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Abstract

Harmful algal blooms (HABs) threaten recreational waters and public
supplies across the US, causing detrimental economic and environmental
effects to communities. HABs can be mitigated with dissolved air flotation
(DAF) treatment, which requires addition of pH-sensitive charged
chemicals to neutralize algae, allowing them to attach to microbubbles and
float to the surface. During HAB events and photosynthesis, algae raise the
pH to levels that are not ideal for DAF. Traditionally, pH is reduced with a
strong acid; however, this adds operational cost and permanently adjusts
the water’s pH. This study assessed an approach that might allow for
infusing CO- from diesel-powered electricity generators into the water prior
to DAF treatment. It was hypothesized that formation of carbonic acid could
temporarily reduce the pH. Results showed that 2.5%—5.0% CO- mixed
within compressed air can achieve pH levels between 6—7 in algal water
with an initial pH of 9—11 and alkalinity of 150 mg/L as CaCOs. Further,
dosing CO: before chemical addition yielded a 31% improvement in water
clarification. Returning the pH back to natural levels was not achieved using
ambient air microbubbles; however, coarse bubble air spargers should be
tested to provide more volumetric capacity for CO- absorption.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction
Background

In an industrial society, the proliferation of pollutants such as excess
nitrogen and phosphorus have the unintended consequence of feeding
into the growth of algal colonies in waterways, affecting aquatic
ecosystems as a result. Point-source release of phosphorous and nitrogen
is not limited to wastewater release from commercial sources; releases
from sewage, agriculture, and drainage provide a traceable source of
pollutant release that supplement algal growth (Manuel 2014). Non-
point-source pollution processes, including runoff, soil erosion, and
improperly managed waste discharge provide a difficult to identify, yet
crucial source of nutrient dispersal that feed into blooming algal colonies.
Harmful algal blooms (HABs) represent these overabundant algal
colonies born by the nutrients fed by both point and nonpoint source
polluters, providing the colonies with the toxic and biological challenges
necessary to overtake local aquatic life (Anderson et al. 2021).

Sustained pollution processes through nutrient excess continues to push
the HAB crisis to greater levels. HABs present problems to the aquatic
and human domains. HABs demand increased levels of oxygen on an
ecosystem; the resulting oxygen depletion along with excess nutrient
applications come with the risk of dead zones where marine life becomes
incompatible with their local habitat (Diaz and Rosenberg 2008).

The human impact of cyanobacteria HABs come in the form of health and
economic consequences. Neurotoxin release in aquatic life can be latent
within contaminated species while causing food-born illness in humans
(Berdalet et al. 2015). Contamination of seafood in fisheries can lead to
shutdowns of contaminated areas in an effort to quarantine HAB spread to
unaffected resources (Anderson et al. 2000). HAB exposure and ubiquity
create social challenges for public recreation and tourism in communities
reliant on aquatic ecosystems. Closures of recreational zones due to
extraneous algae concentrations provide a challenge to economies reliant on
tourism to relevant aquatic destinations (Bechard 2019).

Eutrophication of poorly drained waterways is increasing, especially
within nations that rely on high-intensity agriculture in response to a
growing population. As countries strive to provide food resources for a
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large, dense population; the shift to better drained areas have yet to
become a priority, leading to increasing rates of eutrophication-based
algae hotspots (Anderson 2012). As algal blooms become an increasing
global problem, the challenge has shifted to prevention, mitigation, and
treatment to combat the challenges presented by HABs.

1.1.1 The Harmful Algal Bloom Interception, Treatment, and
Transformation System (HABITATS)

The Harmful Algal Bloom Interception, Treatment, and Transformation
System (HABITATS) research project began in 2019 in response to the
2018 Water Resources Development Act (WRDA). The 2018 WRDA
authorized the US Army Corps of Engineers (USACE) Engineer Research
and Development Center (ERDC) to perform HAB prevention, mitigation,
and monitoring research after repeating widespread HAB events at Lake
Okeechobee, Florida, that have affected USACE’s flood risk management
mission and the health of local communities. This effort is led by principal
investigator Dr. Martin Page of the ERDC-Construction Engineering
Research Laboratory (CERL), with the support of interdisciplinary
researchers from CERL, ERDC-Environmental Laboratory (EL), the
Pacific Northwest National Laboratory (PNNL), the Illinois Sustainable
Technology Center, the University of Illinois at Urbana-Champaign,
industry partners, and state governments.

HABITATS intercepts algae-laden water using booms, floating weir
skimmers, and suction pumps. The booms help direct the algae to the weir
skimmers, which filter out debris with a 3/8 in. screen, and with the aid of
the pumps, draw the top foot of water from the source.* The algae are
separated from the water using dissolved air flotation (DAF) treatment,
where coagulants and flocculants are mixed upstream to facilitate
coagulation and flocculation (process described in Sections 1.1.2 and 1.1.3),
then microbubbles (MBs) are injected at the bottom of the system to float
the algae flocs to the water surface, where the flocs are then skimmed off
the surface using a mechanical scraper and collected in a hopper. The
algae are transported from the hopper to a dewatering press using a
conveyor belt where excess water is squeezed out to improve the yields of
the final step, biocrude generation. The algae are transformed into

1. For a full list of the spelled-out forms of the units of measure used in this document,
please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 248-52, https://www.govinfo.gov/content/pkg/GPO
-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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biocrude via hydrothermal liquefaction technology in only 30 min. Current
studies by PNNL are investigating the potential of upgrading this product
into a biodiesel that can be used to fuel the HABITATS system, making it a
closed-loop process that is energy and cost efficient. The water that was
separated from the algae are treated with ozone to eliminate any residual
toxins prior to being released back into the water source. A schematic of
the HABITATS system is illustrated below in Figure 1. More details of the
HABITATS project can be found in the following ERDC technical reports:
TR-20-1 (Page et al. 2020) and TR-21-18 (Page et al. 2021).

Figure 1. Flow diagram of the Harmful Algal Bloom Interception, Treatment, and Transformation
System (HABITATS) main components, including the dissolved air flotation (DAF) system (2),
dewatering press (2), ozone generator (3), and hydrothermal liquefaction system (4).

1.1.2 pH, Coagulation, and Flocculation

Algae are photoautotrophs and take in carbon dioxide from the water
during photosynthesis to generate glucose and oxygen. This results in
increased pH levels (>9) in the water, and some cyanobacterial species (e.g.,
Microcystis strains) thrive in pH levels as high as 10 (Suter et al. 2024).
When CO:- is consumed, the water pH increases to offset the loss of
carbonate species with hydroxide ions.2 CO- replenishment kinetics via
Henry’s Law, where the concentration of a gas (e.g., CO-) dissolved in water

2. For a full list of the spelled-out forms of the chemical elements used in this document,
please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US

Government Publishing Office, 2016), 265, https://www.govinfo.gov/content/pkg/GPO
-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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will equilibrate to a direct proportion of the same gas in the atmosphere
(Orenda Technologies 2020), are not able to keep up with the consumption
rate. When CO:- leaves the water, the pH rises due to a reduction in carbonic
acid (H-CO3) and carbonate ions, which is formed when dissolved CO-
reacts with water molecules with the stoichiometric equation

COZ (aq) + H20 = H2C03 (aq). (1)

High pH levels are typically not ideal for algae coagulation and
flocculation. Coagulation is when metal salts or charged polymers (i.e.,
coagulants) are added to water to neutralize the charge of suspended
colloids in water, whereas flocculation is the process of bridging the
neutralized cells together. The latter can also be facilitated with the
addition of charged long-chain polymers, known as flocculants.

Algal cells have negative zeta potential and are negatively charged because
of extracellular polymeric substances or carboxylic and amino functional
groups on the cell membrane. This negative zeta potential has an inverse
relationship with pH and becomes increasingly negative during the algae’s
rapid growth stage. The cell membrane is also semipermeable and creates
an electric double layer where molecules of positive and negative charges
may accumulate on either side of the membrane. (Li et al. 2022). These
ions are in an area of dynamic equilibrium as cations repel each other and
anions are attracted to the cations. This double layer is compressed when a
strong, positively charged coagulant is added to the solution. This
mechanism and subsequent charge neutralization allows the algae
particles to come together, or coagulate (Ghernaout et al. 2020). Inorganic
coagulants (e.g., aluminum and iron salts) demonstrate optimal activity in
acidic pH conditions for algal removal (Figure 2), where strong, positively
charged species form due to hydrolysis, protonation, or deprotonation of
surface groups (Li et al. 2022; Liu et al. 2018).

Inorganic coagulants (e.g., aluminum and iron salts) demonstrate optimal
activity in acidic pH conditions for algal removal (Figure 2), where strong,
positively charged species form due to hydrolysis, protonation, or
deprotonation of surface groups (Li et al. 2022; Liu et al. 2018).
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Figure 2. Log concentration of aluminum species across pHs (Liu et al. 2018, Fig. 6,
38814. Used in accordance with the Creative Commons Attribution [CC BY-NC 4.0],
https://creativecommons.org/licenses/by-nc/4.0/.)
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The traditional method for pH reduction in water treatment is to add a
strong acid such as HCI. However, this is not economical at large scales,
especially with waters characterized by high alkalinity (thus high acid
demand). Nor is it eco-friendly, as sensitive biota may experience
increased mortality, decreased growth, and reproductive impacts because
of pH fluctuations (Suter et al. 2024). Furthermore, HCI destroys
alkalinity when it binds to bicarbonate ions (Orenda Technologies 2020).

1.1.3 Alkalinity

Alkalinity is a water quality parameter which measures how resistant a
water is to pH changes via acid neutralization. This is also known as the
water’s buffering capacity. Total alkalinity is defined as


https://creativecommons.org/licenses/by-nc/4.0/
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[Total Alkalinity] = 2[C03*7] + [HCO5;~] + [OH™]-[HT], (2
where

[CO32-] = carbonate,
[HCO3-] = bicarbonate,
[OH-] = hydroxyl ions,
[H*] = hydrogen ions, and
[ ] = concentration of ions.

As alkalinity rises, it becomes increasingly difficult to lower the pH
(Dunnivant 2004; Water Science School 2018).

According to Figure 3, a map of total alkalinity of surface waters across the
continental US developed by the EPA using 39,000 lake and stream sites,
most of the country’s surface waters have alkalinity levels higher than

400 peq/L. In Florida, a state that experiences frequent HAB events, there
is a variability in alkalinity values (also confirmed in Unsell 2009). In the
northwest and central regions of the state, total alkalinity values have been
recorded <50 peq/L and 50—100 peq/L. Values between 100 peq/L and
200 peq/L have been recorded in northern regions, values between

200 peq/L and 400 peq/L have been recorded in northern, central, and
western regions, and >400 peq/L have been recorded everywhere in
between. Alkalinity depends on the surrounding geology and geography of
the land, as precipitation and runoff through the watershed transports
chemicals from rocks (i.e., limestone rich in calcium carbonate) to
downstream water bodies (Water Science School 2018).



Figure 3. Total alkalinity of surface waters in the continental US. (Image reproduced from J. M. Omernik et al. Public domain.)
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1.1.4 Dissolved Air Flotation (DAF)

DAF involves injecting air bubbles into a solution with the goal of
separating target compounds from the bulk solution. DAF is used in a
variety of applications such as the separation of oily substances from oil-
water emulsions and the harvesting of algae in wastewater oxidation
ponds (Saththasivam et al. 2022; Wiley 2009). DAF is effective at
separating small, suspended particles from solution, encouraging the
formation of larger algae flocs, and has been recognized as being an
efficient and cost-effective way to harvest algae (Wiley 2009; Xu et al.
2010). DAF is often used with the addition of coagulants and flocculants
to destabilize suspended particles and enhance the separation of the
target compound. Saththasivam et al. (2022) report that some of the
shortcomings of DAF are the sometimes high required doses of
coagulants, the need for pH adjustments to the water, and the presence
of potentially harmful coagulant residues in effluent waters.

In HABITATS, DAF is used to inject compressed air (CA) MBs into algae-
laden water for treatment. MBs are bubbles with a diameter of less than
50 um (Takahashi 2005). Because of their small size, MBs have high
surface tension, low buoyancy, and increased mass-transfer capabilities
(Bang, et al. 2014; Takahashi 2005). Their low buoyancy means they rise
slowly through a solution, increasing the contact time between the gas-
liquid interface. Additionally, their high surface tension results in MBs not
popping easily, and remaining on the surface of the solution for extended
periods of time.

As described above in Section 1.1.3, dissolved CO- affects the pH of the
solution. The solubility of a gas in a solution is dictated by Henry’s Law,
with factors like temperature and pressure influencing how much of the
gas can be expected to dissolve into the liquid (Bang et al. 2014). The
unique characteristics of MBs also enhance the solubility of carbon dioxide
in solutions. Bang et al. (2014) reported that carbon dioxide MBs (99.9%
purity) were able to lower the pH of a range of CaSO4+2H-0 solutions from
around 12 to between 8 and 6. Furthermore, in 2014, Kim and Kwak
(2014) developed a single-collector model for simulating algae removal
with carbon dioxide bubbles. They concluded that optimal collision-
attachment efficiency between carbon dioxide and algae occurs under the
following conditions: similar sizes of MBs and algae, and high algae
density and positive zeta potential, as opposed to negative bubble zeta
potential (Kim and Kwak 2014).
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1.2

1.3

Objective

The objective of this research was to test the hypothesis that a reduction
in the water’s pH via CO- infusion will improve the ability of water
treatment chemicals to facilitate coagulation and flocculation of algal
cells, improving the separation process of the biomass from the water.
This hypothesis was tested at bench-scale.

Approach

Bench-scale experimentation was executed through jar tests modified
with air saturation to simulate the HABITATS DAF technology that
separates algae from water. Lab-cultivated algae were used in the jar
tests, where a single parameter is isolated and optimized for each test,
then held constant in succeeding experiments. The parameters chosen
include alkalinity, pH, chemical doses, ratio of ambient CA to CO> MBs to
achieve the targeted pH, and algae density. CO: stripping using ambient
air MBs to reequilibrate pH levels was investigated as well. All
experiments were performed in duplicate or triplicate, depending on
time and resource constraints. Furthermore, all experiment matrices
were completed with either CO> MBs or ambient CA MBs for direct
comparison to evaluate whether CO>. MBs demonstrated a significant
impact on chemical performance.
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2.2

Materials and Methods
Algae Cultivation

Algae were cultivated in sterilized glass jars using the University of Texas
(UTEX) BG-11 growth media recipe (UTEX, n.d.). The BG-11 formulation
can be referenced in the Appendix. The vessels were seeded with mixed
algal cultures from a pool growing outside CERL in Champaign, Illinois
since 2021. This pool of algae originated with samples from Lake of the
Woods in Mahomet, Illinois. Each carboy was continuously stirred at 130
rpm on a stir plate with air pumped into it via an aeration stone, which

was submerged at a depth equidistant from the water surface and bottom.

To simulate natural photoperiods and facilitate photosynthesis, growth
lights (Figure 4) were set to be cycled on for 12 hr/day. The algae used in
experimentation was replaced with an equal volume of deionized (DI)
water. For every liter replaced, one milliliter of BG-11 was added to
encourage new algal growth.

Figure 4. Algae cultivation setup with growth lights off (/ef9 and on (righ?).

Alkalinity Titration

Baseline alkalinities of the algae cultures were measured with a pH meter
titration method (Dunnivant 2004), where curves such as Figure 5 were
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generated as a function of pH and volume of 0.2 mol/L HCl added. The
alkalinity at the equivalence point (pH 4.5) was calculated by inputting
volume of HCl added and the following equations:

(Vol. of acid used)(Molarity of acid) = Moles of acid used, 3
(Moles of acid used) (1 equiv.H%) (1 equiv.alk) __equiv.alk
(L base solution) (Moles of acid) (1 equiv. HY) - L ’ and (4)

equiv. alk) (1 equiv. CaCO3) (1 mol CaCO3) (10°mg CaCO m
(eq )(leq . 3) ( . 3) ( g 3) _ me s CaCos. (5)
L (1 equiv.alk) (2 equiv.CaCO3) (1 mol CaCO3) L

The measured alkalinity of the 250 mL lab grown algal samples ranged
between 10—20 mg/L as CaCOs.

Figure 5. pH titration curve of a lab-cultivated algae sample.

Week 3: Algae (#4) Water pH Alkalinity

11
10
9
8
L7
< 6
5
4
3 -
2
0 200 400 600 800 1000 1200 1400 1600
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2.3 Jar Testing

2.3.1 Blank Jar Tests

All jar tests were conducted with a four-station programmable Microfloc
Platypus Jar Tester (Figure 6). Each jar was filled with 1 L of DI or algal
water for the trials. Coagulants were dosed at the start of the first interval of
mixing. Coagulants used in this study mirrored those used in previous
HABITATS field research demonstrations. DAF MBs were supplied by a
Platypus DAF Saturator assembly at 70—75 psi. The assembly consisted of a
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4-port distribution tubing system connected to the jars. Each experiment
used one port at a time to prevent reduced air pressure across the manifold.

Figure 6. Close-up view of jar test reactors full of healthy algae before jar testing.

Dissolved CO2> MBs were supplied by a compressed industrial CO-
cylinder. A system was constructed to manually switch hoses from the
CO: tank to CA source and vice versa. The system was also constructed to
allow both CA and CO: to be connected to the gas mixer and the DAF
saturator (Figure 7).

Figure 7. Conceptual design for bench-scale CO2>-enhanced DAF jar testing.

Jar Tester

Gas Mixer
Air Saturator
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A total of 42 trials were conducted for both DI and algal water (84 total
trials) to observe change in pH due to 100% CA MBs or 100% CO2 MB:s.
Seven tests of varying MB volumes (50—600 mL) were conducted and
repeated in triplicate, where either CA or CO- was used to inject MBs into
either 1 L of DI or algal water. These preliminary trials were conducted to
confirm whether CO- induced a significant decrease in pH compared to CA.

2.3.2 Enhanced Alkalinity Jar Tests

A total of 32 jar test trials were conducted with alkalinity enhanced DI and
algal water to observe the change in pH, using either 100% CA or 100%
CO2 MBs, as a function of alkalinity. The test water volume was fixed at

1 L for this experiment and all succeeding jar test experiments. Alkalinity
was added using sodium bicarbonate (NaHCO3) and converted to standard
units as CaCOj. Alkalinity values from 0—100 mg/L were tested. The
volume of MBs added was 200 mL.

2.3.3 Mixed Gas: Microbubbles (MBs) Only

To fine tune to targeted pH levels in algae-laden water, experiments were
designed using the Witt MM-Flex gas mixer that mixes CO- and CA. The
mixer can be fixed at ratios between 0% and 100% and is graduated at 5%
increments. 11 jar tests were conducted with 200 mL of MBs of varying
ratios (CA:CO.), including 100:0, 75:25, 50:50, 25:75, 0:100, and 95:5.
Figure 8 illustrates the jar tester set up with the gas mixer assembly.

Figure 8. Physical experiment set-up for bench-scale CO2-enhanced DAF jar testing.

# —
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2.3.4 Optimal pH for Greenfloc 5100 (GFT 5100)

Seven experiments were designed to identify the pH required to promote
optimal flocculation with a constant concentration of Greenfloc 5100 (GFT
5100) at 10 ppm, a cationic starch. For the coagulation and flocculation
efficiency trials, the agitation (mixing) program was set to 75 rpm for 30 s
for rapid mixing followed by 35 rpm for 2 min for slow mixing. The GFT
5100 was added during the rapid mixing step. The MB parameters were
held constant using 200 mL of 100% CA bubbles. pH was adjusted using
HCI. Turbidity was measured using the Hach 2100Q turbidimeter. The
corresponding pH value to the greatest turbidity change indicated the
optimal pH level to achieve the most effective coagulation.

2.3.5 pH as a Function of CO2 Dose and Alkalinity

Six jar tests were conducted to identify a CO- ratio and environmentally
relevant alkalinity level that will get our algae water to the desired pH
(6—7) identified in the previous GFT 5100 experiments. Jar tests were
conducted with and without alkalinity added (0 mg/L, 150 mg/L, or
300 mg/L as CaCO3). Gas ratios tested (CA:CO-) include 95:5 and
97.5:2.5, where 200 mL volume of MBs were added to the jars.

To mimic the alkalinity levels of natural freshwaters in Florida and reach
desired pH levels, succeeding jar test reactors were spiked with 252 mg of
sodium bicarbonate to reach a final concentration of approximately

150 mg/L as CaCOs.

2.3.6 Mixed Gas: MBs + Aluminum Chlorohydrate (ACH)

The purpose of these experiments is to investigate the effect of various
concentrations of aluminum chlorohydrate (ACH) on algae coagulation.
ACH is known to work at a range of pH values, so the pH value optimal for
GFT 5100 was used for the succeeding experiments. Thirty-two jar tests
with 150 mg/L as CaCOj3 added alkalinity, 200 mL of 97.5:2.5 MBs, and
ranging concentrations of ACH (0 ppm, 10 ppm, 20 ppm, and 40 ppm)
added in the rapid mixing stage were conducted.

2.3.7 Mixed Gas: MBs + GFT 5100

The purpose of these experiments is to investigate the effect of various
concentrations of GFT 5100 on algae coagulation. Thirty-two jar tests with
150 mg/L as CaCOj3 added alkalinity, 200 mL of 97.5:2.5 MBs, and ranging
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concentrations of GFT 5100 (0 ppm, 20 ppm, 25 ppm, and 30 ppm) added
in the rapid mixing stage were conducted.

2.3.8 Mixed Gas: MBs + GFT 5100 + ACH

The same constant parameters were set as the previous jar tests with
either ACH only or GFT 5100, but this time both ACH and GFT 5100 were
added in combination simultaneously during the rapid mix stage to
investigate the effect of the coagulant doses on algae coagulation.
ACH:GFT 5100 ratios tested include 4:4, 4:5, 5:0, 5:2, 5:4, 5:5, 5:6, 5:10,
5:20, 5:25, 10:5, 10:10, 10:20, 10:25. 2:5, 2:10, 2:15, 2:20, 0.5:0, 0.5:1,
0.5:2, and 0.5:3 for a total of 88 jar tests.

2.3.9 CO: Before Chemical Addition

The order of CO- addition may impact coagulation performance. Unlike
the previous experiments, 50 mL of 5% CO- was added prior to coagulant
addition and mixing to reduce pH beforehand. After coagulant addition,
150 mL of 100% CA was added to the water to float the flocs. Besides the
MBs, the other experimental variables remained the same as the previous
jar tests (e.g., 1 L of algal water and 150 mg/L as CaCO3 added alkalinity).
ACH:GFT doses tested include 5:1, 5:2, 5:4, 5:6, 4:3, and 4:5 ppm ratios.

2.3.10 Algae Density

Eight jar tests were conducted to investigate the effect of constant
ACH+GFT 5100 doses on varying concentrations of algae density. A serial
dilution of alkalinity enhanced (150 mg/L as CaCOs) 1 L algae jars were
made from 100% down to approximately 25% concentrations. Before
chemical addition, 50 mL of 5% CO> MBs were dosed in the jars to lower
the pH. The ACH: GFT 5100 ratio added during the rapid mix stage was
5:4 ppm or 5:6 ppm, and on completion of slow mixing, 150 mL of

100% CA MBs were added.

2.3.11 CO- Stripping

To minimize environmental impacts of pH modulation, the possibility of
CO: stripping, or returning pH levels back to initial conditions, was
investigated using 100% CA MBs. Two different approaches were taken to
attempt CO- stripping:
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1.

Ten jar tests (5 with alkalinity added, and 5 without added alkalinity)
where 200 mL of 2.5% CO- bubbles were added, followed by a secondary
treatment with varying volumes of 100% CA MBs (0—800 mL). pH was
measured immediately after the CA MBs rose to the water surface.

. Four jar tests (with alkalinity added), where 200 mL of 2.5% CO-

bubbles were added, followed by a secondary treatment with varying
volumes of 100% CA MBs (400 mL or 800 mL). pH was measured
over time (0—240 min.) to assess how long it would take for the pH to
return back to its original condition.
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3.1

Results and Discussion

All of the experimental data is published on Mendeley Data and can be
accessed with the following link: https://data.mendeley.com/datasets/dp3zs5s2r/1.

Blank Jar Tests

The blank jar tests were performed to assess whether the CO. MBs can
immediately reduce the DI and algal water’s pH after addition, and to
determine the extent of pH reduction as a function of dosage. Figure 9,
Figure 10, and Figure 11 demonstrate that even a small amount of CO-
MBs can drastically lower the pH (3.9—5), with diminishing returns as the
dose increases. This can be explained by the CO- approaching saturation
in the water. A slight decrease in pH is observed in the 100% CA MB trials.
This may be because our atmosphere is made up of approximately 0.035%
CO2 (NOAA 2023). Algal water contains more alkalinity by observing the
downward slope of the pH between 50 mL and 300 mL of MBs. The slope
is far less prominent in the DI water.

Figure 9. Sample data demonstrating change in pH before and after the addition of
compressed air (CA) and CO2 microbubbles (MBs) in deionized (DI) and algae water.
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11 11
9 9
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Figure 10. Triplicate results of pH impacts after the addition of CA and CO2 MBs in DI water.
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Figure 11. Triplicate results of pH impacts after the addition of CA and CO2 MBs in algae water.
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3.2

Enhanced Alkalinity Jar Tests

In the blank jar tests, significant pH modulation was possible with doses
as small as 50 mL of pure CO-. pH values of 3.9—5 seen in the blank jar
test are in a hazardous range for wildlife and are much below our target of
6—7. Therefore, trials were performed with added alkalinity to see if the
degree of pH modulation can be reduced. Figure 12 and Figure 13 clearly
demonstrate that added alkalinity can reduce the amount of pH
modulation in algae water. Because the pH started at a smaller value at o
added alkalinity, the results show a smaller change in pH initially. After
alkalinity was added, the initial pH rose and allowed for a greater drop
until saturation was reached. However, the same was not observed in the
DI water (Figure 14). Perhaps it’s because it started with nearly o alkalinity
and required more to buffer the CO..

Figure 12. Sample data demonstrating the change in pH before and after the addition of CA
and CO2 MBs in alkalinity-enhanced DI and algae water.
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3.3

Figure 13. Duplicate results of pH impacts after the addition of CA and CO2 MBs in algae water.
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Figure 14. Duplicate results of pH impacts after the addition of CA and CO2 MBs in DI water.
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Mixed Gas: MBs Only

The pH modulation was still too high in the alkalinity-enhanced jar tests,
so it was determined that the CO- must be diluted with CA to achieve the
optimal pH in algae-laden water. The gas mixer had gradation marks in
increments of 5s, so the lowest CO- ratio tested was 5%. Similar pH
magnitudes were observed with a range of CA:CO- ratio doses and are
shown Figure 15 and Figure 16, with pH drops hovering around 5 units.
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The final pH values ranged from 4.61 to 5.57 with added CO- MBs, which
are still lower than the ideal range of 6—7. However, the 5.57 value with
5% COx is closer to the ideal range than 100% CO-.

Figure 15. Average change in pH after the addition of different ratios of a mixture of CA
and CO2 MBs.
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of Gas Ratios
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Figure 16. Starting and ending pH values after the addition of different ratios of a mixture of
CA and CO2 MBs.
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3.4

Optimal pH for GFT 5100

To verify the target pH range, jar tests were performed with a constant
dose of GFT 5100 across a range of pH values. HCl instead of CO- was
used to lower the pH in the experiment, because the pH drop was more
predictable and easier to home in the trial’s designed pH. Turbidity was
chosen as the metric to determine the effectiveness of the coagulant with
respect to pH, because a lower turbidity indicates suspended solid removal
(e.g., algae). The highest turbidity reductions were observed between pH
values of 6 and 7 as predicted (Figure 17 and Figure 18).

Figure 17. Starting and ending turbidity values after performing jar tests with a fixed
dose of GFT 5100 and varying pH values.
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Figure 18. Percent change in turbidity values after performing jar tests with a fixed
dose of GFT 5100 and varying pH values.
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3.5

pH as a Function of CO2 Dose and Alkalinity

Further tests were conducted to see if a higher dose of alkalinity, up to
300 mg/L as CaCOs, and a lower dose of CO-, 2.5%, can lead to achieving
the optimal pH for GFT 5100 coagulation. In Figure 19, with 5% added
COs, a final pH of 6.01 and 6.69 were reached for added alkalinities of
150 mg/L and 300 mg/L of CaCOs, respectively.

When 2.5% CO= MBs were added, pH values achieved with added
alkalinities of 150 mg/L and 300 mg/L of CaCO3; were 6.29 and 6.22,
respectively (Figure 20).

There did not appear to be significant differences with the 2.5% or 5%
volumes of CO. MBs added, as illustrated in Figure 21. However, both
gas ratios experienced a smaller change in pH as alkalinity increased. In
conclusion, results within the targeted pH range of 6—7 were achieved.

Figure 19. Starting and ending pH values after the addition of a mixture of CA and CO2 MBs
(95:5) to algae water with varying levels of alkalinity.
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Figure 20. Starting and ending pH values after the addition of a mixture of CA and CO2 MBs
(97.5:2.5) to algae water with varying levels of alkalinity.
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Figure 21. Comparison of change in pH values for trials with varied alkalinity levels and gas
mixture ratios.
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3.6 Mixed Gas: MBs + ACH or GFT 5100

After achieving the ideal pH range, the next goal was to find ideal doses
for the coagulants, ACH and GFT 5100. The coagulants were tested
individually in the jar tests. The optimal dose for GFT 5100 for the algal
water with turbidities between 16—18 Formazin Nephelometric Units
(FNU) appeared to be around 10 ppm (Figure 22 and Figure 23).

For ACH by itself, 20 ppm seemed to be the optimal dose (Figure 23 and
Figure 24). However, there didn’t appear to be significant differences in
the 100% CA or 2.5% CO- trials.

Figure 22. Sample data demonstrating starting and ending values of turbidity before and after
the addition of varied doses of either aluminum chlorohydrate (ACH) or GFT 5100 with CA or
mixed gas MBs containing 2.5% CO-.
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Figure 23. Duplicate results demonstrating change in turbidity before and after the addition of
varied doses of GFT 5100 with CA or mixed gas MBs containing 2.5% COz2.

Green Floc Jar Test - Percent Changes in Turbidity
over range of Green Floc Doses

- 0 5 10 15 20 25 30
+—

5 0.00

'g 12000

|_

c  -40.00

& -60.00

c

£ -80.00

o

¥ -100.00

Q

b .

K% GFT 5100 Concentration (ppm)

Round 1 CA Percent Change in Turbidity Round 2 CA Percent Change in Turbidity
B Average CA Percent Change in Turbidity Round 1 CO2 Percent Change in Turbidity
Round 2 CO2 Percent Change in Turbidity @Average CO2 Percent Change in Turbidity

Figure 24. Quadruplicate results demonstrating change in turbidity before and after the
addition of varied doses of ACH with CA or mixed gas MBs containing 2.5% CO-.
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3.7

Mixed Gas: MBs + GFT 5100 + ACH

Several dosing combinations of GFT 5100 and ACH were tested to find
the optimal doses. The best combinations recorded in the first set of
experiments were 5:20 and 10:20 ppm of ACH:GFT 5100, according to
Figure 25. Surprisingly, the 100% CA MBs seemed to perform slightly
better than the 2.5% CO- in most trials.

Another round of experiments was conducted with lower doses (Figure
26), with no significant differences between the 100% CA and 2.5% CO-
trials. There could be an issue with the order of addition of CO> MBs.

Figure 25. Duplicate results demonstrating change in turbidity before and after the
addition of varied high doses of ACH combined with GFT 5100 with CA or mixed gas MBs

containing 2.5% COa2.
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3.8

Figure 26. Duplicate results demonstrating change in turbidity before and after the
addition of varied low doses of ACH combined with GFT 5100 with CA or mixed gas MBs

containing 2.5% COx.
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CO- Before Chemical Addition

The CO= may not have performed better than the CA in the previous
experiments, because the CO. was added after chemical addition. In the
succeeding trials, 50 mL of 5% CO- was added before chemical addition to
reduce the pH, then 150 mL of 100% CA was added after the mixing stage.
The final pH for all the trials were above 6. Switching the order of CO-
addition seemed to yield better turbidity reductions than the previous
experiments, especially with an ACH:GFT 5100 ratio of 5:2 (Figure 27). In
that experiment, the average turbidity reduction with CO- added was
nearly 31% higher than the CA only trial. There may not have been a
greater difference between the 5:6 trial (Figure 28), because at that point
enough coagulant was added to overcome pH effects. The lower doses of
5:1 and 4:5 (Figure 29) were not enough to trigger charge neutralization
and floc formation for algae removal.
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Figure 27. Duplicate results demonstrating change in turbidity before and after the addition of

varied low doses of ACH (5 or 4 ppm) combined with GFT 5100 (2 or 3 ppm). This is following

the procedure where 50 mL of CO2 is added before chemical addition with 150 mL 100% CA
after chemical addition.
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Figure 28. Duplicate results demonstrating change in turbidity before and after the addition of
ACH (5 ppm) combined with GFT 5100 (4 or 6 ppm). This is following the procedure where 50
mL of CO2 is added before chemical addition with 150 mL 100% CA after chemical addition.

Mixed Chemical Jar Test: Percent Change in Turbidity

54 5:6
0
-20
-40
-60
-80

-100

Percent Change in Turbidity

ACH:GFT 5100 (ppm)

Round 1 CO2 Round 2 CO2 @ CO2 Average
Round 1 CA Round 2 CA @ CA Average




ERDC/CERL TR-24-6

30

3.9

Figure 29. Duplicate results demonstrating change in turbidity before and after the addition of

varied low doses of ACH (4 or 5 ppm) combined with GFT 5100 (1 or 5 ppm). This is following

the procedure where 50 mL of CO2 is added before chemical addition with 150 mL 100% CA
after chemical addition.

Mixed Chemical Jar Test: Percent Change in Turbidity
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Algae Density

The algae density tests were conducted using the method where 50 mL of
CO- was added prior to chemical addition. For both chemical ratios in
Figure 30 and Figure 31, there is a clear indication of the positive
relationship between percent change in turbidity and a higher initial
turbidity. A reason for this may be coagulant overdosage for lower density
algal waters, where less positively charged coagulant may be required to
neutralize the less abundant negative algal cells. Overdosing with cationic
coagulants would result in an overall positive charge of particles instead of
neutralizing the particles’ charges, causing the algal cells to repel like-
positive charges instead of coming together and forming flocs.
Furthermore, greater percent turbidity reductions in densely populated
waters can be explained by the numerous algal cells having a greater
chance to collide with one another during the mixing stage to form larger
flocs that can be carried by the MBs.
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Figure 30. Turbidity changes over a range of algae densities using a constant dosage of
5 ppm ACH and 4 ppm GFT 5100.
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Figure 31. Turbidity changes over a range of algae densities using a constant dosage of
5 ppm ACH and 6 ppm GFT 5100.
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3.10 CO- Stripping

To ensure environmental safety, the water should be stripped of CO- and
the pH should return to natural conditions prior to being discharged back
into the source. Algal stripping was attempted by adding a second round of
100% CA to the jars after the initial MB step that separates the algae from
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water. The idea is to force Henry’s law, where the solubility of the gas is
directly related to the partial pressure of the gas. The partial pressure of
CO: in ambient air is miniscule, therefore once dissolved CO- comes in
contact with the air, it will become less soluble and will try to escape the
liquid to equilibrate with the atmosphere. In Figure 32 and Figure 33,
volumes of the second round of CA bubbles ranged from o0 mL to 800 mL,
with algal water of 0 mg/L and 150 mg/L as CaCOj3 of added alkalinity,
respectively. However, there was no evidence of CO: stripping.

This experiment was repeated for 400 mL and 800 mL of CA added into
alkalinity-enhanced algal water, and the pH was measured over time up
until 240 min after the second microbubble dose was added. Note that to
generate the graphs, the initial pH value and middle pH value after initial
MBs addition was repeated to visually compare it to the final pH value
(Figure 34).

Figure 32. Starting, middle, and ending pH values after adding varying volumes of 2.5% CO2
MBs in algae water without added alkalinity.
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Figure 33. Starting, middle, and ending pH values after adding varying volumes of 2.5% CO2
MBs in algae water with added alkalinity.
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Figure 34. Starting, middle, and ending pH values after adding 400 mL or 800 mL of 2.5%
CO2 MBs over time.
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These trials did yield evidence of CO- stripping as well. The MBs may not
be the correct size for aeration and CO: stripping. Larger bubbles
generated by fine or coarse bubble diffusers may work better as opposed to
MBs infused with DI water, especially paired with baffles or other means
to promote mixing and turbulence (Kang et al. 2017). This will provide
more volume of air to interact with the CO2 bubbles in contact with the
ambient air to act as a catalyst to Henry’s Law.
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4.2

Conclusions and Recommendations
Conclusions

The following conclusions were drawn from this bench-scale study:

e (CO:2 MBs can drastically lower pH, even with small additions, but
there are diminishing returns as the CO- approaches saturation.

e Additional alkalinity reduces pH from CO. MB treatment, and a
mixture of CO- and CA is required to reach the ideal pH range of 6—7.

e GFT 5100 seems to be most effective between pH 6 and 7.

e We did not observe a beneficial pH effect at the coagulant doses
applied when adding the CO- after chemical addition. However, when
CO: was introduced before the chemicals, a beneficial effect was
observed. One trial resulted in 31% higher turbidity reductions.

e There seems to be a positive relationship between percent change in
turbidity and a higher initial turbidity.

e pH reequilibrium was not achieved using the methods described in
this report.

Recommendations

There is some evidence that indicates that lowering the pH with CO> may
enhance the DAF coagulation process. More experiments are required to
determine the extent of the benefits.

Future bench-scale experiment recommendations include the following:

e Measuring chlorophyll and cell density counts in addition to turbidity
to have a better proxy for algae removal

e Conducting air stripping experiments with larger bubbles that are not
infused with water

e Comparing different doses required to achieve similar turbidity and
chlorophyll reductions for trials of 100% CA MBs or 5% CO2 MBs;
This will determine whether a 25% chemical reduction can be
achieved by introducing the CO. MBs

e Determining effect of algae age and health (% yield) with algae
removal performance

Although pH reequilibrium was unsuccessful by injecting a second round of
100% CA MBs, alternative methods such should be explored in the future.
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Introducing larger bubbles and turbulence should catalyze Henry’s Law.
Another option could be adding limestone filters, sodium bicarbonate, or
soda ash to increase alkalinity and pH. However, the pH targeted in this
study suffices to meet Florida’s Class 1 water body pH criteria of 6-8.5
(Unsell 2009), and is near the EPA’s suggestion of a minimum of 6.5 in
freshwater to sustain aquatic organisms (Suter et al. 2024).

If the coagulation or flocculation benefits hypothesized by the CO-
addition into the DAF treatment are confirmed, future studies will include
assessing the feasibility and scalability of integrating the exhaust from the
HABITATS generators (a source for CO-) into the DAF process. According
to Resitoglu et al. 2014, diesel exhaust gas composition includes 12% CO-
(Resitoglu et al. 2014). Figure 35 demonstrates the field-scale concept. In
the field; however, there may be some trial and error determining the
appropriate CO- dose to synergize with the natural water’s alkalinity to
achieve the optimal pH range for coagulation. Also, it would be interesting
to sample the effluent water and test the pH after treatment to see if the
pH reequilibrated after the water traveled though the lamella tubes and
spilled over the weir.

Figure 35. Field-scale concept of COzinjection, where CO2 will be sourced from the generators
powering HABITATS and fed into the influent plumbing line prior to coagulant and flocculant
addition to enhance the process.

Transforming a waste (generator exhaust) to a resource that has the
potential to reduce coagulant demand for DAF without sustained
environmental impact would reduce operational costs and environmental
risks in HAB mitigation efforts.
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Appendix: BG-11 Growth Medium for Algae
Cultivation

Below is the BG-11 growth medium developed by the University of Texas
(UTEX) to cultivate algae in the lab (Figure A-1). The recipe includes the
components and concentrations of each component for the base medium,
as well as components and concentrations for the trace metals solution to
be added with the base medium. Each medium is made in a 1 L solution,
with 900 mL of volume from the components and the remainder topped
off with deionized (DI) water. The base medium must be sterilizer and
cooled before usage. Both mediums are recommended to be stored at
refrigerator temperature.
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Figure A-1. University of Texas (UTEX) BG-11 growth medium recipe. (Image reproduced from
UTEX, n.d. Public domain.)

BG-11 Medium Recipe

Directions

For 1 Liter Total Volume

Liquid Medium:

1. To approximately 900 mL of dH,0 add the first 8 compaonents in the order specified

while stirring continuously.

2. Bring the total volume to 1 Liter with dH.0.

3. Cover and autoclave medium to sterilize.
4, Allow to cool then store at refrigerator temperature.

Agar Medium:

1. To approximately 400 mL of dH,0 add the first 8 compaonents in the order specified

while stirring continuously.

Non s W

Bring the total volume to 500 mL with dH:0.

In a separate container add 15 g of agar to 500 mL of dH:0 (final 1.5% w/v).
Cover and autoclave both solutions.
In a water bath allow both solutions to cool to 45-50 °C.

Add sterile Sodium Thiosulfate to the agar solution and mix well.
Combine both agar and liquid solutions, mix well.

Note: The agar can solidify quickly.
8. Allow to cool then store at refrigerator temperature.

Stock Solution Final

# Component FmouRE Concentration Concentration
NaNO3

1 10 mL/L 30 g/200 mL 17.6 mM
(Fisher BP360) i e m
K:HPO,

2 (Sigma P 3786) 10 mL/L 0.8 g/200 mL 0.22 mM
MgS0a:7H;0

3 (Sigma 230391) 10 mL/L 1.5 g/200 mL 0.3 mM
CaClz*2H;0

4 10 mL/L 0.72 g/200 mL 0.24 mM
(Sigma C 3881) m grem m
Citric Acid-Hz0

5 10 mL/L 0.12 g/200 mL 0.012 mM
(Fisher A 104) i . ™

6 Ferric Ammonium Citrate 10 mL/L 0.12 g/200 mL 0.02 mM
NazEDTA=2H;O

7 10 mL/L 0.02 g/200 mL 0.002 mM
(Sigma ED255) m g/t m m
NazC0s

8 10 mL/L 0.4 g/200 mL 0.18 mMm
(Baker 3604) g

9 BG-11 Trace Metals Solution 1 mbsL See recipe See recipe
Sodium Thiosulfate Pentahydrate (agar

10 media only; sterile) 1 mL/L 49.6 g/200 mL 1 mM
(Baker 2948/)

OUTEX
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Figure A-1 (cont.). University of Texas (UTEX) BG-11 growth medium recipe.

BG-11 Trace Metals Solution Recipe
Directions

For 1 Liter Total Volume

stirring continuously.
2. Bring total volume to 1 Liter with dH;0O.
3. Store at refrigerator temperature.

1. To approximately 900 mL of dH,0 add the components in the order specified while

e Amount zo:;:rlm Cnnc:-::.ltarlation
! Fafk?r 0084) 2.86g/L 46 mM

2 {h;:&::gﬂc: 1.81 g/L 9 mM

3 eomazossn) 0291 077 mm
L 0399 L5mM
5 em i) 007991 03mM
5 ‘(::ésg;)?ggl;gzz-g) 49.4mg/L 0.17 mM

@GUTEX
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Abbreviations
ACH Aluminum chlorohydrate
CA Compressed air
CERL Construction Engineering Research Laboratory
DAF Dissolved air flotation
DI Deionized
EL Environmental Laboratory
ERDC Engineer Research and Development Center
FNU Formazin Nephelometric Units
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