use in natural waters.

Although Table 1 shows that the Microcystis and Scenedesmus will be effectively separated, cell
density and size can change depending on the stage of the growth cycle. In this work, it is possible
that Scenedesmus or Microcystis cells were found in the overflow or underflow because they did not
match the average size or density measurements gathered from literature values. To fully understand
the potential impact of various sizes and density cells that have on the separation efficiency, natural
blooms should be tested. This would also provide information on how the presence of other species of
phytoplankton impact the separation of toxic cyanobacteria. Another limitation of this analysis is that
Microcystis cells are often found aggregated together in colonies protected by a slime or sheath layer.
The diameter of these colonies can range from <100 um up to >1000 um [35]. The efficacy of separation
would be impacted by the size of the colonies and their ability to retain a cohesive structure. If the
colonies were on the smaller side and able to stay together, they could be effectively separated from the
smaller Scenedesmus cells. However, if the select cells were to break off from a colony, they would likely
be poorly separated since the individual Microcystis cells would be smaller than the Scenedesmus cells,
but those in colonies would be larger.

3.2. Impact of Separation of Chlorine Consumption

After the mini-hydrocyclone was used to separate cells, the chlorine decay was determined. Two
doses (1 and 2 mg/L) were applied to the mixed cells prior to separation and the cells in the overflow
(>90% Microcystis) (Figure 4). To achieve first-order reaction kinetics, oxidant decay rates were broken
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into two phases, kgt and Kgjow [8,18,36]. The first rate includes the rapid reactions occurring within
1 min of oxidant dose application and the second, comparatively slow, rate was calculated after >1-min
through 15-min or until there was no residual detected. The R? values associated with the kg, reaction
rates were > 0.90 for all samples.

8
B 1 mg/L
[ B 2 mg/L
2 6 -
o
7 _ 5
® T
© «f’/’ 4 -
g9
S x 31
=2
(@]
o) 2
o
LI_ 1 | I
O T T T T
Mixed species - Overflow Mixed species - Overflow
DI (Microcystis) - DI DI (Microcystis) - DI

Figure 4. Impact of separation on the chlorine decay rate for the mixed species (feed water with
Microcystis and Scenedesmus) and the overflow (>93% Microcystis) in DI water. Samples were collected
from the mini-hydrocyclone after 30 min.

The decay rates determined for the mixed species in DI water were 7.05 X 1073 st (1 mg/L)
and 3.92 x 1073 s7! (2 mg/L) (Figure 4). These decay rates are similar to the one observed in a
full-scale cyanobacteria bloom (1.0 x 1072 57!, 2 mg/L free chlorine and 5.7 X 10° cells/mL) containing
primarily Microcystis (82%) [37]. The minor differences are likely due to the background organic matter.
The separation of cells effectively reduced the rate of decay by 24% (1 mg/L) and 30% (2 mg/L) to
5.38 x 1073 57! and 2.67 x 1073 571, respectively (Figure 4). This effect is likely due to a combination of
the overflow containing a lower number of cells and the presence of a monoculture instead of mixed
species. Although this result is promising for its potential optimization of chlorine treatment and
the removal of cyanotoxins, additional work must be conducted to better understand the impact of
chlorinating natural bloom samples after separation via mini-hydrocyclone.

The decay rates generated for Microcystis after separation were significantly higher than those
observed for other monocultures. For example, a monoculture of Microcystis aeruginosa cells both in
DI water and in a natural water sample ranged from 6.4 to 8.2 x 107> s™1 (10* cells/mL and 2 mg/L
of free chlorine) [18]. Similarly, Anabaena circinalis (2 mg/L free chlorine and 4.6 x 10* cells/mL) had
a lower rate of 4.6 x 107* s7! [38]. The rapid decay rate observed in this work was attributed to
potential differences in the pH as well as cell-specific reactivity, e.g., growth phase and membrane
thickness [8,18], but this result could also be an indicator that the Scenedesmus cells are the driver for
chlorine consumption. Their presence in the overflow altered the consumption of chlorine.

4. Conclusions

In this work, the 3D printed mini-hydrocyclone was able to efficiently and quickly separate
cells without losing consistency over a 30-min experiment period. Specifically, the technique
allowed for the Microcystis and Scenedesmus to be separated from one another with >93% and
>80% efficiency, respectively.
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The forces exerted on cells via the hydrocyclone did not result in significant cell death with >86%
of all cells remaining viable after separation. This is a positive outcome for treatment because the cells
did not release their cyanotoxins or T&O compounds during the separation process.

The chlorination of cells post-separation reduced the consumption of chlorine and resulted in
decay rates that were at least 24% lower. However, additional research with other commonly used
water treatment oxidants and a broader range of doses needs to be completed.

Overall, the mini-hydrocyclone is a promising new technique for the separation of cyanobacteria,
but it requires significant additional vetting of its efficacy over longer experimental periods and with
more complex natural bloom waters.
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