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Water is the lifeblood of hydroponics.

Without soil, plants depend on clean, oxygen-dense, nutrient-rich
water to fuel the functions that keep them healthy and produce
bigger yields.

Getting this right is not without its challenges. For example, a
nutrient solution can serve as a food source for biofilm. Warm
temperatures can cause dissolved-oxygen levels to drop, and
pathogens—which are predominantly anaerobic, meaning that they
thrive in low- or no-oxygen environments—can make their way into
a hydroponic system.

To combat these issues and other concerns, growers often use ozone
generators to treat their water. Ozone is a gas consisting of three
oxygen atoms. When dissolved in water, it brings the dual benefit of
oxidizing problematic organic materials and increasing dissolved-
oxygen levels.

However, ozone treatment can also oxidize micronutrients that
plants need. If growers are not careful, they risk causing nutrient
deficiencies, imperiling plant health and yields—and losing money.

In this white paper, we will walk through what ozone is and how it
works; why it is effective in treating common problems associated
with low dissolved-oxygen levels in hydroponic agriculture; pitfalls
growers should beware of; and how best to implement aqueous
ozone without introducing new challenges.

The word “hydroponic” derives from
Greek hydro (“water”) and ponein (“to

labor, work, or toil").
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OZ0NE 101

To understand the benefits of ozone for hydroponically grown plants,
we first need to explain what it is and how it works.

Ozone is a natural gas created in the earth’s stratosphere. Ultraviolet
(UV) rays from the sun break apart oxygen molecules (O,) to create
two unstable single-oxygen atoms (O), which join other oxygen
atoms to form ozone (Os).!

Ozone can also be produced by exposing diatomic oxygen (i.e,, an
oxygen molecule composed of two oxygen atoms)—the kind of
oxygen we breathe and plants photosynthesize—to an electrical
field or artificial UV radiation. In this case, the same process occurs.?

The third oxygen atom of an ozone molecule is readily released?
and can bond with other substances’molecular structures (Figure
1).4If this atom comes into contact with organic material, it weakens
its cell walls, causing the cells to rupture and die in the process of
oxidation.® For this reason, ozone is considered a powerful oxidizing
agent. In fact, it is the strongest molecule available for disinfecting
water® and has been used in water treatment facilities for more than
a century.’

When dissolved in water, ozone (also referred to as aqueous ozone)
has a short half-life, which varies in accordance with water pH and
temperature. The lower the water temperature and pH values, the
higher its concentration of ozone® Figure 2 shows how aqueous
ozone's half-life decreases as water temperature rises. For example, if

1 DW.Fahey and M.I.. Hegglin “Twenty Questions and Answers About the Ozone Layer: 2010 Update, Scientific
Assessment of Ozone Depletion: 2010, 72 pp., World Meteorological Organization, Geneva, Switzerland, 2011.
[Reprinted from “Scientific Assessment of Ozone Depletion: 2010, Global Ozone Research and Monitoring Project-
Report No. 52, 516 pp., World Meteorological Organization, Geneva, Switzerland, 20111

2 Bob Smith-McCollum "Mastering the Fundamentals of Ozone: Ozone Generation”Water Quality Products
(2008); accessed January 30, 2023, https://www.wgpmag.com/water-disinfection/ozone-systems/article/10954859/
mastering-the-fundamentals-of-ozone-ozone-generation

3 Caralyn Zehnder et al,“Introduction to Environmental Science: 2nd Edition”Biological Sciences Open Textbooks 4
(2018), https://oer.galileo.usg.edu/biology-textbooks/4

4 Stephen E. Schneider “Ozone: What Is [t?” STEM Earth Central. 7. (2007); https://scholarworks.umass.edu/cgi/
viewcontent.cgi?article=1006&context=stem_earth

5 Roger Nathanson “Ozone Disinfection: Eliminating Bacteria with Ozone”Water Quality Products (2021);
accessed January 30, 2023, https://www.wgpmag.com/water-disinfection/ozone-disinfection/article/10954469/
ozone-disinfection-eliminating-bacteria-with-ozone

6 R Pandiselvam, S. Subhashini, E.P. Banuu Priya, Anjineyulu Kothakota, S.V. Ramesh & S. Shahir “Ozone based food
preservation: a promising green technology for enhanced food safety” Ozone: Science & Engineering, 41:1 (2019): 17-
34,DO0I: 10.1080/01919512.2018.1490636

7 James R. Jackson “Ozone Disinfection and Public Health: A Historical Prospective”
The Water Solutions Update; accessed March 14, 2023 https://mazzei.net/wp-content/
uploads/2009/04/2008_WaterOnline_Ozone-Disinfection-and-Public-Health-A-Historical-Prospective_JJ.pdf

8  Melicia Cintia Galdeano et al “Effect of water temperature and pH on the concentration and time of ozone
saturation”Brazilian Journal of Food Technology, v. 21, e2017156 (2018), doi.org/10.1590/1981-6723.15617
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Figure 1. Oxygen-Ozone-Oxygen Cycle
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the water temperature is 25°C, then after 15 minutes there will be 50
percent less ozone.

Once ozone has decayed, only oxygen molecules remain. Ozone is
13 times more soluble than oxygen, so it can significantly increase
water’s dissolved-oxygen content.’

Given ozone's ability to increase dissolved-oxygen levels and wipe
out pathogens and organic matter with no residual risk of pathogen
resistance,'” growers are choosing to employ ozone generators to
address three common challenges of hydroponic systems.

Figure 2. Typical Ozone Half-Life Based on Temperature

Minutes 30 20 15 12 8
Temperature 15°C 20°C 25°C 30°C 35°C

Source: Fatima A. Miller, Cristina L. M. Silva and Teresa R. S. Brandao “A Review on Ozone-Based Treatments for Fruit and Vegetables Preservation” Food Engineering
Reviews 5. (2013): doi.org/10.1007/512393-013-9064-5.

9 Neil Moran “Why add dissolved oxygen?” Produce Grower (2018); accessed January 30, 2023, https://www.
producegrower.com/article/hydroponic-production-why-add-dissolved-oxygen/

10 Thomas Graham, Ping Zhang and Michael Dixon “Aqueous ozone in the root zone: Friend or foe?” Journal of
Horticulture and Forestry Vol. 3(2) (2011): 58-62
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An ozone generator dissolves ozone in water in three common ways:'

- Bubble diffuser. Using aerator stones, ozone gas is bubbled into water and liquifies as it rises
to the surface.

- Venturi injector. The flow of water through the injector creates a vacuum that sucks up ozone
and mixes it with the water.

- Static mixer. Ozone is diffused into pressurized, flowing water through an immobile molded
plate in a tube that mixes two or more fluids or gases.

Source: Ozone Solubility in Water” Oxidation Technologies, LLC; accessed January 30, 2023, https://www.oxidationtech.com/ozone/solubility.html

THREE INTERRELATED HYDROPONIC PROBLEMS
AQUEDUS OZONE SOLVES

Problem 1: Low Dissolved-Oxygen Levels

Plant roots need oxygen for respiration. Since roots are immersed

in water in hydroponic crops, they're at risk of deprivation if there's
not enough oxygen in the water."" Dissolved oxygen is simply the
measurement of how much oxygen is dissolved in the water."

While hydroponic growers employ several methods to add dissolved
oxygen to their systems, they may face challenges during the
summer months or in grow rooms in warmer climates.” As discussed
in the previous section, that's because warm water doesn't retain

as much oxygen as cooler water." As water temperature increases
from 1°C to 46°C, the saturation level of dissolved oxygen drops

from around 15 parts per million (ppm) to 6 ppm (Figure 3).”° It
should also be noted that as the temperature of the nutrient solution
increases, plant roots demand more oxygen. It's estimated that an
environmentally stressed plant may require ten times more oxygen
than a healthy plant.’

11 Thomas Graham, Ping Zhang and Michael Dixon "Aqueous ozone in the root zone: Friend or foe?” Journal of
Horticulture and Forestry Vol. 3(2) (2011): 58-62

12 Kurt Becker “Understanding Dissolved Oxygen’ GrowerTalks (2016); accessed January 30, 2023, https://www.
growertalks.com/Article/?articleid=22058

13 Note that the outside temperature may influence the indoor temperature of greenhouses and grow rooms.

14 Thomas Graham, Ping Zhang and Michael Dixon “Aqueous ozone in the root zone: Friend or foe?” Journal of
Horticulture and Forestry Vol. 3(2) (2011): 58-62

15 Thomas Graham, Ping Zhang and Michael Dixon "Aqueous ozone in the root zone: Friend or foe?” Journal of
Horticulture and Forestry Vol. 3(2) (2011): 58-62

16 John Sutton et al “Etiology and epidemiology of Pythium root rot in hydroponic crops: current knowledge and
perspectives”Summa Phytopathologica 32 (4) (2006), https://doi.org/10.1590/50100-54052006000400001
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If hydroponic plants appear to be wilting, they may be starved for
dissolved oxygen. At most stages of plant growth, plants that don't
have enough oxygen will fail to draw water up from the root zone
to the top of the plant."” Low dissolved oxygen can also increase
ethylene production in roots, causing them to mature and die.'

To understand the importance of dissolved oxygen, consider a

study that examined the impact of oxygen deficiency in the nutrient
solution for tomatoes at the beginning of their flowering stage. Water
uptake decreased by 20 to 30 percent after 48 hours of root asphyxia,
and with the exception of nitrates, nutrient uptake ceased after just
10 hours."

While the amount of dissolved oxygen in hydroponics is typically
around 6 to 8 ppm,® research suggests that keeping oxygen
levels around 11 to 14 ppm helps protect the roots and promote
crop productivity.?! One study found that dissolved oxygen levels
averaged 13.2 ppm from venturi-injected ozone.?

17 David Kuack "Are you maintaining the proper oxygen levels in your hydroponic production
system?”Hort Americas; accessed January 30, 2023, https://hortamericas.com/blog/news/
are-you-maintaining-the-proper-oxygen-levels-in-your-hydroponic-production-system/

18  David Kuack “Maintaining the optimum temperature, oxygen and beneficial microbe levels are
integral in hydroponic systems”Hort Americas; accessed January 30, 2023, https://hortamericas.com/blog/
maintaining-the-optimum-temperature-oxygen-and-beneficial-microbe-levels-are-integral-in-hydroponic-systems/

19 P Morard, L. Lacoste and J. Silvestre “Effect of oxygen deficiency on uptake of water and mineral
nutrients by tomato plants in soilless culture” Journal of Plant Nutrition 23 (8) (2000): 1063-1078, doi.
0rg/10.1080/01904160009382082

20 Growers are recommended to maintain at least 5 ppm of oxygen in the nutrient solution.

21 Al Zylstra"You've Got Biofilm” GrowerTalks (2014); accessed January 30, 2023, https://www.growertalks.com/
Article/?articlelD=20666

22 Jeff Roseman “Ozone, Oxygen: Transfer into Water”Water Quality Products (2005); accessed January 30, 2023,
https.//www.wgpmag.com/treatment/water-treatment/article/10955024/0zone-oxygen-transfer-into-water

Common Methods for Adding Dissolved Oxygen to Hydroponic Systems
There are several methods hydroponic growers can use to increase dissolved oxygen, including:

- Air stones - Hydrogen peroxide
« Air pumps - Membrane filtration
- Biofilters - WV

«  Chlorination
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However, these methods may not be sufficient to keep dissolved-
oxygen levels high enough in grow rooms located in warmer
climates or during the summer months.

Figure 3. Saturation of Dissolved Oxygen by Temperature
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Source: Kurt Becker “Understanding Dissolved Oxygen” GrowerTalks (2016); accessed January 30, 2023, https://www.growertalks.com/
Article/?articleid=22058

Case Study: One Commercial Greenhouse’s Success with
Aqueous Ozone

One commercial greenhouse can attest to ozone's effectiveness in
increasing dissolved oxygen.”

The greenhouse conducted trials comparing ozonated pond water
to untreated pond water and untreated well water. Ozonating the
pond water increased dissolved-oxygen levels by 300 percent over
the untreated water. This resulted in faster germination rates for their
plugs, better root growth and leaf development and faster cropping
times.

The trial results prompted the greenhouse to adopt ozone as part of
their water treatment regime. In their first year, they saw:

- Atwo-week reduction in cropping time on average on most liners
- Complete cropping time reduced by up to four weeks
- More robust root systems

23 Thomas Graham, Ping Zhang and Michael Dixon “Aqueous ozone in the root zone: Friend or foe?” Journal of
Horticulture and Forestry Vol. 3(2) (2011): 58-62.
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- Improved drought tolerance

- Overall shrink reduced by 66 percent from the previous three-year
average

- Complete elimination of biofilm from irrigation filters and pipes

Problem 2: Biofilm Buildup

Another reason dissolved-oxygen levels drop is due to the presence
of biofilm. Biofilm consumes oxygen, which can significantly reduce
dissolved-oxygen levels.?

Biofilms are an unfortunate reality for hydroponic growers. Consisting
of bacterial colonies, they are complex structures encased in a
protective coating that adheres to surfaces in regular contact with
water. They feed on the same nutrients as plants, so a fertilizer-rich
hydroponic environment makes it easy for biofilms to thrive. It
doesn't take long for biofilms to form; bacterial colonies can begin to
mature in mere minutes or hours.

While many growers may picture algae when they think of biofilm,

most of these invasive structures aren't visible to the human eye.”® Fi
Nevertheless, they can wreak havoc on irrigation equipment,

clogging the system.

Continuous ozone treatment has been proven effective in managing
biofilm, as it removes bacterial microorganisms and prevents new
biofilm from forming.”” Maintaining residual dissolved-ozone levels of
as 0.2 ppm for just 30 minutes is enough to eliminate the biofilm.”

24 Al Zylstra"You've Got Biofilm” GrowerTalks (2014); accessed January 30, 2023, https://www.growertalks.com/
Article/?articlelD=20666

25 Matt Connell “Why Biofilm Can Threaten Your Greenhouse Irrigation System” Greenhouse
Grower (2019); accessed January 30, 2023, https://www.greenhousegrower.com/production/
why-biofilm-can-threaten-your-greenhouse-irrigation-system/

26 Al Zylstra"You've Got Biofilm” GrowerTalks (2014); accessed January 30, 2023, https://www.growertalks.com/
Article/?articlelD=20666

27 Matt Connell “Why Biofilm Can Threaten Your Greenhouse Irrigation System” Greenhouse
Grower (2019); accessed January 30, 2023, https://www.greenhousegrower.com/production/
why-biofilm-can-threaten-your-greenhouse-irrigation-system/

28  "Using Ozone to Treat Biofilm, Algae, and Waterborne Pathogens,"Hort Americas; accessed January 31, 2023,
https://hortamericas.com/uncategorized/using-ozone-to-treat-biofiim-algae-and/
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Simpler Solutions for Biofilm

While ozone is effective in treating biofilm, there are simpler, more cost-effective options growers
may want to try first. Emerald Harvest's Hydra Clear™ is one option that can simply be poured into
the irrigation system. Hydra Clear™ uses multiple enzymes to effectively eliminate biofilm bacteria
and fungi.

Why Biofilm May Be Getting Worse

When biofilm is attacked but not eliminated, it will re-secrete its adhesive substance, making
it stronger than before. Once the biofilm matrix is well established, it's easier for other
microorganisms to attach onto it for nourishment.

If you've been using a cleaning agent like chlorine to treat biofilm and the problem seems to be
getting worse over time, you're probably not eliminating the bacterial colonies completely.

Source: Al Zylstra “You've Got Biofilm” GrowerTalks (2014); accessed January 30, 2023, https://www.growertalks.com/Article/?articlelD=20666

Problem 3: Plant-Devastating Pathogens

Biofilm growths can do more harm than clog equipment; they can
also harbor harmful pathogens. Research suggests that at least
two-thirds of waterborne pathogens (e.qg., Pythium, Fusarium and
Phytophthora) come from biofilm, even when growers use a clean
water source.””

Waterborne pathogens are a major cause of crop loss in Q
hydroponics,* and Pythium is a primary culprit. The consequences

of a Pythium infection can be devastating. Studies of small-scale o
hydroponic systems found that the pathogen reduces root and shoot 0

mass, yield and quality of fruits or flowers for several crops.?' Most
species of Pythium are considered generalists, meaning they can ‘

infect many plant species.?? Hydroponically grown lettuce can lose O .
up to 54 percent of its biomass,* while tobacco crops in hydroponic

float-bed greenhouses may experience up to 70 percent seedling

loss.**

29 "Using Ozone to Treat Biofilm, Algae, and Waterborne Pathogens,"Hort Americas; accessed January 31, 2023,
https://hortamericas.com/uncategorized/using-ozone-to-treat-biofilm-algae-and/

30  John Lovett "Why Pythium-Resistant Spinach and Arugula is Such a Big Deal” University of Arkansas System
Division of Agriculture Arkansas Agricultural Experiment Station (2022); accessed January 31, 2023, https://aaes.uada.
edu/news/pythium-explainer/

31 David Kuack "Are you maintaining the proper oxygen levels in your hydroponic production
system?”Hort Americas; accessed January 30, 2023, https://hortamericas.com/blog/news/
are-you-maintaining-the-proper-oxygen-levels-in-your-hydroponic-production-system/

32 Neil Mattson “Pythium Root Rot on Hydroponically Grown Basil and Spinach”e-Gro Edible Alert (2018); accessed
January 31, 2023, https://e-gro.org/pdf/E301.pdf

33 Cora S. McGehee et al “Efficacy of biofungicides against root rot and damping-off of microgreens caused by
Pythium spp! Crop Protection 121 (2019): 96-102, https://doi.org/10.1016/j.cropro.2018.12.007

34 Xuemei Zhang “Ecology and Management of Pythium species in Float Greenhouse Tobacco Transplant
Production”Virginia Tech VTechWorks (2021), https://vtechworks.lib.vt.edu/handle/10919/101779
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Part of the reason these pathogens become problematic is because
of low dissolved oxygen in the nutrient solution, which creates
anaerobic conditions that are especially hospitable to harmful
pathogens. Thus, as oxygen levels drop, the risk of waterborne
diseases increases.” When root rot is advanced, oxygenation is one
of the few measures growers can implement to further prevent
disintegration, necrosis and root slime.*

Not only can ozone increase dissolved-oxygen levels to prevent
pathogens like Pythium from wreaking havoc in the first place; it has
also proven effective in treating waterborne diseases.

In one study, tap water treated for 2 minutes with a residual
concentration of 1.2 ppm of ozone killed at least 95 percent

of Pythium ultimum, while pond water treated with a residual
concentration of 0.8 ppm ozone saw 97 percent Pythium mortality
with just 4 minutes of contact time.* Treating tap water with a
residual concentration of 0.8 ppm ozone for 8 minutes killed more
than 99 percent of Phytophthora cinnamomi chlamydospores,®
and 0.5 ppm to 1 ppm of ozone in a nutrient solution inoculated
with Fusarium oxysporum f. sp. radicis-lycopersici for 5-10 minutes
completely killed the Fusarium, when the solution contained
chelated iron Fe-DTPA or Fe-EDTA*

Commercial growers have noticed similar results. The biggest benefit
one greenhouse experienced in implementing an ozone system to
treat irrigation water was “a substantial reduction in fungicide use*

35 P Morard, L. Lacoste and J. Silvestre “Effect of oxygen deficiency on uptake of water and mineral
nutrients by tomato plants in soilless culture” Journal of Plant Nutrition 23 (8) (2000): 1063-1078, doi.
0rg/10.1080/01904160009382082

36 David Kuack "Are you maintaining the proper oxygen levels in your hydroponic production
system?”Hort Americas; accessed January 30, 2023, https://hortamericas.com/blog/news/
are-you-maintaining-the-proper-oxygen-levels-in-your-hydroponic-production-system/

37 D.Beardsell and M. Bankier “Monitoring and treatment of recycled water for nursery and floriculture production”
Horticultural Australia Ltd. Final Report NY515 (1996); accessed January 31, 2023, https://www.cleanwater3.org/
gsearch.asp

38  D.Beardsell and M. Bankier “Monitoring and treatment of recycled water for nursery and floriculture production”
Horticultural Australia Ltd. Final Report NY515 (1996); accessed January 31, 2023, https://www.cleanwater3.org/
gsearch.asp

39  A.Vanachter et al “Possible use of ozone for disinfestation of plant nutrient solutions” Acta Horticulturae 221
(1998): 295-302, doi.org/10.17660/ActaHortic.1988.221.32

40 Al Zylstra“Serious water conservation” Greenhouse Management (2011); accessed January 31, 2023, https://www.
greenhousemag.com/article/greenhouse-0511-serious-water-conservation-lucas/
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Solving Hydrogen Sulfide Problems with Ozone
Ozone can also be used to treat other water issues.

One hydroponic tomato greenhouse turned to ozone to manage high hydrogen sulfide levels in
their water and in just six months saw a return on investment. Not only did the ozone eliminate
the hydrogen sulfide, which was previously at 60 ppm, but it also lowered the organic load of the
irrigation water, bringing the water pH down from 7.8 to 7.04.

As a result of these improvements:

- Production sped up by 28 days

- Rejection rates dropped from 40 percent to less than 3 percent
- Fertilizer costs decreased by at least 50 percent

- Yield increased by more than 300 percent

Source: Ted Rich and Ed Knueve “A look at ozone in hydroponic applications” Water Technology (2002); accessed January 31, 2023, http://www.ozonegeneration.co.za/
docs/Ozone%20in%20hydroponics.pdf

POTENTIAL PITFALLS OF AQUEOUS DZONE

While there are clear benefits to using ozone in hydroponic irrigation
systems, success is not as simple as adding an ozone generator
and calling it a day. Growers should be mindful that ozonation is a
chemical process that can affect other aspects of a nutrient solution.

54.938

Oxidation of Iron and Manganese

Just as ozone oxidizes harmful pathogens and problematic biofilms,

it also oxidizes iron (Fe) and manganese (Mn). In fact, ozone is often

used in water treatment facilities to remove these two minerals n
because their presence can stain clothes and water fixtures.*!

While these two elements are considered micronutrients because Ma nganese
they're only needed in trace quantities, iron and manganese
nevertheless play vital roles in plant health and development.
Iron is responsible for several metabolic processes, including
photosynthesis, respiratory electron transport chain and cell 55 845
wall metabolism. It also protects plants against oxidative stress.*

Manganese is used in photosynthetic activity and sustains metabolic

roles.®
41 “Iron and Manganese Removal in Water Treatment Using Ozone” Spartan Environmental Technologies; accessed e

January 31, 2023, https://spartanwatertreatment.com/iron-and-manganese-removal/

42 Sangita Dey et al “Chelators of iron and their role in plant’s iron management” Physiol Mol Biol Plants 26 (2020:
1541-1549, doi.org/10.1007/512298-020-00841-y I r'o n

43 Santiago Alejandro et al “"Manganese in Plants: From Acquisition to Subcellular Allocation” Frontiers in Plant
Science 11 (2020), doi.org/10.3389/fpls.2020.00300

10
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If ozone oxidizes iron and manganese in a nutrient solution, those
minerals will be unavailable for plant absorption, and deficiencies
can occur as a result. As Liebig's Law of the Minimum states, “Yield is
proportional to the amount of the most limiting nutrient* In other
words, if a plant is not getting the requisite amount of a specific
nutrient, its growth and yield will be limited even if all other nutrient
levels are adequate. Hydroponic solutions are designed to provide
the optimal amount of each nutrient, so if oxidation of iron and
manganese occurs, growers are at risk of deficiencies. Iron deficiency
chlorosis can cause yield losses of up to 30 percent*, while severe
manganese deficiencies have been responsible for significant yield
losses in soybean fields.*

Ozone oxidizes at a rate of 0.43 mg of ozone per milligram of iron
and manganese at 0.88 mg of ozone per milligram of manganese.
After oxidation, these minerals will precipitate as ferric hydroxide and
manganese hydroxide, respectively.

Too Much Dissolved Oxygen

While many hydroponic growers worry about maintaining sufficient
levels of dissolved oxygen, it is also possible when using ozone that
dissolved-oxygen levels can get too high.

44 "Law of the Minimum” University of Wisconsin-Madison; accessed March 22, 2023, https://soilsfacstaff.cals.wisc.
edu/facstaff/barak/soilscience326/lawofmin.htm

45 Daniel Tran and Cédric Camps "Early Diagnosis of Iron Deficiency in Commercial Tomato Crop Using Electrical
Signals” Frontiers in Sustainable Food Systems 5 (2021), doi.org/10.3389/fsufs.2021.631529

46  Bernard Tobin “Soybean School: Managing manganese deficiency” Real Agriculture (2019); accessed January 31,
2023, https://www.realagriculture.com/2019/10/soybean-school-managing-manganese-deficiency/

47 "Ozone"Mountain Empire Community College Water/Wastewater; accessed January 31, 2023, https://water.mecc.
edu/exam_prep/ozone.html

How Much Dissolved Ozone Does It Take to Oxidize Iron and Manganese?

One study looked at how various concentrations of dissolved ozone affected hydroponic nutrient
solutions. It found that at 2 mg/L-1 of dissolved ozone, iron concentration dropped to 89 percent;
at 10 mg/L-1, the concentration dropped to 61 percent. Researchers noted that this result is
related to the slow reaction of the EDTA-Fe(lll) complex with ozone. It only took 0.5 mg/L-1 of
dissolved ozone for manganese to significantly decrease, and both manganese dioxide (MnO2)
and permanganate ions formed when dissolved ozone reached concentrations of more than 1.3
mag/L-1. Manganese dioxide can also further oxidize into permanganate ions as dissolved ozone
concentrations increase.

Source: Keiko Ohashi-Kaneko et al “Nutrient Solution Prepared with Ozonated Water does not Damage Early Growth of Hydroponically Grown Tomatoes” Ozone: Science
& Engineering 31 (2009): 21-27, doi.org/10.1080/01919510802587523
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Signs of Iron and Manganese Deficiencies
Iron Deficiency

Leaves will yellow while leaf veins will remain green. This phenomenon is called interveinal
chlorosis and will typically occur uniformly across a leaf. Deficiencies will present in new leaves.

Manganese Deficiency

Manganese deficiency presents similar symptoms as iron deficiency. Interveinal chlorosis will
occur in young upper leaves, and small, scattered necrotic spots may also be present.

Source: Neil Mattson “Iron Deficiency of Hydroponic Leafy Greens and Herbs"e-Gro Edible Alert (2016); accessed January 31, 2023, https://www.e-gro.org/pdf/E108.pdf

How much dissolved oxygen is too much depends on the specific
crop, but excess amounts can inhibit or halt plant growth. That's
because root systems get lazy: Roots are able to access more oxygen
without reaching as far or growing as large. A smaller root system
will result in a smaller plant biomass, and in some crops, such as
tomatoes and cucumbers, the growth of the entire plant will be
stunted.®®

Toxic Levels of Ozone

While ozone is environmentally safe when it's injected and contained
in a closed tank and residual ozone is destroyed,* hydroponic
growers still need to be mindful of the optimum concentration of
ozone in water to avoid unfavorable repercussions.

One study found that water treatment with high concentrations of
ozone may reduce tomato plants’stress tolerance and bring about
certain harmful effects.

Researchers irrigated soil with water containing ozone
concentrations from 1 to 4 mg/L-1 before tomato seedlings

were transplanted and then irrigated them again with the same
concentrations after 20 days of growth. While antioxidant enzyme
activity in the tomato leaves continued increasing up to 3 mg/L-1, at
4 mg/L-1 this activity was significantly reduced.

48  David Kuack “Maintaining the optimum temperature, oxygen and beneficial microbe levels are
integral in hydroponic systems”Hort Americas; accessed January 30, 2023, https://hortamericas.com/blog/
maintaining-the-optimum-temperature-oxygen-and-beneficial-microbe-levels-are-integral-in-hydroponic-systems/

49 Doug Marlow "Grower 101: Water Disinfection” Greenhouse Product News (2006); accessed January 31,2023,
https://gpnmag.com/article/grower-101-water-disinfection/

12
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The researchers stressed the importance of choosing the optimal
concentration of ozone in water to make full use of its advantages
while avoiding toxic effects.”

50 Jin-Peng Xu et al “Effects of ozone water irrigation and spraying on physiological characteristics and gene
expression of tomato seedlings” Horticulture Research 8 (2021): doi.org/10.1038/541438-021-00618-8

Beware of Bromates

If the water in a hydroponic system is high in bromide ions, there's a risk that treating the
water with ozone can result in brominated compounds, such as bromate ion, which is

a possible human carcinogen. In the U.S., Environmental Protection Agency regulations

dictate that the maximum contaminant level of bromate in drinking water is 0.010 mg/L-1
due to the ion's carcinogenicity.

Sources:

Emma Flanagan “Ozone in Water Purification and Bromate Formation”Water Online (2019); accessed March 23, 2023, https://www.epa.gov/
ground-water-and-drinking-water/national-primary-drinking-water-regulations#one

“National Primary Drinking Water Regulations” United States Environmental Protection Agency; accessed March 23, 2023, https://www.epa.gov/
ground-water-and-drinking-water/national-primary-drinking-water-regulationst#one

Handle Aqueous Ozone with Care

The gaseous form of ozone is known to be harmful to both plant and human health. The
National Institute for Occupational Safety and Health recommends an exposure limit of 0.1 ppm
and considers levels of 5 ppm or higher “immediately dangerous to life or health"Because it

is possible for aqueous ozone to off-gas from water into air, growers should be mindful when
working with ozone in their hydroponic systems.

Sources:

Aqueous ozone is known to be less toxic than gaseous ozone. However, a systematic review of the safety of aqueous ozone in contact with human skin (Brian R. Leon
et al "Risks of ozonated oil and ozonated water on human skin: A systematic review” International Wound Journal (2022): doi.org/10.1111/iw}.13760) concluded that
while there's a low likelihood of significant harm caused by direct contact, more research still needs to be done.

“Ozone Effects on Plants” National Park Service; accessed January 31, 2023, https://www.nps.gov/subjects/air/nature-ozone.html
"Ozone” Centers for Disease Control and Prevention; accessed March 23, 2023, https://www.cdc.gov/niosh/npg/npgd0476.html

“Ozone" Centers for Disease Control and Prevention; accessed March 23, 2023, https://www.cdc.gov/niosh/idlh/10028156.html

“Ozone Safety” Oxidation Technologies, LLC; accessed January 31, 2023, https://www.oxidationtech.com/ozone/safety.html
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BENEFIT FROM OZONE WITHOUT COMPROMISING
NUTRITION

Hydroponic growers who want to use ozone to treat their water can
take certain steps to preserve their micronutrients and the health
and productivity of their crops.

Measure and Monitor

Because the oxidation of iron and manganese by aqueous
ozone treatments cannot be avoided, it is necessary to measure
and monitor a solution’s electrical conductivity (EC) after every
treatment.”!

EC is a measure of how well a solution can carry an electrical current.
Because plants absorb nutrients in the form of electrically charged
ions, the more nutrients are added to a solution, the higher its EC.
Therefore, EC provides growers a simple way of monitoring the level
of nutrients in a solution.”

When ozone oxidizes iron and manganese, it reduces the number of
ions in the solution and consequently lowers EC. Thus, by carefully
monitoring a solution’s EC, a grower can determine if too much
oxidation is occurring and either adjust the concentration and
frequency of their ozone treatments or add more fertilizer. The
appropriate EC range depends on the hydroponic crop (Figure 4).

Growers should also employ other monitoring best practices like
visual plant checks and taking tissue samples to test for potential
deficiencies.

Since aqueous ozone's effectiveness and degradation are affected
by water pH, water temperature and the presence of other organic
matter, its concentration and impact on the nutrient solution are
likely to fluctuate. Growers should be prepared to monitor for any
problems and fine-tune their ozone treatments accordingly.

Maintain Optimum Ozone Levels

Just as using too much ozone can have toxic effects on plants,
lowering ozone treatment levels can prevent excess oxidization
of iron and manganese. In the study that looked at the impact of

51 Alternatively, growers can measure a solution’s parts per million (PPMs) after every ozone treatment. However,
EC measurement is preferred. PPMs, which measure total dissolved solids, give a broader overview of nutrient
concentration, while EC measures a narrower spectrum.

52 Hardeep Singh and Bruce Dunn “Electrical Conductivity and pH Guide for Hydroponics” Oklahoma State
University Extension; accessed March 25, 2023, https://extension.okstate.edu/fact-sheets/electrical-conductivity-and-
ph-guide-for-hydroponics.html
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dissolved ozone on nutrient solutions, researchers fed hydroponic
crops a solution containing an ozone concentration of 1.5 mg/L-1
28 days after transplanting. Results showed that the tomato plants
had significant increases in total leaf area and plant length, as well
as higher fresh weight and shoot and root dry weights. Both flower
bud numbers and flower numbers also tended to be higher. Most
importantly, there was no clear difference in the manganese and
iron levels between the plants that were fed the ozone-treated
solutions and those that were fed only the nutrient solution. The
study concluded that even though mineral levels were lower in the
ozonated water, there were still sufficient amounts of key minerals to
sustain plant development in the early growth stage.>

Another study examined the benefits of periodic ozone treatment

in a nutrient solution for hydroponically grown crops. The results
showed that the lowest dose of ozone provided the greatest benefit.
While all of the ozone concentrations (0.5, 1 and 2 mg/L-1) increased
yield compared to a control group, the 0.50 mg/L-1 dose produced
the highest fresh matter (53 percent more than the control) and

the highest leaf area (22 percent more than the control), even
though iron content decreased by 88 percent and manganese by 40
percent.>

Growers struggling to find the optimal level of agueous ozone for
their crops may need to reconsider their generator. Generators
should provide the correct output for the size of the growing area;
an industrial-sized ozone generator may be inappropriate for a small
grow room. Purchase an ozone monitor to guarantee the correct
ozone balance.

Moreover, proper ventilation is a necessity. Growers should ventilate
their grow rooms sufficiently and leave them to air out periodically so
that any excess ozone molecules disperse.

53 Alternatively, growers can measure a solution’s parts per million (PPMs) after every ozone treatment. However,
EC measurement is preferred. PPMs, which measure total dissolved solids, give a broader overview of nutrient
concentration, while EC measures a narrower spectrum.

54 A Machuca et al “Ozone applied to the nutrient solution and its impact on red chard baby leaves yield” Acta
Horticulturae 1194 (2018): 173-180, doi.org/10.17660/ActaHortic.2018.1194.26
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Figure 4. Optimal Range of EC for Hydroponic Crops

Crops EC (m $/cm)

Asparagus 14-1.8
African Violet 1.2-15
Basil 1.0-16
Bean 2.0-4.0
Banana 1.8-2.2
Broccoli 2.8-35
Cabbage 2.5-30
Celery 1.8-24
Carnation 2.0-35
Courgettes 1.8-24
Cucumber 1.7-2.0
Eggplant 2.5-35
Ficus 1.6-24
Leek 14-138
Lettuce 1.2-1.8
Marrow 1.8-24
Okra 2.0-24
Pak Choi 1.5-20
Peppers 0.8-1.8
Parsley 1.8-2.2
Rhubarb 1.6-2.0
Rose 1.5-25
Spinach 1.8-23
Strawberry 1.8-2.2
Sage 1.0-1.6
Tomato 2.0-4.0

Source: Hardeep Singh and Bruce Dunn “Electrical Conductivity and pH Guide for Hydroponics” Oklahoma State University Extension; accessed March 25, 2023,
https://extension.okstate.edu/fact-sheets/electrical-conductivity-and-ph-guide-for-hydroponics.html
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GET GUIDANCE ON OPTIMIZING OZONEIN
HYDROPONICS

When applied properly, aqueous ozone can be very beneficial for
hydroponic growers. It can increase dissolved-oxygen levels, clear
out biofilm and prevent yield-reducing diseases from wreaking
havoc on crops. Both research studies and commercial greenhouses
have reported positive results from dissolving ozone into nutrient
solutions.

But adding aqueous ozone to a hydroponic system is a fine
balancing act. If growers are not aware of the potential oxidation

of iron and manganese or if they fail to monitor for it, their crops
may suffer from nutrient deficiencies, resulting in poor plant quality,
reduced yields and, ultimately, lower profits.

& & S

Emerald Harvest’s line of premium nutrients are formulated to
provide the exact nutrients hydroponic crops need in the optimum
amounts required. If your ozone treatments are oxidizing trace
minerals and resulting in deficiencies—or if you're wondering how
to implement ozone and prevent problems before they arise—our
team is here to help. To set up an appointment with a representative,
call 1.866.325.8235 or email info@emeraldharvest.co.
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