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Disinfection of an irrigation recycle water is evaluated by

an investigation divided into three phases. Phase I experiments

investigates disinfection by ultraviolet light alone; Phase II

examines ultrasound disinfection; and Phase III investigates

combined effects of ultrasound and ultraviolet light. Phase III

also evaluates unit process sequencing in order to optimize

disinfection performance.

Ultraviolet light produced an average microorganism

inactivation of 85.4% following one minute of UV irradiation. The

response became asymptotic at this point. Cell viability, measured

by ATP concentration, was not reduced below 10% until 15 minutes of

UV treatment. Ultrasonic treatment resulted in microorganism

survivals ranging fram 66.4% (60 W/1 and 30 minutes of treatment) to

25.1% (350 W/1 and 30 minutes of treatment). Combined treatment

processes produced comparable results to UV only disinfection

schemes. Overall, a satisfactory level of disinfection was not

attained using UV light or ultrasound. The lack of disinfection

response was attributable to the presence of interfering water

constituents.

xi



CL1AFTER 1

INIROCUCTION

Space Biospheres Ventures (SBV) and the Institute of

Ecotechnics have cammenced a research and development project to

study biospheres (SBV, 1986). The definition of a biosphere used in

this context is "A biosphere is a stable, complex, evolving system

containing life, composed of various ecosystems operating in

synergistic equilibrium, essentially closed to material input or

output, and open to energy and information exchanges." (SBV, 1986).

The only known biosphere is Earth itself which contains five

kingdoms of life, derives energy from solar radiation and includes

humankind, cultures and technics. The complex Earth ecosystem has

been entitled "Biosphere I."

Space Biosphere Ventures and Institute of Technics are

overseeing a project to create a Biosphere II. Essentially

Biosphere II will be enclosed and isolated from Biosphere I and

comprised of Biosphere I components such as soil and vegetation.

"Biosphere II will be a stable, complex, evolving, essentially

materially and life closed, energetically and informationally open

system containing five kingdoms of life, at least five ecosystems,

human beings, culture and technics" (SBV, 1986). Biosphere II will

be studied in order to provide critical information to advance the

1
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understanding of Biosphere I ecosystem interaction, to serve as a

refuge and preserve for endangered life species, and to establish

permanently manned space stations or planet colonies.

The Biosphere II enclosure will house seven major ecosystems

including an intensive agriculture system, a human habitat to

support eight people, marine, marsh, savannah, desert and jungle

biomes (Augustine, 1985). The intensive agricultural system will

provide all necessary food for the inhabitants, human and animal, of

Biosphere II. Therefore, survival of crop plants is of paramount

importance to the success of the project. To paraphrase Hodges

(1985), there is a high probability of plant disease within the

Biosphere environment and it will be necessary to control the

incidence of disease.

Surface runoff is known to wash microorganisms from

cultivated farmland (Niemi, Knuth and Lundstrom, 1982). Many of the

water borne microorganisms including bacteria and fungi are plant

-pathogens iJenkins and- -Aver-re, 1983)-. -Plant-pathogens are known to

have produced catastrophic crop failures in hydroponic farming

systems (Stanghellini, Stowell and Bates, 1984). The plant

pathogens are transmitted via nutrient solutions as well as the soil

systems (Jenkins and Averre, 1983).

As a means to control plant pathogen populations, it is

desirable to include a sterilization system to eliminate the

pathogen completely. However, a basic premise of the Biosphere II

is that the system is materially closed; i.e. no supplies may be

passed from the outside world into the Biosphere II environment.
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Disinfection by chlorine is undesirable for this application because

residual chlorine concentrations are acutely toxic to aquatic life

and toxic byproducts may be formed during chlorination (Oliver and

Carey, 1976). In addition, to provide for an ample supply of

treatment chemicals, chlorine, chloramines, etc., a large storage

area must be provided within the Biosphere II enclosure or a means

of chemical production is required. Due to space constraints / these

options are deemed undesirable.

Microorganisms irradiated with ultraviolet (UV) light at 254

nm are inactivated or unable to reproduce (Oliver and Carey, 1976).

UV light disinfection has several disadvantages many of which are

due to light transmission interferences such as water turbidity,

ferric iron, suspended particles and organic substance

concentrations (Collentro, 1986). However, UV light has been

successfully utilized to reduce the water borne microorganisms in

industrial and municipal wastewaters (Stiff, 1971 and Venosa, 1983).

Ultrasonic (US) energy, transmitted - by sound waves at greater than

20,000 Hz frequency, has also been used to attain significant levels

of disinfection or sterilization (El'piner, 1964). Resistance to

the effects of US varies depending on the organism type. Often, the

intensities required to inactivate microorganisms were considered

*practical on an industrial scale (Boucher, 1979). In other

instances no decrease in microbial populations were noted following

US treatment (Sierra and Boucher, 1971).

Nevertheless, mechanical or natural methods of disinfection

or sterilization are preferred over chemical methods. Ultrasound,
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despite the shortcomings as a germicidal agent, is known to have

broad synergistic applications as a disinfectant. When coMbined

with chemicals (Boucher, 1979) the disinfection effect was

kinetically enhanced and the degree of inactivation was increased.

In conjunction with ozone, the total inactivation treatment was

enhanced (Dahl, 1975). Results fram a municipal wastewater effluent

disinfection study by Cliver and Cosgrove (1975) indicated that US

also worked as a synergistic agent by breaking large aggregates

which allowed bacteria to be exposed to UV light.

Based on previously observed singular and synergistic

effects of UV radiation and US energy, these nonchemical methods of

disinfection were applied to an irrigation recycle water collected

in the Sunspace Ranch prototype greenhouse. The greenhouse has been

designed as a proving ground for agricultural methods to be used in

the Biosphere project. It would be this water source which would

require sterilization in order to control plant pathogen populations

within the proposed Biosphere II. -The approach taken to

 project was to evaluate the applicability of an UV, US or

combined disinfection system as a mode of treating the irrigation

recycle water source.
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1.1 Objectives 

The specific objectives cf this research are summarized as

follows:

1. To develop a disinfection model in terms of exposure

time and disinfectant dose relating the singular effects

of UV light irradiation and US on a viable mixed

microorganism population in the Sunspace Ranch

irrigation (SRI) recycle water.

2. To determine the optimal US and UV unit process sequence

for disinfection of the SRI recycle water.

3. To evaluate the combined disinfection effect of the

optimum process sequence by varying UV exposure time

and US power.



CHAPTER 2

LITERATURE REVIEW

2.1 Presence of Microorganisms 

A variety of microorganisms are found in aquatic

environments. For example, river water can wash microbes fram

surrounding soils. Niemi et al (1982) correlated the presence of

actinomycetes and fungi to surface runoff from cultivated land in

drainage basins. Mesophilic and thermophilic actinomycetes and

fungi were the organisms identified. Actinomycetes, which cause

odor and taste problems in potable water supplies, were reported to

be 7 x 10 5 per ml although concentrations as low as 10-200 per ml

were also commonly found. A survey of nine water treatment plants

by Niemi et al (1982) indicated that sand filtration was ineffective

in removing fungi and actinomycetes fram water.

Water borne microorganisms are prevalent in hydroponic crop

farming systems (Stanghellini et al, 1984; Jenkins and Averre,

1983). A variety of fungi and bacteria isolates were Obtained from

infected tomato, cucumber and lettuce plants by Jenkins and Averre

(1983). These isolates included Pythium spp., Pseudamonas 

solanacearum, and Fusarium oxysporum; all of which are plant

pathogens. The pathogenic species were transmitted in the nutrient

system and resulted in rapid infection of other plants. Infestation

6
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resulted in plant death within a few days. The transmission of

plant disease was not limited to hydroponic systems, but also

applied to soil systems.

Riser, Grabowski and Glenn (1984) monitored the

microbiological quality of hydroponically grown lettuce. Over a

three month sampling period, determination of microbial populations

in the lettuce, nutrient solution and peat-vermiculite growing

mixture were conducted for total aerobic bacteria, yeasts, molds,

and ooliforms. The numbers of aerobic bacteria and ooliforms

detected were similar to those found in conventionally grown

lettuce. The microorganism populations detected were: aerobic

bacteria, 7.9 x 10 6 colony forming units (CFU)/g lettuce (range of

3.8 x 104 to 2.3 x 108 ); coliforms, 1.5 x 10 4 CFU/g (range 0 to

5.3 x 107 ); molds, 2900 CFU/g (range 120 to 53000); and yeasts,

24000 CFU/g (range 690 to 2.3 x 106). NO microorganisms of human

health concern such as Salmonella app, Escherichia cou, Clostridium

botulinum - and- Staphylococcus-aureus--were-detected-. Theiprimary-

organisms identified as being associated with the growing system

were Citrobacter freundii, Enterobacter cloacae and Ehterobacter 

agglamerans.

2.2 Ultraviolet Light Treatment 

2.2.1. UV Production and Application

Ultraviolet radiation is commonly produced by low pressure

mercury arc lamps. Approximately 85% of the UV energy output is

monochromatic at the wavelength of 253.7 nm which is within the
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optimum germicidal UV wavelength range of 250-270 nm (EPA, 1986).

Collentro (1986) reported average lamp life to be about 8000 hours.

Intensity of UV radiation was dependent on the supply voltage. When

a lamp rated at 120 volts operated at 90 volts, intensity decreased

by 32%. Conversely as voltage increased above 120 volts, intensity

also increased above baseline intensity levels.

The first qualitative bactericidal effects of UV radiation

were reported in 1878 (Stiff, 1971). Since 1878, UV light has been

applied to a number of industrial waters to control bacterial

contamination and growth. Stiff (1971) reported that UV is used in

the brewing and mineral water industries, in the preparation of

pharmaceuticals and cosmetics, in the dairy and food industries and

in controlling bacterial contamination of fish and oyster tank

waters. Numerous investigations have been conducted for using UV

irradiation in treating municipal wastewater secondary effluents

(Venosa, 1983; Severin 1980; Oliver and Carey, 1976; Borup and

Adams, 1985; Oliver and Cosgrove, 1975). Stanghellini et al (19841

reported that UV radiation was effective in controlling pythium

contamination in circulating hydroponic farming systems.

Continually circulating therapeutic spa water was also disinfected

with UV light by Gilpin et al (1985).

2.2.2. Cellular Damage Mechanisms

Severin, Suldan and Ehgelbrecht (1983) investigated the UV

disinfection mechanism thermodynamically. They concluded, based on

the required activation energies to initiate reaction, that UV
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disinfection was a photochemical reaction. The calculated

activation energy was 1050 calories/g-mol and was reported as being

typical for photochemical reactions.

The primary effect prorinced by UV irradiation is damage to

the cellular nucleic acids (Venosa, 1983). The photpproduct

implicated as having the predominant role in killing and mutating

bacteria is the cyclobutane pyrimidine dimer. The cyclobutane

pyrimidine dimer, as described by Mbseley (1984) is formed when two

adjacent pyrimidine bases on the same deoxyribonucleic acid (DNA)

strand become linked forming a cyclobutane ring between the

pyrimidines. The produced dimer results in a major distortion in

the DNA helix. Since hydrogen bonds cannot be produced during

replication, the dimer acts as a non-coding lesion and constitutes a

major obstruction to DNA reproduction. There are three types cf

dimers (Mbseley, 1984), with thymine-thymine dimer being the most

germicidally efficient (EPA, 1986).

-Cheremisinoff, Cheremisinoff and Ttattner (1981) have

observed hydrates and uracil dimers following irradiation of RNA.

The photochemical products may cause UV inactivation of RNA. Other

pyrimidine byproducts have also been detected but their role in the

possible inactivation of RNA has not been established.

2.2.3. Photoreactivation of Damage Crganisms

Some microorganisms have been Observed to self repair

following UV irradiation (EPA, 1986). Streptomyces, E. coli,

Saccharomyces,  Aerobacter,  Micrococcus and Proteus are among the
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organisms which self repair or photoreactivate while Haemophilus 

influenzae, Bacillus subtilis and Mictccoccus radiodurans do not

possess the photoreactivation mechanism. The light wavelengths at

which repair occurs is typically between 310 and 490 nm. The

wavelength may vary depending on the microorganism (EPA, 1986).

Photoreactivation occurs within several minutes after

exposure to the reactivating light. Reactivation may occur by two

mechanisms. The most dominant repair mechanism was found to be

catalyzed by a photoreactivating enzyme. The enzyme activity is

initiated by light energy. The enzyme binds to the pyrimidine

dimers and subsequently monomerizes the dimers. Repair may also

occur without light catalysis or in the dark. The second mechanism

requires multiple enzymes. The enzyme nicks the dimer from the DNA

strand on one side. An exonuclease releases the dimer from the DNA

strand and a replicating DNA enzyme repairs the gap (EPA, 1986).

The overall effect of photoreactivation in decreasing

disinfection efficiency- is varied depending on environmental

conditions. Conditions which inhibit active cell metabolism and

cell division tend to decrease UV germicidal effects as the cell has

more time to self repair. Cells which are in a high rate growth

phase have less time to reactivate and thus photoreactivation has a

low impact on process efficiency (EPA, 1986).

2.2.4. Microorganism Survival Following UV Treatment

The disinfection of secondary effluents with UV irradiation

was investigated by Cortelyou et al (1954). The E. coli spiked
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waters were treated by varying UV intensities. Ultraviolet exposure

time was one minute. At UV intensities of 700 uW/cm2 or greater,

measured at a distance of 2-3/4", no E. coli survival was noted. As

intensity decreased below 700 uW/cm2 , a proportionately increased

E. cou i population was detected.

Oliver and Cosgrove (1975) employed a flow through quartz

cell to investigate UV treatment on secondary effluent analyzing 2.2

to 5.3 FTU and 9-21 ppm suspended solids. A UV dose of 4 x 10-8

einsteins/ml (18.9 W/ml) was sufficient to produce a 99%

inactivation of a mixed heterotrophic bacteria population and higher

percentages of inactivated fecal streptococci, total coliforms and

fecal coliforms. More importantly, survival fractions were a

function of UV dose received and independent of UV intensity.

Oliver and Carey (1979) quantified the UV dose for 99%

inactivation of coliforms, fecal coliforms and fecal streptococci to

be 24,200 uW-sec/ml, 19,800 uW-sec/M1 and 28,600 uW-sec/m1

respectively. These values were determined for thin film reactors

and a water depth less than 0.5 am. The required UV dose increased

40% When the water depth increased to 1 cm over a flat weir. Fbr V

notch weirs where the average flow depth was 3 cm, the required dose

is 3 times the thin film reactor dose.

Continuing with municipal wastewater effluent treatments,

Severin (1980) used a flow through reactor irradiating the

wastewater with a dose of 35,000 uWsec/cm2 at a flow rate of 50

gpm. Severin found the bacteria inactivation to be a function of
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time to the 1/3 power. For unfiltered secondary effluents, contact

times of approximately 10 seconds were required for 99% kill.

The Borup and Adams (1985) study investigated a method of

polishing stabilization pond effluent. Seasonal difficulties in

maintaining suspended solids concentrations within regulatory

limitations arose during summer months when algal growth increased.

Sewage pond effluent was subjected to UV exposure followed by

sedimentation. While no specific dosage information was presented

by the investigators, 11 to 47% of the algae were removed and fewer

that 10 MPN ooliforms/100 mi were detected.

Circulating water system disinfection, particularly

hydrotherapy whirlpools and 'cooling towers, was investigated by

Gilpin et al (1985). Exposure times for 100% kill ranged fram 45 to

90 minutes. In the whirlpool system, it was found that it was

necessary to continuously treat the water. After overnight system

shutdowns, the water became recontaminated with bacteria. A public

hot tub-with an-aeration system and a diatanaceous earth filter was-

also studied. Inclusion of the earth filter in the water circuit

resulted in recontamination of the treated water. Operation of the

system without the filter resulted in colony counts which were one

log unit lower than the operation with the filter. Gilpin and

coworkers concluded that circulating water system microbial

populations could be reduced by continuous UV treatment.

Stanghellini et al (1984) used UV light to sterilize

hydroponic farming systems invested with Pythium aphanidermaum. The

disinfection unit provided 30,000 uW sec2/cm2 with exposure times of
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approximately 3 seconds. The authors termed UV treatment a success

which was defined as the treatment level at which no spinach

seedlings became infested with pathogens and died. The authors

indicated that further study into effect of flowrate and exposure

time was required to ascertain applicability to commercial systems.

2.2.5. Physical Factors Influencing UV Treatment

Collentro (1986) listed inlet water turbidity, water organic

concentration, color, iron content, particulates and reactor

geometry as outside factors which reduced UV light disinfection

efficiency. Many of these operational factors have been thoroughly

investigated.

Severin et al (1983) studied the effect of temperature on

disinfection. Temperature did not appear to have a significant

impact on microbial inactivation or the system kinetics. This was

reinforced by the determination of a law activation energy, 1050

calories/g-mol which when substituted into the Arrenhius equation

yielded a small temperature correction.

Factors Which interfered with the UV light transmittance

also reduced disinfection efficiencies. Colloidal and suspended

iron coats the quartz sleeves housing the UV lamps or When present

as free suspended particles, absorbs UV light. Some manufacturers

suggested that feedwater iron concentration should be limited to 0.2

ppm (Collentro, 1986). However, Severin (1980) reported that iron

concentrations in the range of 0.05 to 1.5 mg/1 did not

significantly interfere with light transmission. Significant light
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interference did not occur until iron concentrations exceeding 4.8

mg/1 were present.

UV absorbance at 254 nm is a closely monitored parameter

indicating UV lamp transmittance. Stiff (1971) republished the

relationship between optical density and transmitted radiation (See

Table 2.1) Although a measurement depth was not specified, the data

demonstrates the trend that as absorbance increased, the percent UV

light transmitted decreased rapidly. The information in Table 2.1

agreed well with results published by Severin (1980). Activated

sludge effluent with an UV absorbance at 254 nm of 0.07 to 0.10 had

an UV transmittance range of 79 to 84%, and waters with an UV

Absorbance of 0.31 to 0.55 reduced UV transmittance 29 to 40%.

Severin also noted in cases where UV absorbance was high, the

coliform survival rate was high.

Cortelyou and associates' (1954) data was supported by

Severin (1980) and Stiff (1971). At a depth of 3" and UV Absorbance

of 0.3, only 45% Of the original UV intensity penetrated -tl-Fe water

sample. Data for other Absorbance values yielded an approximate

exponential decay in UV transmittance versus depth.

Water turbidity or suspended solids concentration and

organic concentrations are also credited with decreasing UV

transmittance and kill efficiency. Water color is indicative of the

presence of organic compounds. Color can reduce UV radiation

intensity (Collentro, 1986). Mbst color in natural waters is due to

the presence of fulvic and humic acids. Humic acid is only one of

several fraction of soil organic material found in surface water
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Table 2.1. Percent UV Transmitted as Function of Optical Density
(Stiff, 1971).

Optical Density % UV Transmitted

0.01 97.7

0.05 89.1

0.10 79.4

0.20 63.1

0.30 51.3

0.40 39.8

0.50 31.6

0.60 25.1

0.70 20.0

0.80 15.8

0.90 12.6

1.00 10.0
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(Bitton, Henis and Lahav, 1972). As humic acid concentration

increased, survival of the microbial population increased

substantially from 0% survival at 0% humic acid to 88% survival at

0.4% humic acid concentration.

Aggregation of bacteria and viruses, organic particles and

absorption of microbes to clay particles provide protection to

microbes from disinfectants and can become a limiting factor in

disinfection (Qualls, Flynn and Johnson, 1983). Qualls et al (1983)

filtered secondary effluents to size fraction the particulates.

Unfiltered samples showed a microbe survival of 1% while 70 um

filtered samples exhibited slightly improved results. However, when

these samples were filtered through 8 um filters, the survival

fraction decreased to 0.01%. Thus, microorganisms harbored by

particles of aggregates were the limiting factor to improved

disinfection. Suspended particles were also found to absorb and

scatter UV light.

Bitton and his coworkers (1972) investigated the effect of

clay mineral type on disinfection. Nontronite, which has a high

specific absorption in the UV range, and montmorillonite shielded

the bacteria from UV light to a high degree. Nbntronite contains a

high content of trivalent iron which, as previously discussed,

Absorbs UV radiation. Kaolinite, dickite, halloysite and hectonite

produced negligible UV absorbance effects and therefore had little

effect on the disinfection process.

Severin (1980) varied suspended solids in a secondary

treatment effluent. As the suspended solids concentration decreased
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the percent microbial survival also decreased. Cliver and Cosgrove

(1975) tested the theory that microorganisms were enclosed within

suspended particles. They ultrasonicated 1000 ml samples at 20 KHz,

300 watts and 5 minutes. The particle size was significantly

reduced by the US treatment. Subsequent plate counts Showed a 2-5

fold increase in bacteria count due to the breakup of aggregates.

Ultraviolet light was applied with the result that a high percent

kill was observed compared with the non-ultrasonicated samples. In

this case, bacteria had been protected by suspended solids.

2.3 Ultrasound Disinfection 

2.3.1. Ultrasound Generation and Use

Sound waves may be arranged in a linearly structured

spectrum (Cheremisinoff et al, 1981). Wave frequencies below 20,000

Hertz are subsonic and audible to humans. The US range is defined

as having a frequency greater than 20 KHz. Ultrasonic cavitation

effects are attributed to high sound intensity and are attainable

with frequencies above 18 KHz.

There are two major methods used to produce high intensity

sound waves (Cheremisinoff et al, 1981). The first system utilized

magnetostrictive properties of nickel and cobalt. Other metal such

as lead and zirconium may also be used. The metals are placed in

an alternating magnetic field Which causes the metal to expand or

contract in a direction parallel to the magnetic field. Generated

energy is produced by a resonant magnetic field which has been

created by coordination of an electric circuit, density, modulus of
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elasticity and metal mass. Typically the metal rod begins to

vibrate at a low acoustical frequency causing the generator to be

within the audible range.

The second method of US generation reported by Cheremisinoff

et al (1981) is based on mechanical pressure applied to apposite

faces of a quartz crystal. The crystal develops opposite electric

Charges Which are proportional to the amount of pressure applied to

apposite faces. The crystal is forced to contract or expand. When

an alternating current of the natural harmonic frequency of the

crystal is applied, the crystal vibrates mechanically. The crystal

or piezoelectric method (Heat Systems - Ultrasonics, Inc, 1986) is

used to generate US in the W-385 Heat Systems sonarator. A lead

zirconium titanate piezoelectric crystal converts high frequency

electrical energy to mechanical vibration. The vibration is

transmitted in a longitudinal direction to the immersed horn tip.

Sound waves have been used in the medical industry as a

ImmIns -of -cleaning surgical instruments-, -drug-nebulizationl

therapeutic treatments and non destructive diagnostics such as

breast cancer and fetus examinations. (Boucher, 1979). Berlinger's

(1984) description of US processing horn application included

emulsification, catalysis, homogenization, suspension, dispersion,

deagglomeration, polymerization and degassing. Using these

principles, US has been effectively used to study cells and tissues.

Horton, Harwood and Phinney (1952) investigated using US in

municipal wastewaters as a disinfectant and agglamerator.

Ultrasound was applied to improve treatment efficiency of the U.S.
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Army field hospital wastewater effluents. Sierka and Skaggs (1979)

found that ultrasound improved oxygen transfer up to 48%. The

increased mass transfer rate led to increased Chemical oxygen demand

( (ID) and total organic carbon (TOC) removal in an air stripping

column. Turai et al (1980) applied the increased oxygen transfer

rate concept to municipal wastewaters. Burleson, Murray  and Pollard

(1975) described the wastewater treatment plant in Indiantown,

Florida as using ozone and US simultaneously for disinfection.

2.3.2. Ultrasonic Action in Water

In the medical field, US cleaning is performed in the lower

frequency range of 15 to 100 KHz and high energy input while US

diagnostics are performed at the upper frequency range of 1000+ KHz

and low energy input of only a few watts (Boucher, 1979). The

physical action of sonic or ultrasonic waves is distributed by large

variation of pressure, motion, heat degradation or electrical

phenomena. Acoustic energy is carried through the liquid by the

back and forth motion of molecules along the direction of

propagation. This action produces alternating adiabatic

compressions and rarefactions with corresponding local temperature

and pressure changes.

The back and forth motion results in the formation of a

bubble at the point where the intermolecular water bonds are the

weakest (Horton, 1953). The formation and subsequent collapse of

the bubble, a process called cavitation, are dependent on factors

Which Change the intermolecular bond strengths. Increased liquid
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temperature caused a higher cavitation incidence. The bubble

cavities are filled with gas or vapor. When filled with vapor,

cavitation produced a high amplitude shock wave (Boucher, 1979)

Horton (1953) reported that increased liquid surface tension also

caused a larger amplitude Shock wave resulting in a higher

destructive effect.

At equal US intensities, W/cm2 , low frequency waves possess

different Characteristics than high frequency waves (Boucher,

1979). At 20 KHz, the liquid amplitude of motion is on the order of

3 microns in a widely dispersed direction. FOr high frequency waves

of 800 KHz, the amplitude of motion is 0.07 m and the motion is

tightly focused in one direction. Therefore in most applications,

it is more desirable to use low frequency as the energy is more

widely dispersed and larger bodies of water may be treated. Boucher

(1979) reported the practical application US intensity to be 10

W/cm2 compared with 30,000 uW/cm2 for UV irradiation.

The cavitation phenomenon -has -been reported to change-the-

water composition. makino, Mbssoba and Riesz (1983) studied the

formation of hydroxyl radical and hydrogen atoms in the cavitation

cavity. The half life of the radicals is 10-2 to 10-4 seconds

(Boucher, 1979). The liberation of radicals, OH-, H- and HD2-, and

of molecules, H2 and H202, can act as catalysts in other reactions

such as the release of iodine from potassium iodide and Chlorine

from carbon tetrachloride.
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2.3.3. Germicidal Mechanism

Ultrasonic waves have been found to cause instantaneous

rupture of bacterial, animal and plant cells and cell structures

(El'poiner, 1964). Cell disintegration was observed when the US

intensity produces cavitation bubbles. In general, the higher the

US intensity the stronger were the cavitation effects and

bactericidal action. Intensity was more important than exposure

duration in bacterial cell disruption.

However, as Boucher (1979) opinionated, the required

intensities cannot be produced on an industrial scale. Ultrasonic

probes are able to produce exceedingly high intensities by using an

ultrasonicators full power and small diameter probes. However, the

probe energy directionality would not produce uniform fields in

large water bodies and probe erosion would necessitate constant

probe replacement making continuous operation difficult.

In order for cavitation to be effective, the cavitation

implosion must be located within 1 to 2 microns of the bacteria cell

(Cheremisinoff et al, 1981). The cavitation site Should have

existed within the molecular structure of the water surrounding the

cell in order to destroy the mdcroorganism.

Coakley and Hampton (1971) found three levels of US

destruction. At high intensities, all cells were completely

disintegrated leaving fragments. At intermediate intensities (which

were undefined by the authors), cells with the cytoplasmic membrane

intact were found to have the internal organization destroyed.
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These cells were observed to be intact with an occasional ghost cell

being located.

Under US conditions which did not result in cell death, a

variety of injuries were caused (El'piner, 1964). Cell toxicity and

biochemistry may be changed. Also, the cells may lose their ability

to ferment substrates or to function properly. Lesions have been

found on ultrasonicated yeasts which result in an inability to

reproduce. Generally however, cells which do not die, retained cell

structure, motility, virulence and ability to reproduce.

Sonication of viruses at a frequency of 9 KHz broke the

viruses into small fragments (Sierra and Boucher, 1971). However,

viral fragments larger than 2800 A remained biologically active as

the fragmentation did not denature the nucleic acids. Inactivation

resulted only in the presence of surface active agents indicating

that US altered viral surfaces to expose new active groups which

reacted with the exogenous chemical.

2.3.4. Ultrasonic Disinfection Studies

Horton, Horwood and Phinney (1952) performed their US

disinfection study on a variety of microorganisms using US at 400

KHz and on intensity 5.7 w/cm2 . The emphasis of the study was on

environmental effects, but disinfection increased as exposure time

increased. Included in the study was Endamoeba histolytica, a

pathogenic protozoa. E. histolytica was sterilized in approximately

30 seconds.
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Horwood, Horton and Minch (1951) studied microbial

disinfection at 400 KHz and 15 W/cm2 . The colony age of E. coli was

found to be an important variable. Eight day cultures were

sterilized in 25 minutes while one day cultures showed a 0.05%

survival after 60 minutes. There was no apparent differences in

disinfection efficiency due to microbial populations between 6000

and 6,000,000 colonies/ml.

HUhtanea (1968) studied ultrasonification of milk at 20 KHz

and 9.5 W/cm2. The only reported result was an increase in total

colony count due to disaggregation of bacteria clumps. Sierra and

Boucher (1971) found similar results when applying US (37 W/cm2, 20

KHz) to Bacillus subtilus spores. Dahl and Lund (1980) had the same

experience with US (0.8 W/cm2 , 20 KHz) as a 0.4 log increase in

colony counts occurred. Ultrasonication (150 w, 40 KHz) was also

found to be ineffective by Burleson et al (1975).

Turai et al (1980) monitored bacterial respiration rate as a

function of US (2.0 W/cm2, 28 -KHz) . In pure cultures, -the-

respiration rate decreased with exposure time; however, in mixed

cultures, the respiration rate remained constant. Survival rates

for 10 pure microorganism cultures varied for Pseudomonas V (0.0%

survival), Bacillus (0.002%), E. Coli (11%) and Pseudomonas III 

(77%). Ultrasonication also increased the dissolved oxygen

concentration in the host secondary effluent.

Blanck, Gustafsson and Adolfsscn-Erici (1983) examined US as

a sterilant for wastewater samples in order to decrease microbial

activity in collected samples prior to analyses. Ultrasonication
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was rejected due to immediate detection of microbial growth within

the sample.

El'piner (1964) presented a comprehensive review of

microorganisms in which US has been successfully used. Bacteria are

varied in sensitivity to US due to structure, morphology and a wide

variety of other effects. Gram-positive and graft-negative, aerobic

and anaerobic as well as pathogenic and nonpathogenic bacteria,

sporing and nonsporing bacilliforms, coccoid and other forms of

microorganisms including actincmyces were sensitive to US.

Luminous bacteria (Photobacterium fischeri) lost their

luminescent and growth ability after US treatment. Salmonella 

typhimurium, Lactobacillus easei, Proteus vulgaris, Clostridium

welchii, Pseudamonas fluorescens, Staphylococcus aureus, Bacillus 

paradysenteriae and B. anthracis, E. coli were disintegrated easily

by US. Sarcina lutea, Micrococcus lysodeckticus and M. pyogenes,

Acetobac ter suboxydans, Saccharomyces oerevissiae and Mycobacterium 

tuberculosis were reported to be more wsistant to US treatment.

High density culture populations of Trypanoscma gaMbiense, E. cou,

S. aureus and S. haemoliticus are also more resistant to the effects

of US cavitation than their low density culture counterparts.

Coakley and Hampton (1971) applied US (1 MHz) to amoeba

populations. Increased intensity applications decreased the exposure

time required for 50% inactivation. The required intensity to

achieve a 97% kill delivered in two second pulses varied from 390-

740 W/cm2. The investigators suggested inactivation to be dependent

on the applied stress, a time dependent function. As an example,
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when sound intensity decreased by 50%, cell survival increased by a

factor of 25, cavitation events decreased by 4 and the maximum US

amplitude decreased by 10. Coakley and Hampton also noticed cell

clumping and sedimentation while samples were treated. To

compensate, the investigators interrupted treatment and mixed the

samples to resuspend particles.

2.3.5. Cell Morphology and Environmental Effects by Ultrasound

El'piner (1964) reported that the selective action of US was

dependent on the cell morphological characteristics and the cell

functional condition. Filamentous organisms were highly sensitive

to US. As an example, the flagellar apparatus of Salmonella typhosa 

was more rapidly destroyed than the cell body. Bacilli were

somewhat more resistant to US action while cocci were more

resistant.

However, the Turai et al 1980 study did not support cell

Shape and size as affecting cell response to US Pseudomonas III, an

elongated bacteria, exhibited a 77% survival while Micrococcus 

lateas, a spherical microbe only survived 0.02% of the time.

However, an alternate explanation accepted by Turai and his

coworkers described the varied response as being a function of

intermediate bond strengths between the bacteria and the medium.

Horton (1953) first proposed the bond strength relationship as he

concluded that bacteria with nonpolar surfaces act as effective

cavitation nuclei. 	npolar bacteria are not linked to the water
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structure and thus are bound less strongly to water as polar

bacteria.

Horton (1953) reported bacteria which had dense capsules

possessed increased protection from US effects. El'piner (1964)

also iterated that the bactericidal effect of US was reduced in

milk. Protein, which is a major component of milk, had a more

pronounced protective effect than lipids and carbohydrates.

El'piner (1964) was concerned that factors which changed the

possibility of cavitation occurring as being detrimental to

disinfection. Cavitation was suppressed by increased external

pressure (4-5 atm), decreased media temperature, and increased

media viscosity. Adding dissolved gas to the liquid increased

cavitation event occurrence. Horton et al (1952) found that

increased media surface tension increased the microbial killing rate

due to increased cavitation amplitude. Coakley and Hampton (1971)

concluded an increase in cavitation events also increased cell

destruction.

Environmental medium temperature also was found to have an

impact on US disinfections (Horton et al, 1952). Increased

temperature gave an increase in killing rate as well as a decrease

in survival rate.

2.3.6. Ultrasound Synergistic Effects on Disinfection

Cliver and Cosgrove (1975) used US (30 w/l, 20 KHz, 5

minutes) to break up suspended solids in municipal wastewater prior
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to UV disinfection. Ultrasound increased colony counts by 2 to 5

times but the subsequent UV treatment was more efficient.

Dahl (1975) and Dahl and Lund (1980) used US to enhance

ozone disinfection. The combined effect increased ozone reactions,

increased ozone mass transfer, required less ozone disinfectant, and

reduced treatment time of bacteria agglomerates. Burleson et al

(1975) also found that US enhanced ozone disinfection. The

investigators reported that US application resulted in decreased BŒ)

and ODD concentrations, broke up organic particles and decreased

surface tension of the liquid.

Bacillus subtilus spores were treated effectively by US plus

glutaraldehyde (Sierra and Boucher, 1971). Boucher (1979) reviewed

US as a possible synergistic agent with a wide variety of chemicals

including phenols, chlorine compounds, and quaternary ammonia. He

concluded that combined treatment could be effective but should be

studied for each case to guard against any possible human toxins

that may be produced.

2.4 Disinfection Models 

Chick (1908) described various factors which may affect

disinfection. The basic model relationship is

ln ;;- = -ktm Eq. 2.4.1
wo

where

N6, =

N =

k =

t =

initial population

treated water population

first order rate constant

contact time
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M = constant

If M is less than 1, the rate of kill decreases with time. If M is

greater that 1, the rate of inactivation increases with time.

A second type of model assumed that the rate of constant k

was a function of heat or light intensity. In this case M = 1 in

equation 2.4.1. Other models relate concentrations of disinfectant,

cn, multiplied by microorganism concentration, Np, or time, tp, to

be a constant:

Cntp = constant
	

Eq. 2.4.2

cnNp = constant
	

Eq. 2.4.3

Varied disinfectant concentrations in Equations 2.4.2 and 2.4.3

changes the minimum required contact time or the microorganism

population inactivated.

The data of 1f e, Petrusek and Esmond (1979) for the UV

disinfection of a secondary effluent fit a modified version of

Equation 2.4.1 of the form

dN
a = -1(11

Eq. 2.4.4

In this case, the fraction survival is plotted against UV dose, Ct.

Aminimum quantity of dose is required prior to inactivation being

observed. The integrated form of equation 2.4.4 is

N _ -TCt-n for Ct> T	 Eq. 3.4.5
No - 

where T is the minimum dose required and n =

In this instance, T = 8.01 and n = -1.99 (Montgomery, 1985).

In the Natural Academy of Sciences Report (1980), Equation

2.4.1 was again modified. For this form,
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N	 = It	 Eq. 2.4.6

The quantity It represented the applied UV dose and Q was the dose

required for one log microorganism survival. The required dose, Q,

has been determined for several pure cultures. But for a mixed

culture, Q was difficult to determine. Various minimum dose values

are presented in Table 2.2.

Scheible (1987) presented models for several conditions.

The first, believed suitable for uniform UV intensity and plug flow,

is

N = No exp[-kIt]	 Eq. 2.4.7

Where It is the dose and k is the first order rate constant. To

account for aggregated particles, Equation 2.4.7 is modified to

N = No exp[-kIt] + Np	 Eq. 2.4.8

Equation 2.4.8 assumes that Nip, the particulate population, is small

compared with No and no axial dispersion of flaw.

As actual conditions vary fram ideal, a model developed by

Scheible incorporated dispersive properties of the reactor. In

effect it described the residence time distribution under steady

state conditions. The expression was

uxyig 1/2

	

N = Nb exp --2-T 1 -	 u2	 +N 	 Eq. 2.4.9

where

x = characteristic reactor length, an

u = wastewater velocity = XQ/V, cm/sec

V = effective liquid volume in reactor

= total flow rate



Table 2.2. Minimum Dose for One Log Survival for
Indicated Microorganism.

30

Organism Lethal uW-secDose cm2

E. ooli 360 - 2400

Staphylococcus aureus 210

Sarcina later 1250

Bacillus globiggi spores 1300

T3 Coliphage 160

Polio virus 780

Serratia mutlescins 290

EMI virus 650

Semliki for rest virus 470

Vaccinin virus 30
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E = dispersion co-efficient, am2/sec

K = first order rate constant, 1/sec

Np = particle microorganism population/100 ml

The UV intensity, I, appearing in equation 2.4.8 has been

incorporated into K. To calibrate the mcdel presented in Equation

2.4.9 the initial bacterial density, No, flowrate, UV absorbance co-

efficient, suspended solids concentration, particulate bacterial

density must be measured as a function of suspended solids, tb, and

the inactivation rate constance, K. All other parameters, liquid

velocity, characteristic length, dispersion co-efficient, and

average lamp intensity, are determined by the UV reactor used.



CHAPTER 3

EXPERIMENTAL METHODS

The experimental methods and procedures used in this

research are presented in the following sequence:

1. Experimental Design and Procedures

2. Sa]mple Acquisition and Storage

3. UV Experimental Procedures

4. US Experimental Procedures

5. UV/US Sequencing Procedures

6. Sterilization

7. Analytical Methods

8. Statistical Analysis

3.1 Experimental Design and Procedures 

The experiments wvre -designed- to- ascertain-whether- UV light-

and US were suitable for disinfection treatment of recycle

agricultural runoff water. Phase I experiments compared

microorganism survival rate as a function of UV exposure time.

Phase II experiments were conducted by varying US power intensity

and exposure time versus microbe survival. Phase III experiments

determined the effect on survival rate as a function of UV light and

US sequencing at process operating optimal conditions as determined

32
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in Phase I and Phase II experiments. Monitored parameters were

selected to establish treatment effects on the microbiological

populations and to monitor basic water quality parameters cf

turbidity, temperature, pH and particle size distribution. Effects

on the microbiolgical population were determined by using standard

plate counts, visible light absorbance at 640 un, and adenosine

triphosphate (ATP) concentration. Phase I and Phase II experimental

matrices are shown in Figures 3.1a and 3.1b respectively. Each

matrix point represents one experiment. The Phase I matrix was used

to determine the effect of water sample and UV exposure as a

function of time on the monitored parameters. Selected exposure

times were 0 (no dose), 1, 5 and 15 minutes. The Phase II system

matrix varied US time (0, 5, 15 and 30 minutes) and US power (1.1,

3.2, 6.3 and 10.0 power settings) as well as the water sample.

The degree of replication was determined for each matrix to

theoretically yield statistically significant results. This was

done by Obtaining typical mean standard errors -for similar past

experiments. Unfortunately an abundance of data was not available

and only mean standard errors for UV absorbance at 254 nm and

turbidity were meaningful to this research (Sehloff, 1985). The

mean standard error factors were analyzed using the Duncan Multiple

Range test which is described in Section 3.8. The degrees of

replication determined were 2.0 for Phase I and 2.75 for Phase II.

Since UV absorbance and turbidity are not direct parameters for the

microorganism population, the degree of replication for each phase
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•	
UV TIME

Figure 3.1a. Phase I UV Ekperimental Variables

US TIME

SAMPLE

US INTENSITY

Figure 3.1b. Phase II US Experimental Variables
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was initially chosen to be 3.0. Thus each experimental matrix was

to be repeated three times.

3.2 Sample Acquisition and Storage 

The water sample was obtained fram the Sunspace Ranch

Greenhouse located near Oracle, Arizona and operated by Space

Biospheres Ventures. The water system, exhibited in Figure 3.2, is

similar to the flow Sheet envisioned within the Biosphere II.

Raw well water is introduced into the greenhouse following

pumping via the Anderson Nutrient System. Plant nutrients are added

and the water is drip irrigated on demand to the plants. Excess

water percolates through the soil and is collected by an impermeable

liner and polyvinylchloride piping. The collected water drains by

gravity into a collection sump where a submersible pump directs the

water into the North recycle tank. When a sufficient quantity has

accumulated, the water is recycled to the drip irrigation system,

bypassing the Anderson Nutrient System. Either the Anderson

Nutrient System or the North recycle tank is used to satisfy

irrigation demands. Typically the Anderson system is utilized

only when an insufficient volume of water is present in the

North recycle tank.

Grab water samples were obtained by opening the valve at the

base of the North recycle tank. Samples were collected in a ten

gallon polyethylene carboy which had been detergent washed and

distilled water rinsed. Samples were transported to the laboratory
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and stored at roam temperature in order not to inhibit microbial

growth. Samples were processed within one or two days to minimize

aging effects.

3.3 UV Experimental Procedures 

Ultraviolet experiments were carried out in a Portstar

Ultra-Violet Water Purifier, manufactured by Port Star Industries

(a Division of Ultrasonic Research, Inc.). The reactor was 3" in

diameter with an 11" ultraviolet lamp. The lamp produced UV

radiation at 253.7 nm and was housed within a quartz tube. The

reactor was cleaned with chromic acid (Standard Methods, 1985) and

subsequently rinsed with baking soda solution to neutralize any

residual acid. The reactor was repeatedly rinsed with distilled

water until no further pH Changes were noticed following the rinse

cycle. The experimental set-up is shown in Figure 3.3.

Prior to each experimental series, the greenhouse water

sample was divided into one liter aliquots. The reactor was

disinfected by turning the UV lamp on for 15 minutes and then

turning the lamp off. To begin the experimental run, a one liter

aliquot was mixed for one minute using a magnetic stir bar and then

Charged to the reactor by gravity feed. The UV light was once again

turned on for the time specified for the experimental run (0, 1, 5

or 15 minutes). Treated water samples were withdrawn into sterile

sample bottles and analyzed immediately.
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Figure 3.3. UV Reactor Apparatus Used
in Phase I and Phase III Experiments
(Cross Sectional View)
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3.4 US Experimental Methods 

Ultrasonification experiments utilized a SonicatorTM

Ultrasound Processor (Model iA&385, Heat Systems-Ultrasonics, Inc.).

The sonicator was microprocessor based incorporating a digital,

integrating timer, a multi-range PulsarTM cycle timer, and a

variable power source. The sonicator horn was a 1/2" diameter probe

and was tuned according to manufacturers recommendations prior to

use. The US experimental set-up is Shown in Figure 3.4.

Samples were portioned into sterile 600-ml beakers and mixed

for one minute with a magnetic stir bar. A 20C cooling water and

ice bath was established and the sample beaker was placed in the

bath. Immediately the horn was immersed to a 1-1/2" depth and the

power was turned on. Ultrasonication was automatically timed by the

microprocessor. Upon cycle completion, the sample beaker was

immediately withdrawn and the contents analyzed for all specified

parameters. Ultrasonication power settings were 1.1, 3.2, 6.3 and

10.0, approximating power outputs-of 50, 1404-230-and475 Watts.

The manufacturer provided the setting versus power output curve

which appears in Figure 3.5. Ultrasonic treatment times were varied

from 0 (no treatment), 5, 15 and 30 minutes.

3.5 UV/US Sequencing Procedures 

Phase III experiments consisted of sequencing UV and US unit

processes to determine an optimum operating strategy. Results from

Phase I and Phase II were statistically analyzed to determine ideal

UV and US parameters. Further experiments (shown in Figure 3.6)
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were conducted using an UV exposure of 5 minutes and an US setting

of 6.3. In addition, US time was varied from 0, 5, 15 and 30

minutes.

The degree of replication for the sequencing experiments was

determined in mud' the same fashion as described in Section 3.1.

Mean standard error values calculated from the statistical analysis

of the US only experiments were used to determine the degree of

replication. The US data had been determined to be the most

constraining results to this point. After Duncan Multiple Range

testing, the degree of replication was determined to be 2.0.

Using the selected operating parameters, experiments were

conducted by first exposing the water sample to UV light and second

to US. A second set of experiments was performed by exposing the

water first to US and secondly to UV light. The previously

described procedures in Sections 3.3 and 3.4 were followed with one

exception. TO minimize bacterial contamination during the second

set of experiments, US treated samples were poured directly into the

UV reactor through the top of the reactor. Samples which had been

exposed to both US and UV were then analyzed in the same way as

before.

3.6 Sterilization 

Glassware and chemical buffers coming in contact with

treated and untreated waters were sterilized. The select

sterilization method was steam autoclaving in a Barnstead Sterilizer

(Model 704) at 121°C and 15 psig for 20 minutes. Pipettes used for
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sample transfer were heat sterilized at 180°C for 24 hours (Standard

Methods, 1985). Sterile, disposable pipettes used for plating

mdcrcorganisms were purchased fram commercial sources.

3.7 Analytical Methods 

All treated and untreated waters were analyzed for

temperature, pH, light absorbance at 640 nm, and nephelometric

turbidity. In addition, the waters were tested for microbial

population, ATP concentration, and particle size distribution.

The following subsections describe the analytical procedures and

instruments utilized.

3.7.1. pH

The pH measurements were made using a Corning Model 125 pH

meter equipped with a combination gel probe. The pH meter was

standardized daily using commercially produced 7.0 and 10.0 buffer

standards for a two point calibration. pH readings were expedited

by using a magnetic stirring bar in the sample containers.

3.7.2. Temperature

Temperature readings were taken using a standard centigrade

scale thermometer with a 10c sensitivity. Measurements were taken

Immediately following removal of samples used for plate counts,

particle size analysis and ATP determinations to eliminate carryover

contamination from one sample to another. Typically temperatures

were taken within one minute following completion of the

experimental run.
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3.7.3. TUrbidity

Turbidity was measured using a Hach turbidimeter (Model

2100A). The instrument was calibrated using AEPA-1 Turbidity

Standards ( 1 NTU and 5 NTU) available from Advanced Polymer

Systems, Inc.

3.7.4. Particle Size Analysis

Average particle size and particle size distribution were

determined by a microprocessor based HIAC/Royco optical particle

counter (Model 4100 from Pacific Scientific) with an autamatic

bottle sampler and a liquid sensor. The H14760 sensor having a

detection range of 1.0 to 60 micrometers was used in this research.

The six particle size ranges employed were 1.5 - 2.5, 2.5 - 5.0,

5.0- 10.0, 10.0 -15.0, 15.0- 40.0 and 40.0 - 60.0 um.

TO obtain highly repeatable particle counts, it was

desirable to maintain the total particle count below 30,000

particles per 10-ml sample. To accomplish this objective, untreated

and treated water samples were diluted 1:100 in particle free

Milli - Q water. Sample glassware was initially chromic acid washed

(Standard Methods, 1985) and thoroughly rinsed with distilled water

and 10 rinses with particle free Milli - Q water. Reused sample

glassware was stiff brush washed and rinsed with distilled water and

10 rinses with particle free Milli - Q water. Prior to each sample

analysis, the sensor was repeatedly rinsed until a baseline of 10

particles or less were counted in the 1.5 - 2.5 um channel. Three
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analyses were performed for each sample and averaged to obtain final

sample particle size analysis values.

3.7.5. Light absorbance

Visible light absorbance at 640 nm was measured using a

Perkin Elmer Spectrophotameter (Mbdel 200). All samples were

measured at ambient pH in matched quartz cuvettes (1 cm path length)

against a distilled water blank.

3.7.6. Microorganism population

Microorganism populations were determined using the standard

plate count procedure (Standard Methods, 1985). One milliliter

portions were serially diluted in sterilized dilution water

(Standard Methods, 1985). The serial dilutions were plated in

triplicate on Nutrient Agar (Difco) plates and spread uniformly over

the surface. Plates were inverted and incubated for 48 hours at

roam temperature, and shielded from direct laboratory lighting to

simulate greenhouse conditions. -MicrObial counts were per-farmed-

manually with the assistance of a Bausch & Lamb Quebec colony

counter. The estimated standard plate count was determined as

follows (Phillips, 1987)

counts per plate
ESPC -

:Elvolume of undiluted water plated
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Nutrient Agar, composed of 3 g/1 Bacto Beef Detract,

5 g/1 Bacto Peptone and 15 g/1 Bacto Agar, was prepared according to

Difco instructions. The agar solution was mixed, melted and

sterilized prior to pouring into sterile, disposable 15 x 100 mm

petri dishes. The dishes were prepared 24 hours in advance and

stored in an inverted position at 35°C to minimize condensation on

the plate surfaces.

3.7.7. Adenosine Triphosphate Determination

ATP concentration was measured using the bioluminescent

firefly luciferin-luciferase enzyme method. In this procedure, the

luciferin-ATP reaction produces light in the 560 - 580 nm range

(Carlisle, 1979). A Turner Designs Luminometer (Model TD-20e) with

a 20-031 motorized injector system was used to initiate the reaction

and to integrate the light peak.

ATP extraction was performed in a multi-step procedure. Two

hundred milliliters of sample were filtered through a 0.45 um

Milli-pore meMbrane filter. The filters were immersed in 25

milliliters of boiling tris buffer (0.025 M tris, 0.002 M EDTA, at

7.75 pH). The test tubes were boiled vigorously at a temperature

greater than 900C for 15 minutes. Detracted samples were

instantaneously cooled in a beaker of water and transferred to

polypropylene tubes (Patterson, Brezonik and Putnam, 1970). To

complete the analysis, 50 microliters of sample were placed in an 8

x 50 nu cuvette and placed in the luminescence meter. One hundred

microliters of reconstituted Firefly extract (Sigma Chemical Co.)
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prepared 16 - 20 hours in advance was injected in the cuvette. Each

sample analyses was performed in triplicate and averaged. The

baseline tris buffer blank luminescence was also determined and

subtracted from the average sample value to calculated the true

value (Turner Systems, 1983).

3.8 Statistical Analysis 

To evaluate the effects of the varied experimental

parameters (UV time, US time, and sound level) on the

characterization parameters (ATP, turbidity, etc.), the Duncan

Multiple Range Test (Montgomery, 1984) was used. The Duncan test is

widely used to compare pairs of means to determine whether the

difference is statistically significant. For samples cf equal size,

the treatment averages were arranged in ascending order and the

standard error of each average was determined by

S • = MSE  

_n

n = number of replicates

MSE = mean standard error

For samples of unequal size, n was replace by the harmonic mean nh

nh = 	
2E (1/ni)

m = number of average parameter measurement

For IX equal to the significance level (0.05) and f equal to the
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number of error degrees of freedom, a set of m - I least significant

ranges was determined for p = 2, 3, .... m by calculating

Rp = ro< (p,f)Syi

r o (p,f) = Duncan tabular range value

= Least significant range value

The observed differences between treatment averages were

tested by comparing the largest versus the smallest values with the

least significant range R. Next the difference of the largest and

second smallest values was tested against Rm_i. This process

continued until all means were compared with the largest mean.

Comparisons were sequentially continued until all the possible

differences, n(m - 1)/2 pairs, were analyzed. If the observed

difference was larger than the least significant range, then the

averages were significantly different. Tb eliminate contradictions,

any difference between a pair was not considered significant if the

two averages fell between- two other - averages-that were-not-

significantly different.

To use the Duncan Range Test, an estimate for the mean

standard error (MSE) was required. To acquire the estimate of the

MSE, an analysis of variance (ANOVA) was undertaken. The ANOVA

table for a three way classification is shown in Figure 3.7 for data

presented as in Figure 3.8. The sum of squares calculations are

included with Figure 3.7. Sum of squares for residual (SSR) is

attributed to statistical effects due to uncontrolled parameters

within the experimental plan such as laboratory temperature, water
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Sources of Variation

Degrees of	 Mean
Sum of Squares	 Freedom	 Square
	

Fcalc

Treatment

1SSTR =	 (trtmnt)
2 
- C	 ab-1	 SSTR	 MSTR

n i=1 	j 	ab-1	 MSE

Treatment A

SSA = 
1 

It(trt row) 2- C	 a-1	 MSA = SSA	 MSA

bn 1=1	 i	 a-1	 MSE

Treatment B 

b
SSB = 1
	

(trt col) 2- C	 b-1	 MSB = SSB	 MSB

an 1=1	 i	 b-1	 MSE

Treatment C

1 n	 SSR	 MSRSSC = z:( sample )

2 
- C	 n-1	 MSR =

ab 1=1 	j	 n-1	 MSE

Treatment Residual

SSR	 MSRSSR=SST-SSA7SSBr-SSC	 abn -a -b-c-4	 MSR =
abn-ab-c-4 MSE

Error 

SSE = 2:1 (n-1) s2 	abn7n-ab+1	 MSE = 	SSE

abn-n-abil

Total 

SST= 17:.! Yi - C	
abn-1

1

Figure 3.7. ANOVA Table Calculations for
Three Variable Classifications
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Treatment
Variable A

1 2 ... b

1 Y111 ,Y112 ,

---- ,Ylln
Y121 ,Y122 ,
--,Y12n

Ylbl,Y1b2,
.....Y1bn

2 y211 ,Y212 ,
---- ,Y21n

Y221 ,Y222 ,
••••,Y22n

Y2b1,Y2b2,
....,Y2bn

a Yall , Ya12 ,
•.-• ,Yaln

Ya21 ,Ya22 ,
----,Ya2n

Yabl,Yab2,
•••.,Yabn

Figure 3.8. 'No Factor Data
Arrangement for ANOVA
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pH and water composition. The sum of squares for A (SSA), B (SSB)

and C (SSC) were due to the direct treatment effects of the major

variables P4 B and C. The value of C in Figure 3.7 was calculated

by

c=
	 a4.n	 2

abn

Computed values for F were compared against tabular values

determined by a given confidence level (95%), the error degrees of

freedom and the treatment degrees of freedam. Should the calculated

F value be greater than the tabular F value (Miller and Freund,

1977), the treatment was significant. If the Fcalc was less than

the Ftab value, the treatment was insignificant.

Completed ANOVA tables, F values and Duncan  Multiple Range

Test results are presented in Appendix A -- Statistical Results.



CHAPTER 4

asxurs AND EaSCUSSION

The experimental plan was divided into three phases as

detailed in Chapter 3. The subsequent discussion was also divided

into three sections corresponding to each of the experimental

phases. The initial section discussed the singular effect of UV

light exposure on SRI recycle water; the second section detailed the

effect of US used singularly; and the third section dealt with

combination US and UV light treatment. The primary purpose of these

experiments was to determine a suitable disinfection method for the

subject water.

Water samples were collected during the period of December,

1986 to April, 1987. Sample characterization included monitoring

the microbial population. Raw water microbial populations ranged

from 21,000 to 6,600,000 colony forming units per milliliter

(CPU/mi) with the average being 120,000 ŒU/ml. The observed

microorganism population was consistent with reported concentrations

of water borne microbes (Riser et al, 1984). Additional irrigation

water quality analyses are reported in Table 4.1 while the nutrient

analyses, as determined by the Environmental Research Lab, are

presented in Table 4.2.

53
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Table 4.1.	 Average Water Quality Analysis for Different
Experimental Phases.

Phase	 Ultraviolet Ultrasound Cambined Average

Umber of samples	 4 4 3 -

Turbidity, NTU	 2.9 4.0 1.4 2.9

640 nui Absorbance	 0.017c 0.028b 0.007a 0.019

254 an Absorbance	 NA NA 0.709a -

an Particle Size, um	 5.19c 5.18 6 • 88b 5.80

Particle Size Fraction

Size Range

1.5 - 2.5	 um	 0.5416 0.6304 0.6200 0.5595

2.5 - 5.0	 um	 0.3432 0.3017 0.3181 0.3350

5.0 - 10.0	 um	 0.0869 0.0544 0.0556 0.0803

10.0 - 15.0	 um	 0.0234 0.0096 0.0045 0.0206

15.0 - 40.0	 um	 0.0049 0.0035 0.0018 0.0045

40.0 - 60.0	 um	 0.0000 0.0004 0.0000 0.0001

Population Counts, CFU/M1

116,-0-00d- 127-,000- 130-,-000- ANYY

ATP Concentration,	 ug/1	 2.9d 0 • 56a 1 • 56a 1.67

NA = Not Available
a = 1 sample
b = 2 samples
c = 3 samples
d = 5 samples
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Table 4.2. Sampled Water NUtrient Analysis
Source: Environmental Research Lab
Sunspace Weekly Water Analysis.

Sample Date 12-22-86 1-19-87 1-26-87 2-16-87 3-6-87
Experimental Runs UV 3,4,5 US 1 US 2,3 UV 6, US 4 UVUS 1,2

NH3, ppm <0.25 8.87 2.85 <0.50 <0.50

N32, ppm ND <0.25 <0.10 <0.25 <0.25

le3 , PM NA 1999 936 253 458

NO3 -N, ppm NA 451 211 57.2 103

1:04, ppm NA 679 187 15.0 33.0

r04-P, ppm NA 221 61.0 4.89 10.8

Cl, ppm NA 15.7 NA NA NA

K, ppm 168 934 320 85.6 102

Ca, ppm 124 300 161 62.2 116

Mg, ppm 52.2 214 107 23.3 56.7

Mn, ppm 0.02 2.32 0.56 ND 0.08

Cu, ppm 0.35 0.57 0.30 0.30 0.33

Zn, ppm 0.33 1.19 0.56 0.24 0.34

TOTAL Fe, ppm 3.40 10.2 4.79 2.07 4.43

pH 7.45 6.31 6.75 7.67 7.45

Conductivity 1800 5500 2650 970 1200

ND = None Detected
NA = Not Available
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4.1 Ultraviolet Light Exposure 

Three water samples collected during the week of

December 22, 1986 and cone sample collected during the week of

February 16, 1987 were utilized in the UV experiments. Water

composition analyses were similar as shown in Table 4.2. The total

iron concentration ranged from 2.07 to 3.40 ppm Which surpassed the

recommended iron concentration limit set by Collentro (1986) of 0.2

ppm in UV disinfection applications. Iron is responsible for

Absorbing and deflecting UV radiation in concentrations above 0.02

ppm. HOwever, Severin (1980) reported no significant light

transmission interference until iron concentrations exceeded 4.8

ppm. Collentro (1986) also reported that iron will coat the quartz

sleeves used to house UV lamps in disinfection systems. A rust

colored material resembling iron was found adhering to the

experimental silica quartz sleeve encasing the UV lamp. Thus the

nutrient iron concentration reported in Table 4.2 was expected to

hinder UV light transmission in at least one-had_f cf the samples

collected for this study due to the iron concentration exceeding the

recommended limit of 0.02 ppm.

4.1.1 UV Exposure Effect on Turbidity

In a manner similar to aqueous iron concentration, turbidity

serves to scatter UV light and can also shield microorganisms from

the effects of UV light (Qualls et al, 1983). The water turbidity

of 2.9 NTU satisfied the suggested turbidity limit of 10 NTU

(Collentro, 1986). The turbidity data for the water as a function
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of UV dose is Shown in Figure 4.1 while the treatment averages are

listed in Table 4.3. The data trend indicated that for an increase

in UV dose, the SRI water became more turbid. Water turbidities

increased to 21 NTU from 2.9 NTU following 15 minutes of UV

exposure.

Ultraviolet light has been known to catalyze reactions of

humic substances in water. Sehloff (1985) concluded that UV

photolysis served to catalyze transformation of humic substances to

reduce trihalomethane formation potential. In a similar study (EPA,

1980), UV light transformed the structure of natural humic

substances. Il' in and Orlov (1973) concluded that photooxidation of

humic acids resulted in water color loss which accompanied the

breakdown of large molecules into two or more smaller molecules. UV

light also catalyzed reactions between dissolved iron and humic

substances (Miles and Brezonik, 1981; Ftancko and Heath, 1983).

While specific turbidity data was not presented in these

-investigations, the 	humic- substances

and iron may have been responsible for the water turbidity increase.

The subject reactions are discussed in more detail in Section 4.1.4.

4.1.2 UV Exposure Effect on Light Absorbance

The intended purpose of monitoring light absorbance at 640

nm was to measure microbial population concentrations. However, the

irrigation water with a concentration of 105 CFU/m1 was below

the optimal concentration range of 107 to 109 CFU/ml (Arnold, 1987).

Thus, absorbance at 640 nm was a function of treated water turbidity
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Table 4.3.	 Data Summary Obtained for UV Irradiated Samples.

Parameter

UV Ekposure, minutes

0 1 5 15

Turbidity, NMU 2.9 3.2 12.9 21.1

640 nm Absorbance* 0.017 0.013 0.031 0.045

Total Particles/m1 282,540 278,030 274,480 284,750

an Particle Size, um 5.91 5.89 5.70 4.82

Particle Size Fractiona

Size Range

1.5 - 2.5 um 0.5416 0.5475 0.5813 0.6466
2.5 - 5.0	 um 0.3432 0.3392 0.3131 0.2978
5.0 - 10.0	 um 0.0869 0.0862 0.0814 0.0461
10.0 - 15.0	 um 0.0234 0.0218 0.0189 0.0075
15.0 - 40.0	 um 0.0049 0.0053 0.0053 0.0020
40.0 - 60.0	 um 0.0000 0.0000 0.0000 0.0000

Percent Survival 100.00 16.51 15.23 14.62

ATP Concentration ug/lb	 2.9 2.5 1.4 0.3

a Three Samples
b One Sample



60

and not microorganism concentration. The light absorbance was a

function of treated water turbidity and not microorganism

concentration. Sample light absorbance as a function of UV dose is

plotted in Figure 4.2. As with the turbidity data trend, light

Absorbance increased with UV dose. Figure 4.3 relates absorbance at

640 nm to be a linear function of turbidity.

4.1.3. UV Effect on Particle Size

The mean particle diameter was calculated using the mean

volume method (Kavanaugh et al, 1980)

	

'	
(Eparticles_ilaug12) 1/3

OM particles

	lavg	 11-1-12
= mean diameter,

lavg range mean diameter

The calculation results were previously listed in Table 4.3. UV

irradiation resulted in the formation of slightly smaller diameter

particles as plotted in Figure 4.4. The particle size distribution

shown in Figure 4.5, did not change until 15 minutes of UV exposure.

After 15 minutes, the percent of particles counted in the 1.5 to 2.5

um range increased from 54.2% to 64.7%. The size distribution shift

was gradual over the experimental time frame. It was noted that the

total number of particles did not Change from the measured blank

particle concentration of 282,540 particles/ml during the

experimental run. In essence, the particle size was a function of

the raw water sample as determined by an analysis of variance

(ANOVA) and to a much lesser extent due to UV dose as indicated by

where
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the relative F test values of 16.2 and 3.6 respectively. From

results of a Duncan Mtltiple Range test, the particle size changes

were not statistically significant.

4.1.4 UV Disinfection

UV irradiation has been reported to effectively kill greater

than 99% of bacteria present in secondary effluents (Cortelyou et al

(1954), Oliver and Cosgrove (1975) and Severin (1980)) and

circulation water systems (Gilpin et al, 1985) following contact

times of 10 seconds to 90 minutes. The average maximum percent kill

in the present study was 85.4% after 15 minutes of UV irradiation as

measured by colony counting procedures. It Should be noted that

colony counts are indicative of a microorganism's Ability to

reproduce and grow on a specific substrate and are not indicative of

the micrcorganism's metabolic activity.

The plot of fraction organism survival observed for the SRI

return water versus UV dose appears in Figure 4.6. In isolated

runs, percent survival after 15 minutes ranged from 4.1% to 28.7%.

Thus, the variability of the water sample composition was suspected

to be the cause of the wide range of values and relatively poor

microbial inactivation. However, based on an ANOVA, microbial

survival was not a function of the water sample; but was only a

function of UV dose received.

Explanations for the relatively poor microorganism

inactivation include the nature cf the water composition. Nutrient

iron and water colored by organic matter absorb UV radiation. Also
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after the SRI water was UV irradiated, turbidity increased by a

factor of 7 during the treatment time cf fifteen minutes. After

approximately three minutes, turbidity exceeded 10 NTU which was the

limit suggested by Collentro (1986). This may have been responsible

for the asymptotic microorganism inactivation response noted.

HUmic substances composed primarily of fulvic acids have

been identified as the primary source of natural aquatic color

(Black and Christman, 1963). The aquatic color originates from soil

organic matter, living woody substances and byproducts of wood decay

(Christman and Ghasseni, 1966). SRI water color may well be due to

humic substances as humic substances originate in soil. Serial

filtration through Milli-pore filters of 5.0 um, 0.8 um, 0.45 um,

and 0.22 um pore size failed to remove any color measured at 254 nm.

This indicated that all color was due to dissolved matter within the

water and not to colloidal or suspended matter.

As previously discussed in Section 4.1.1, UV light has been

known to-catalyze reactions involving-natural organic material in-

water. HUmic substance Chemistry has been related to molecular

structure. Minim are composed of various functional groups

including carboxyl, phenolic, alcoholic, ketonic, quinonoid and

methoxyl (AMA, 1979). The functional groups, particularly

carboxyl, have been Shown to bond with metals including iron

(Shapiro, 1964). At a water pH of 7.0, similar to the pH

Characteristic of SRI water, 9 umol FO(III) were bound to one

milligram of humic acid (Shapiro, 1964). The humate-iron complexes
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have been identified as being participants in oxidation-reduction

reactions.

Miles and Brezonik (1981) investigated iron7-humic substance

reactions in conjunction with a noted oxygen concentration decrease

in natural waters. The authors identified the mechanism involved

with the pbotooxidation reactions. Free Fe(II) and Fe(II)-organic

material (OM) complexes were oxidized by oxygen to ferric iron and

FO(III)-0M complexes. Any free ferric iron was readily complexed to

form Fe(III)-0M. In the dark, Fe(III)-0M was slowly reduced to

FO(II)-0M complex. With the addition of UV light, photoreduction

occurs more rapidly as the electron Charges were transferred from

the complex ligands to the metal, producing 002 and oxidized organic

material. The newly formed FO(II)-0M complexes dissociated to

replace the previously oxidized FO(II). The carboxyl group within

the humic substance structure was the suspected reaction site. The

oxidation reactions were catalyzed by the presence of UV light and

ferric iron concentrations ranging from -0 to 10 mg/l.

Franck() and Beath (1983) studied the release of phosphate

fram high molecular weight humic substance-iron complexes. The

phosphate was released following the photoreduction of iron using

low UV irradiation doses. While the mechanism was not identified,

the photoreact ions between iron and humic substances were Shown to

occur. Photochemical destruction of humic acids was also studied by

Il'in and Orlov (1973). The degradation mechanism was suggested to

be due to oxidation with free radicals. The photooxidation resulted

in the breakdown of the large molecules into many smaller fragments.
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The iron-humic substance reactions produced oxidized organic

material and carbon dioxide gas. The oxidation products and the gas

evolution may have been the source of increased water turbidity. By

coupling the interception of UV energy by the organic-metal

photooxidation reactions and the increased light scattering

Characteristic of increased water turbidity, the disinfection

process efficiency was expected to decrease as less energy was

available for the primary intended purpose of disinfection.

4.1.5 UV Irradiation Effect on ATP Concentration

UV Experiment 6 treated waters were analyzed for adenosine

triphosphate (ATP), an indicator of microbial viability. A

reduction in ATP reflected an increased metabolic energy demand

resulting from the organisms' efforts to maintain homeostasis and

indicated a reduction in the number of viable cells. (Patterson,

Brezcnik and Putnam, 1970). ATP is released upon cell death and

quickly disappears from solution. Thus ATP serves as an indicator

of only living, viable cells (Patterson et al, 1969). AT? appeared

to be in approximately constant concentrations in viable

microorganisms of different species irregardless of growth rate or

growth phase (WSedle and Jenkins, 1971). Tifft and Spiegel (1976)

reported that ATP concentrations of less than 0.10 ug/1 to be and

accurate indication whether sewage effluent disinfection standards

of 200 fecal coliform/100 ma had been satisfied.

The UV Experiment 6 ATP concentration results are presented

in Figure 4.7. ATP concentration decreased exponentially with
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increased UV exposure time. This may be contrasted with

microorganism survival as measured by colony forming units which

became asymptotic after one minute of UV exposure. Despite the

cells' inability to reproduce after one minute of UV exposure, the

cell remained metabolically active. Even after 15 minutes of UV

exposure, the cells had lost only 90% of their viability. Thus the

cells remained active and probably retained their ability to inflict

damage on agricultural crops.

Neethling, Johnson and Jenkins (1985) reported similar

results where low disinfectant dosages (0.2 to 2.0 mg/1 C12) were

required to substantially reduce cell numbers as measured by plate

counts. However, large dosages of disinfectant (500 mg/1 C12) were

required to produce measurable reductions in cell viability. The

authors attributed the difference to be due to the basis of

measurements. Colony counts were indicative of the cells Ability to

reproduce on a specific substrate media. ATP was indicative of the

cells metabolic activity or viability (Weedle and Jenkins, 1971 ) - .

Tifft and Spiegel (1976) and Rang and Pugh (1985) also reported a

lack of correlation between plate counts and ATP concentration.

Rang and Pugh reported that ATP was an excellent indicator of

microbial response to biocide dose. As a result, ATP was used to

establish optimum disinfectant dosages in their operating system.

In the current study, ATP was not used to evaluate the

disinfection performance of UV light. As microorganisms were able

to reproduce and grow as indicated by plate counts, disinfection was

not satisfactory based on the criterion that any living
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microorganisms would inflict crop damage. In addition, only one ATP

data point for each experimental condition was available while four

data points were available for colony counts.

4.1.6 Formulation of UV Disinfection Model

Chick (1908) described models based on a first order

exponential decay rate and time dependence. The general equation

form was

N = No exp { -ktm }	 Eq. 2.4.1

The data points appearing in Table 4.3 were fit to Equation 2.4.1 in

order to model the microorganism survival fraction as a function of

time. The first order rate constants, k, and time constants, m, for

each experimental run and averaged data are listed in Table 4.4.

The final model form including calculated constants was

N = No exp [-1.800- 0274 ]

The low time constant, m - 0.0274, indicates the inactivation rate

decreases with time. This was exhibited graphically in Figure 4.6

by the asymptotic survival fraction exhibited after one minute of UV

exposure. Severin (1980) found the time constant, mt, to be 1/3

which also exhibited a decreased inactivation rate as time

increased. Severin's observations showed the inactivation rate

change decreased at a slower rate than indicated in the present

study.

4.1.7 UV Data Statistical Analysis

The experimental data was analyzed statistically by the

methods described in Chapter 3. The effect of the independent
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Table 4.4.	 UV Disinfection Model Constants.

First Order
Experiment	 Rate constant, K m1n-1

Time
Constant, m

Correlation
of Fit, R2

Run 3 1.23 0.1012 94.4

Run 4 2.94 0.0448 51.8

Run 5 1.81 -0.0966 38.7

Run 6 2.08 0.1105 92.8

Average Data Values 1.80 0.0274 99.9

All Data Points 1.57 0.1291 15.6
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variables (sample and UV dose) on the measured variable (turbidity,

microorganism survival, light absorbance and mean particle diameter)

was determined by an analysis of variance (ANOVA). The sum of

squares for a residual element was also included in the

calculations. The residual element was due to the treatment effect

exerted by uncontrolled variables such as ph, laboratory

temperature, experimental procedure, iron concentration or any

number of other parameters. An estimate of experimental error was

determined by five replications of one experimental treatment point.

Significance of the observed effect was calculated at the 95%

oonfidence level using the F-test. Results of the ANDV,A and of the

Ftest appear in Appendix A. Finally, the Duncan Multiple Range

(DMR) test at the 95% confidence level was utilized to determine

whether one treatment was statistically different than another

treatment. [MR test results are exhibited in Appendix A. A

statistical summary which lists the treatment variable significance

at the 95% confidence level is shown in -Table 4.5.

Microorganism survival was directly dependent on the UV dose

received and was not a function of the particular water sample or

residual treatment component as indicated at the 95% confidence

level. The UV disinfection of water did produce significantly

different treatment levels fram the initial population level.

However, all levels of treatment (UV doses of 1, 5 and 15 minutes)

were not statistically different from one another indicating that

one minute of UV dose was equivalent to 15 minutes of UV exposure.
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Table 4.5. Statistical Summary of Phase I Experiments Indicating
Significance of UV Treatment on Sample.

Treatment Significant, Yes/Nb 

Measured Parameter
	

F-test	 DMRtest

Turbidity	 Yes	 Yes

Absorbance at 640 nm	 Yes	 Yes

Mean Particle Diameter	 Yes	 Yes

Microorganism Survival 	 Yes	 Yes
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The statistical analysis for light absorbance at 640 nm and

turbidity were similar based on F-test results, reinforcing the

linear relationship exhibited in Figure 4.3. Absorbance and

turbidity were a function of the water sample, UV dose and the

residual treatment component. The analyses had a high degree of

repaicability indicating a low experimental error associated in the

measurement of water turbidity. Essentially the raw water turbidity

and one minute UV treated water had identical turbidity readings

while the water after 5 minutes of UV exposure and the 15 minute

treated water possessed unique turbidity values.

The mean particle diameter was primarily a function of the

raw water sample although UV dose and residual treatment also

slightly affected the particle diameter results at the 95%

confidence level. However, the mean particle diameters did not

statistically change until after 15 minutes of UV exposure.

4.2 Ultrasound 

The water samples used in the US experiments were collected

during the weeks of January 19, 1987 (one sample), January 26, 1987

(two samples) and February 16, 1987 (one sample). The nutrient

analysis of each sample was presented in Table 4.2 while the average

baseline US water quality analysis was presented in Table 4.1. The

samples were subjected to varying US level intensities according to

the experimental procedures outlined in Chapter 3. The power output

of the ultrasonicator is described by the family of curves in Figure

3.5 Where each curve represents power dial settings of 1 to 10.



77

Correlating the power dial setting with the % output meter reading

gives power outputs and calculated intensities listed in Table 4.6.

Boucher (1979) listed the intensity of 10 W/cm2 to be the practical

power intensity limit for industrial scale applications. As

reflected in Table 4.6, all power intensities exceeded the Boucher

practical US intensity. The experimental results are presented in

Tables 4.7 through 4.10 as a function of US power output.

The Heat Systems-Ultrasonics, Inc. W-385 sonorator employed

in this investigation produced US vibrations using a lead zirconium

titanate piezoelectric crystal at a nominal frequency of 20,000 HZ.

The US vibrations were transmitted in a longitudinal direction along

a 1/2" horn to the tip which was immersed in 500 ml of SRI water.

Following repeated US applications, the probe tip was noticeably

pitted. Boucher (1979) noted this problem involving probe tip

erosion and concluded that continuous US operations would be

difficult due to the necessity of constant probe replacement.

4.2.1 US Effect on Water Turbidity

Turbidity measurements as a function of US dose are plotted

in Figure 4.8. As US intensity and exposure time increased, the

water turbidity also increased except for the sample exposed to an

intensity of 60 W/1. Lyon (1951) Observed that US treated sewage

effluent had an increased supernatant turbidity when compared with

untreated effluent. The turbidity increases were a direct function

of US exposure time. Also, return activated sludge and mixed liquor

were found to settle more rapidly due to particulate agglomeration
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Table 4.6. Ultrasonicator Power Output as a Function of Power Dial
Setting and Calculated Applied Ultrasonic Power
Intensities.

Power Dial
Setting

Power Output
Watts

Delivered Power
Intensity, W/cm?*

Power Intensity
W/1

1.1 30 23.7 60

3.2 46 36.3 92

6.3 94 74.2 188

10.0 175 138.1 350

*Power intensity delivered by 1/2" Probe
**Power applied per liter of water
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Table 4.7. Data Summary Obtained for US Treated Samples at
Power Setting 1.1 (60 Watts/1).

Parameter

US Exposure Time Minutes

5	 15	 30

Turbidity, NTU 3.6 3.6 3.6

640 nm Absorbance 0.024 0.021 0.026

Total Particles per el 8680 9250 6100

Mean Particle Size, um 4.17 4.45 4.47

Particle Size Fraction

Size Range

1.5 - 2.5	 um 0.6652 0.6660 0.6590
2.5 - 5.0	 um 0.2792 0.2802 0.2836
5.0 - 10.0	 um 0.0472 0.0449 0.0480
10.0 - 15.0	 um 0.0063 0.0065 0.0070
15.0 - 40.0	 um 0.0021 0.0022 0.0024
40.0 - 60.0	 um 0.0000 0.0002 0.0000

Percent Survival 77.48 87.37 66.44

A_TP Concentration,	 ug/la 0 . 73 0.57 0-.-90-

a = One Sample
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Table 4.8. Data Summary Obtained for US Treated Samples at
Power Setting 3.2 (92 Watts/1).

Parameter

US Exposure Time, Minutes

5	 15	 30

Turbidity, NTU 5.1 6.2 7.0

640 nm Absorbance 0.032 0.030 0.031

Total Particles per ml 15,790 18,240 21,640

Mean Particle Size, um 3.74 3.64 3.59

Particle Size Fraction

Size Range

1.5 - 2.5 um 0.7091 0.7156 0.7217
2.5 - 5.0 um 0.2553 0.2496 0.2489
5.0 - 10.0 um 0.0313 0.0307 0.0270
10.0 - 15.0 um 0.0036 0.0034 0.0023
15.0 - 40.0 urn 0.0007 0.0007 0.0001
40.0 - 60.0 um 0.0000 0.0000 0.0000

Percent Survival	 91.55	 83.34	 69.55

ATP -Concentration, ug/la 	 0-.-84-	 0.49	 0.10

a = One Sample
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Table 4.9. Data Summary Obtained for US Treated Samples at
Power Setting 6.3 (188 Watts/1).

Parameter

US Exposure Time, Minutes

5	 15	 30

Turbidity, NTU 4.6 7.0 7.4

640 nn Absorbance 0.024 0.025 0.026

Total Particles per ml 10,870 10,320 11,650

an Particle Size, um 3.82 3.21 3.86

Particle Size Fraction

Size Range

1.5 - 2.5	 um 0.6935 0.7227 0.7389
2.5 - 5.0	 um 0.2667 0.2506 0.2351
5.0 - 10.0	 um 0.0354 0.0250 0.0234
10.0 - 15.0	 um 0.0041 0.0017 0.0021
15.0 - 40.0	 um 0.0003 0.0000 0.0005
40.0 - 60.0	 um 0.0000 0.0000 0.0000

Percent Survival 78.76 61.37 48.05

-ATP- -Concentration, ug/ia- -o-a 5 -0-.-0 8-0.50

a = One Sample
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Table 4.10. Data Summary Obtained for US Treated Samples at
Power Setting 10.0 (350 Watts/1).

Parameter

US Exposure lime, Minutes

5	 15	 30

Turbidity, NTU 5.7 8.2 12.9

640 nm Absorbance 0.023 0.024 0.032

Total Particles per mil 6970 11,830 13,150

an Particle Size, um 4.23 3.79 4.78

Particle Size Ftactionb

Size Range

1.5 - 2.5	 um 0.7096 0.7338 0.6834
2.5 - 5.0	 um 0.2541 0.2403 0.2748
5.0 - 10.0	 um 0.0325 0.0239 0.0362
10.0 - 15.0	 um 0.0029 0.0014 0.0038
15.0 - 40.0	 um 0.0009 0.0006 0.0018
40.0 - 60.0	 um 0.0000 0.0000 0.0000

Percent Survival 78.85 38.72 28.08

ma th00 IMY3-ATP concentration, 	 ugfla

b = Three Samples
a = One Sample
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following US treatment. Coakley and Hampton (1971) observed cell

agglomeration leading to sedimentation during ultrasonication of

amoeba suspensions. The phenomena of cell aggregation would also

lead to increased water turbidity.

4.2.2 US Effect on Light Absorbance

Visible light Absorbance at 640 nm exhibited a similar trend

to that of turbidity following ultrasonication. The absorbance

values, plotted in Figure 4.9, exhibit that in samples treated at 60

W/1 US intensities, Absorbance remained constant. Samples treated

at intensities of 92 and 188 W/1 showed increased Absorbance after

5 minutes. The absorbance levels then leveled off and did not

increase further. Samples treated in the 350 W/1 series showed a

continuous absorbance increase during the overall time period. As

previously discussed, the absorbance at 640 nm parameter was

intended to be a measurement of microorganism population. However,

the cell population was too low to be measured by the

spectrophotometer. Therefore, light absorbance measurements are

only indicative of water turbidity.

4.2.3 US Effect on Particle Size

Ultrasound was used by Oliver and Cosgrove (1975) to break

up and decrease the particle size of suspended solids in municipal

wastewater. Burleson et al (1975) also observed that US decreased

the mean diameter of organic particles in secondary effluent.

However, various investigators including Coakley and Hampton (1971)

and Lyon (1951) discovered that US forced particles to agglomerate.



0.04

0.03 -

0.02 -

85

0.01-

1.73 60 W/1

0 92 WA

188 W/1

X 350 W/1  

0.00 1
0	 5	 10	 15	 20	 25

	
30

US Time, minutes

Figure 4.9. Effect of Varying US
Time and US Intensity on
SRI Water



86

Results of the particle size analysis are presented in

Figure 4.10. Samples treated at 60 wyl showed a slight decrease in

particle diameter of 4.9 to 4.5 um. Intensity treatments at 92 W/1

reduced particle diameter fram 4.9 to 3.6 um. The 188 W/1 treated

sample showed the greatest decrease in mean particle diameter, 5.4

reduced to 3.9 um. The most intensely treated water, 350 W/1, also

Showed a decrease in particle diameter from 5.4 to 3.8 um after 15

minutes. Continued treatment resulted in a subsequent

reagglameration of particles to a mean diameter of 4.8 um. While

the overall effect of US on particle diameter was not clearly

defined, US resulted in a generally decreased particle diameter.

Particle size distributions were determined for each

treatment case. When compared with the baseline case in Table 4.1,

the size distributions to the smallest size fraction. High particle

counts in the smaller size fraction indicate that submicron

particles could be present due to particle size detection

constraints inherent with the analyzer -. -At -treatment- intensities-

greater than 92 W/1 the fraction of particles in the 1.5 to 2.5 um

range increased fram 0.63 to 0.72. The histograms, plotted in

Figures 4.11 through 4.14 for 30 minute treatments at each power

intensity, serve to confirm the general phenamenon of particle size

reduction following ultrasonication. The break-up of particles

would also be indicated by an increase in total particle counts.

Referring to Tables 4.7 through 4.10, the total number of particles

per milliliter did increase with exposure time.
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4.2.4 Ultrasound Disinfection

Limited disinfection of the irrigation return water was

detected and found to be dependent on US intensity and time. The

percent of microorganism survival varied from 66.4% (60 W/1) to

25.1% (350 WA) after 30 minutes of treatment. The family of curves

derived by the effect of US dose on microorganisms survival are

displayed in Figure 4.15. Due to the high fraction of microorganism

survival, disinfection of SRI water by US was ineffective.

Boucher (1971), Huhtanin (1968) and Dahl & Lund (1980)

observed that colony counts increased 100%, 100 to 900%, and 200%

respectively following US treatment. This phenomenon was not

Observed during Phase II experiments. Other investigators, Burleson

et al (1975) and Blanck et al (1983), concluded that US was an

ineffective disinfectant in secondary effluent and sample

sterilization applications.

El'piner (1964) reported numerous microorganism species

Which were susceptible to US disinfection whileother microbes were

resistant to US effects. Coakley and Hampton (1971) measured a 97%

inactivation of amoeba at intensities of 390 to 740 W/cm2 ; which

were greater intensities than used in the present study. Based on

the findings of previous investigators, microbe inactivation by US

was ineffective.

Also noted in the present study, inactivation increased when

the US intensity increased. Coakley and Hampton (1971) attributed

this conclusion to a dependence on applied stress. An increase in

applied stress increased the number of cavitation events. As
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El'piner (1964) reported, germicidal action was due to cavitation

action in the water. Therefore, increased cavitation event

frequency due to increased US stress would result in increased

microorganism inactivation.

4.2.5 US Effect on ATP Concentration

The ATP results exhibited in Figure 4.16 generally show that

increased US dose due to exposure time and power intensity caused

reduced ATP concentrations. At US exposure times of 30 minutes,

cell viability was reduced as ATP concentration decreased by a

factor of 6. Other investigators noted similar responses of ATP

concentration versus metal toxicant concentrations (Kang and Pugh,

1985) and Chlorine dose (Neethling et al, 1985).

The toxicity patterns of US on the microorganisms varied

depending on the parameter measured. Toxicity as determined by

fraction survival or microorganism reproduction was relatively low

(75% at 350 W/1 and 30 minutes) When compared with the reduction in

ATP concentrations (95%) under the same experimental conditions.

Patterson et al (1969) noted that toxicity patterns varied depending

on the parameter measured. Cell reproduction, respiratory activity,

ATP pool concentration and enzyme activity were not affected in the

same manner by the same toxicant. The toxicity response was a

function of the toxicant type and dose.

4.2.6 US Disinfection Model

A modification of Chick's Law, Equation 2.4.1, was used to

determine the US disinfection model constants. The equation
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modification assumed the time constant, m, to be equal to 1.0. The

first order rate constant was also thought to be a function of US

intensity after examining the family of curves in Figure 4.15. The

model form used was

ln 177 = -K't

where

K'	 = KI

K	 = rate constant 1/w-min

I	 = US intensity w/1

NVN0 = Survival fraction

t	 = Treatment time, minutes

The rate constant, K with the units of 1/W-min, was determined by

linearizing the model equation. Initially, power intensity was set

constant to calculate K'. The determined value of K' was divided by

the intensity to compute K. Secondly, exposure time was set

constant to calculate K'. The new K' value was divided by the

exposure time to calculate K. The K values were averaged to

determine a mean rate constant value. The final model form with

constants substituted was

N _
T1; - exp [ -0.000142 * It ]

The model family of curves as a function of US intensity are plotted

in Figure 4.17. Computed constants as a function of constant

intensity and time are presented in Table 4.11.
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Table 4.11. US Disinfection Model Constant Calculation.

Varied
Parameter

Modified Rate
Constant 1/W-min

Correlation
of Fit R2

Intensity W/1 K'	 1/min

60 0.01065 0.000178 65.2

92 0.01173 0.000128 99.3

188 0.02335 0.000124 95.5

350 0.04723 0.000135 96.0

Tine K'
14in 1/W

5 0.000517 0.000103 60.77

15 0.002968 0.000197 99.99

30 0.003960 0.000132 99.99

Kavg = 0.000142
Ksdev = 0.000033
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4.2.7 US Data Statistical Analysis

The US data was analyzed statistically by the methods

described in Chapter 3. The effect of the independent variables

(sample, US time and US power intensity) on the measured parameters

(turbidity, microorganism survival, light absorbance and mean

particle diameter) was determined by an ANOVA. A term for the

residual sum of squares was also included in the calculations. The

residual treatment element was due to uncontrolled variables such as

pc, laboratory temperature, cell morphology and specie distribution,

dissolved solids or any number of other parameters. An exception to

the procedure was the determination of error for microorganism

survival. In this instance eight replications were used.

Significance of the observed effect was calculated at the 95%

confidence level using the F-test. Results of the ANOVA, the F-test

and the DKR test appear in Appendix A. A statistical summary

listing the significance of the independent treatment variables on

the measured parameters is presentectin -Table-C12-.

Microorganism survival was not statistically a function of

US power, exposure time or sample. The effect of time exhibited the

largest impact on the microbe fraction survival. Coakley and

Hampton (1971) found that the exposure time contribution to applied

stress was more significant than the power intensity contribution.

Due to the high experimental error, results of the Duncan MUltiple

Range test indicated that all levels of treatment on the

microorganism survival are identical.
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Table 4.12. Statistical Summary of Phase II Experiments Indicating
Significance of US Treatment on Sample.

Treatment Significant, Yes/Nb 

Measured Parameter
	

F -test	 DMR-test

Turbidity	 Yes	 Yes

Absorbance at 640 nm	 Yes	 Yes

Mean Particle Diameter	 Nb	 Nb

Microorganism Survival 	 Nb	 Nb
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an particle diameter was not a function of water sat	  e,

US power, treatment residual or exposure time. Results of the DMR

test led to the conclusion that all treatment levels were again

statistically identical.

ANOVA calculations indicated that water sample, US power and

exposure time all had an impact on the light absorbance at 640 nm.

The water sample had the largest impact on the absorbance

measurements. The DMR test concluded that there were three levels

of treatment resulting from US exposure. Thus, SRI water was

treated by US in this regard.

Water turbidity measurements were dependent on the water

source, US power, exposure time and residual treatment effects. The

water sample imposed the greatest impact on turbidity; however, the

US power and exposure time also produced a large impact on the water

turbidity. Results of the DMR test indicated several levels of

treatment with the only definitive treatment level being at US

intensity of 350 W/1 aid 30 minutes of-exposure.

4.3 Combined UV and US Treatment 

The third phase of experiments was conducted to determine,

if any, the synergistic effects of combined US and UV light

treatment in disinfecting the SRI water. Oliver and Cosgrove (1976)

conducted similar experiments on municipal wastewater secondary

effluent and they observed that following US that the microbial

population increased 2 to 5 times due to disaggregation of

microorganisme. subsequent UV light exposure served to disinfect

the second effluent more efficiently than if only UV had been used.
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Phase III experiments were divided into two parts. The

first part of the experiments involved determining the optimum

sequence of the unit processes. The intermediate level of US power,

188 W/1, and an UV exposure time of 5 minutes were selected for the

treatment level. The treatments varied with respect to US time (0,

5, 15 and 30 minutes) and the process sequencing. Initially,

experimentation employed US followed by UV while in later

experiments UV light followed US. Each treatment experiment was

performed twice on the same water sample (Sampled March 6, 1987).

Experimental results appear in Table 4.13.

The second part of the experiments was conducted to

determine the combined treatment effect for the US/UV sequence

derived in the first part. Nine treatment points were selected for

analysis to cover the experimental matrices used in Phase I and II.

US time was set at 5 minutes for the combined experiments. The nine

treatment levels are tabulated in Table 4.14. Each treatment was

duplicated for the same water sample (ColIected- April 17, 1987).

4.3.1 Sequence Determination

Following completion of the seven treatment point

experiment, analyses were perfouted for effect on sample turbidity,

mean particle diameter, ATP concentration and microorganism

survival. The effect of treatment on water turbidity is displayed

in Figure 4.18. While it appears that the UV-US sequence product

water turbidity was higher than the US-UV sequence turbidity,

statistically the sequencing turbidity results were identical. A
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Table 4.13. Parameter Measurement as a Function of Unit Process
Sequencing.

Sequence
US Time,
minutes

Turbidity
NTU

Mean Particle
Diameter, um

ATP
ugh

Microorganism
Survival %

Raw Water 1.8 6.88 4.80 100.00

US-UV 5 7.0 4.61 3.74 66.43

15 15.4 4.63 0.68 50.20

30 20.5 5.03 0.13 34.33

UV-US 5 12.8 3.33 1.97 61.45

15 15.5 3.14 0.26 46.94

30 26.5 2.90 0.03 22.19



Table 4.14 -- Treatments Used in the Third Phase of Sequencing
Experiments.

Experiment UV Exposure
Time, mins

US Dose Time
minutes

US Power
W/1

1 0 0 0

2 5 0 0

3 5 5 60

4 5 5 92

5 5 5 188

6 5 5 350

7 0 5 188

8 1 5 188

9 15 5 188
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III	 III

0	 5	 10	 15	 20	 25	 30

US Time + 5 minute UV Dose
Figure 4.18. Comparison of Water

Turbidity in Phase III
Process Sequencing Tests
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two tailed t-test was utilized to decide whether the average effect

of the UV-US sequence was statistically identical to the effect

produced by the US-UV sequence. The t-test at the 95% confidence

level defined both sequences to produce identical changes in the

water turbidity.

The mean particle diameter results appear in Figure 4.19.

The US-UV sequence produced a less effect on particle size than did

the UV-US sequence. The changes in particle size were similar to

those Observed in US only and UV only treatments. The ANDVA and the

F-test determined that particle diameter was a function of US time

as well as residual treatment elements. The results of the DMR

test, Shown in Table A.16, concluded that application of US produced

a significantly different particle diameter than the raw water

particle size. A t-test performed at the 95% confidence level

indicated that the UV-US sequence produced statistically identical

particle diameters when compared with the US-UV sequence.

Microorganism survival results are eXhibitedrin -Figure

As shown, the survival fractions were nearly identical for each

sequence with the UV-US sequence exhibiting a slightly higher

percent inactivation. The F-test concluded that microorganism

survival was not dependent on US time or unit processes sequencing.

However, results of the DMR test indicated that all treatment levels

are statistically identical. A two tailed t-test at the 95%

confidence level concluded that the effects on microorganism

survival were identical whether produced by the UVUS sequence or

the US-UV sequence.
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US/UV

UV/US

0 	
0	 6	 10	 16	 20	 26	 30

US Time with 5 minute UV Dose

Figure 4.19. Comparison of Mean
Particle Diameters
Produced by Varying
Unit Process Sequencing
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Microorganism Survival
Values Obtained in
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The microorganism survival results for the UV-US sequence

may be misleading. The UV irradiated cells are inactivated.

However when the cells exist in clumps, interior cells may be

shielded from the lethal effects of UV irradiation. The cell

agglomerates are often the limiting factor in UV disinfection

(Quails et al, 1983). Subsequent ultrascnication serves to break-up

cell aggregates to expose un-irradiated cells. The aggregate

disintegration results in increased colony counts (Huhtanea, 1968;

Sierra and Boucher, 1971; Dahl and Lund, 1980). The colony counts

Obtained by the UV-iJS sequence may be indicative of the results

attainable following UV only treatment. As Observed by Weedle and

Jenkins (1971), plate counts are only accurate if biological flocs

are dispersed prior to counting microorganisms.

Only one set of ATP analysis was conducted for the

sequencing experiments. The ATP concentrations measured for each

test condition is displayed in Figure 4.21. The UV-US sequence had

the greatest effect on cell viability just as the UV- US sequence did

on microorganism survival when compared with the US-UV sequence

results. Bbwever, the relative toxicity response was again

different as noted by Patterson et al (1969). The ATP pool

concentration following UfrUS treatment was 0.6% of the original

level as opposed to microorganism survival of 22.2% as measured by

the colony counts.

The UV-US sequence decreased the ATP pool concentration

(0.6% of the original value) lower than the UV only experiments in

Phase I (10.3%) or the US only experiments in Phase II (5.4%).
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US Time + 5 Min UV Dose
Figure 4.21. Comparison of Cell

Viabilities Measured by
ATP Concentration After
Phase III Experiments
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Bbwever, the cells ability to reproduce was more severely affected

by the UV only process (14.6% survival) than by the US only process

(28.1%) or the UV-US sequence (22.2%). As previously discussed, the

UV-US sequence results may be indicative of the UV only treatment

since in order to produce accurate plate counts, biological flocs

must be dispersed prior to counting (Weedle and Jenkins, 1971).

Cell viability and toxicity measured response as indicated by ATP

concentration is of distinct advantage over the plate count

procedures. Accurate ATP measurements are not dependent on the

degree of cell aggregation or dispersion. Thus unit process

sequencing, either UV-US or US-UV, tended to enhance disinfection

over the UV only or US only processing.

In all cases however, the ATP concentration was reduced to

the pcedescribed level of 0.10 ug/1 defined by Tif ft and Spiegel

(1976) as necessary to reduce microorganism levels below the sewage

effluent standards of 200 fecal ooliforms per 100 ml. But as the

-total -c6.hxyccunts indicated, -microorganism population-levels-were

on the order of 29,000 to 45,000 CFU/M1. Thus a large number of

microorganisms remained active increasing the possibility of

inflicting crop damage.

4.3.2 Combined Treatment Experiments

The data obtained fram the combined treatment experiments

are presented in Table 4.15. As observed in the results of the US

only and UV only treatments, light absorbance at 640 nm was
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Table 4.15.	 Cambined Treatment Data.

Treatment Level Absorbance
@254nm

Absorbance
@640nm

Turbidity,
NTU

Microorganism
% Survival

US Rawer UV Time

Raw Water 0.709 0.008 0.77 100.00

0 5 0.627 0.015 4.7 17.65

1 5 0.624 0.015 4.6 30.88

3 5 0.624 0.019 5.6 22.43

6 0 0.711 0.008 2.3 240.07

6 1 0.698 0.012 3.3 94.12

6 5 0.625 0.020 6.8 72.79

6 15 0.549 0.025 12.0 25.74

10 5 0.605 0.021 10.9 216.91
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indicative of the water turbidity and not the microorganism

survival.

Ultraviolet light absorbance at 254 nm was measured for the

various treatments. When UV light dose was held constant and the US

power intensity was varied from 60 to 350 W/1, the absorbance at

254 nm decreased only slightly from 0.627 to 0.605. Ultrasound

power intensity thus exhibited a slight if any effect on the water

UV absorbance. However, when US power was held constant and UV dose

varied, the UV absorbance at 254 nm decreased significantly fram

0.711 to 0.549. Direct visual observation of the water aliquot in

the reactor gave the impression that a reaction or a type of

interaction had occurred within the reactor. After treatment, the

relative water clarity was noted. Water aliquots which were only US

treated or were untreated remained clear. Aliquots which were

subjected to low intensity US and low doses of UV light were

somewhat cloudy but were more clear than the third group of samples.

Samples subjected to high intensity US and high doses of UV light

were milky, almost translucent in nature. There was a visible

distinction between the three classes of treatment. The summary of

visual observations are presented in Table 4.16.

The Changes in water clarity may have been due to the UV-

humic substance reactions previously discussed. Il'in and Orlov

(1973) reported similar decreased UV absorbance values at 254 nm

following UV treatment. The investigators reported the Change in UV

Absorbance to be due to oxidation processes involving the aromatic

and heterocyclic structures under the influence of UV light. Under



Table 4.16 -- Visual Observation of Treated Water Samples
Relating Relative Water Clarity to Untreated
Water Following Phase III Experiments.

Clarity	 Treatment level

Clear	 US-0 UV-0

US-6 UV-0

Cloudy US-0 UV-5

US-1 UV"5

US-3 UV"5

US-6 UV-1

Translucent	 US-6 UV-5

US-6 UV-15

US-10 UV-5
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a photolysis effect, a dissociation reaction and formation of free

radicals occurred. Burleson et al (1975) reported that US reduced

or altered oxidizable organic materials as measured by biochemical

oxygen demand and chemical oxygen demand. Ultrasonicators also

produce emulsions in aqueous solutions which were treated with high

US doses (Heat Systems, 1986). By-product gases may be evolved from

solutions being ultrasonicated (Heat Systems, 1986) as well as from

solutions being UV treated (Allen, 1961). Considering the combined

effects of UV reactions, UV gas production, US produced emulsions

and US gas production, the relative clarity of the SRI water would

be expected to decrease as UV and US treatment intensified.

Microorganism survival fraction was a function of UV dose

and US power. The best treatment was Observed with a UV dose of 5

minutes and no US. This result may be misleading. Application of

US only resulted in &agglomeration of microorganisms producing

microbe populations 240% of the raw water population. This

phenomenon was reported by Sierra and- Boucher (1971), HUhtanea

(1968), and Oliver and Cosgrove (1976). Due to the break up of

microbe clumps it was not practical to attempt to compare the

relative effectiveness of each treatment. If the new baseline

population after US was assumed to be 240% of the original level,

application of low level intensity US, 60 W/1, reduced the

microorganism survival from 17.6% for the 5 minute UV only treatment

to 12.5% for the 1 minute US plus 5 minutes UV treated water. Thus,

US resulted in improved inactivation of microorganisms. But again,

it was difficult to conclude this due to the breakup phenomenon.



CHAPTER 5

CONCLUSIONS

The following conclusions may be made based on the study

results discussed herein:

1. UV inactivation of microorganisms was modelled by

application of Chick's Law and took the form

N = No exp{ -1.800- 0274)

2. US inactivation of microorganisms was modelled by

Chick's Law and took the form

N = No exp{(-0.000142)(It))

3. The US/UV process sequence was statistically identical

to the UV/US process sequence.

4. The UV only disinfection sequence produced the most

efficient disinfection of SRI water. Microorganism

survival as determined by plate counts was 17.65%. This

level of disinfection was not satisfactory for the

intended application as proposed by this study.
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CHAPTER 6

RECCMMENDATIONS FOR FURTHER RESENRCH

The following suggestions are offered for continued study in

the disinfection of irrigation recycle water:

1. Determine the applicability of an on line ultraviolet

flow through reactor to disinfect irrigation recycle

water. This may help to explain the effect imposed by

interfering water components. Also water turbulence

through the reactor may help to improve the

microorganism inactivation.

2. Using on-line low intensity US producing horns prior to

an on-line UV reactor, monitor the microorganism

inactivation as a function of US power and UV dose

applied to determine any synergistic effects on a

large scale basis.

3. Study the use of ozone in conjunction with US and UV to

determine if more a favorable disinfection system may be

developed.
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APPENDIX A

STATISTICAL RESULTS

The following tables list the results from the individual

analyses for each treatment. ANOVA tables describe the effect of

each independent variable on treatment, the residual effect due to

undefined variables and an estimate of experimental error. Finally

the results of the F test are listed. If the Fcale value is greater

than the Ftab value, then the variable has a significant impact on

measurement of the dependent variable.

Table A.13 lists the results of a two tailed t-test on the

experimentally determined values for the sequencing study. The

t-tests showed that unit processing sequence did not play a

significant role in disinfection.
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Table A.1. ANNA Table for the Effects of IJV Dose and Sample on
Microorganism Survival.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcalc F0.05

Sample 603.39 3 201.12 1.27 6.59

UV Dose 21897.42 3 7299.14 46.17 6.59

Residual 344.19 9 38.24 0.24 6.00

Total 22844.97 15

Error Estimate 632.30 4 138.08
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Table A.2. ANOVA Table for the Effects of UV Dose and Sample on
Light Absorbance at 640 nm.

Source of
Variance

Sum of
Squares

Degrees of
Freedam

Mean
Square Fcalc F0.05

Sample 0.000131 2 0.000066 82.5 6.94

UV Dose 0.001924 3 0.000641 801.2 6.59

Residual 0.000496 6 0.000083 103.8 6.16

Total 0.002531 11

Error Estimate 0.000003 4 0.0000008
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Table A.3. ANOVA Table for the Effects of UV Dose and Sample on
Turbidity.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Man
Square Fcalc F0.05

Sample 313.84 3 104.61 58.87 6.59

UV Dose 902.32 3 300.77 168.97 6.59

Residual 262.31 9 29.15 16.38 6.00

Total 1478.47 15

Error Estimate 7.11 4 1.78
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Tabae A. 4. ANOVA Table for the Effects of 13V Dose and Sample on
Mean Particle Diameter.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fade F0.05

Sample 7.11 2 3.56 64.7 6.94

UV Dose 2.40 3 0.80 14.5 6.59

Residual 3.43 6 0.57 10.4 6.16

Total 12.94 11 1.18

Error Estimate 0.22 4 0.055
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Table A.5. ANOVA Table for the Effects cf Sample, US Power and
US Time on % Microorganism Survival.

Source of
Variance

Sum of
Squares

Eegrees of
Freedom

Mean
Square Fcalc F0.05

Sample 450.75 3 150.25 0.07 4.35

Power 6372.51 3 2124.17 0.94 4.35

Time 19814.48 3 6604.83 2.93 4.35

Residual 17548.32 54 324.97 0.14 3.31

Total 44186.06 63

Error Estimate 15760.72 7 2251.53
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Table A.6. ANOVA Table for the Effects cf Sample, US Power and
US Time on Mean Particle Diameter.

Source of
Variance

Sum of
Squares

Degrees cf
Freedam

Mean
Square Fatic F0.05

Sample 13.48 3 4.64 5.05 6.59

Power 4.34 3 1.45 1.58 6.59

Time 18.10 3 6.04 6.56 6.59

Residual 42.35 54 0.78 0.85 5.70

Total 78.72 63

Error Estimate 3.68 4 0.92
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Table A.7. ANNA Table for the Effects of Sample, US Power, and
US Time on Light Absorbance at 640 nm.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcalc F0.05

Sample 0.002869 1 0.002869 499.0 7.71

Power 0.000240 3 0.000080 13.9 6.59

Time 0.000221 3 0.000074 12.9 6.59

Residual 0.000013 24 0.0000005 0.09 5.77

Total 0.003343 31

Error EStimate 0.000023 4 0.0000058
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Table A.8. ANNA Table for the Effects of Sample, US Power and
US Time on Turbidity.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcalc F0.05

Sample 946.97 3 3154.66 6070 6.59

Power 121.32 3 40.44 777.7 6.59

Time 130.11 3 43.37 834.0 6.59

Residual 72.29 54 1.34 25.77 5.70

Tbtal 1382.68 63

Error Estimate 0.208 4 0.052



127

Table A.9. ANOVA Table for the Effects of UV-US Sequencing and US
Time on Turbidity.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcalc F0.05

Sequence 0.11 1 0.11 0.001 5.59

US Time 736.87 3 245.62 2.57 4.35

Residual 69.13 2 34.57 0.36 4.74

Error 669.77 7 95.68

Total 1475.88 13
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Table A.10. ANOVA Table for the Effects of UV-US Sequence and US
Time on Mean Particle Diameter.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcalc F0.05

Sequence 1.67 1 1.67 3.98 5.59

US Time 14.81 3 4.94 11.76 4.35

Residual 6.74 2 3.37 8.02 4.74

Error 2.93 7 0.42

Total 26.15 13
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Table A.11. ANOVA Table for the Effects of UV-US Sequence and US
Time on % Microorganism Survival.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcalc F0.05

Sequence 183.71 1 183.71 0.15 5.59

US Time 7393.86 3 2464.62 1.97 4.35

Residual 0.00 2 0.00 0.00 4.74

Error 8766.00 7 1252.28

Total 16342.74 13
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Table A-12. ANDVA Table for the Effects of UV Dose and US Dose on
the Microorganism % Survival.

Source of
Variance

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcalc F0.05

UV Dose 73976.60 3 24658.87 8.79 4.07

US Power 77273.27 4 19318.32 6.89 3.84

Residual 10323.28 10 1032.33 0.37 3.35

Error 22437.71 8 2804.71

Total 184010.86 25
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Table A.13. T-Test Results Comparing Sequence Test Results at the
95% Confidence Level.

Measured Parameter tcalc ttab* Significant**

Turbidity 0.026 2.571 NJ

Particle Diameter 0.61 2.571 ND

Microorganism Survival 0.34 2.571 ND

*Two tailed test at 95% confidence level
**Means are significantly different if tcalc > ttab
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Table A-14. Results of UV Experimental Data Duncan Range Test.

UV Dose,
minutes

Microorganism
Survival Fraction

Dependent Variable*

Mean Particle
Diameter	 Turbidity

Light
Absorbance

0 a a a a

1 b a a a

5 b ab b b

15 b b c c

*UV dose followed by the same letter
are statistically identical based on
Duncan's Multiple Range Test at the
95% confidence level.
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Table A.15. Results of US Experimental Data DMR Test.

Dependent Variable*

US Intensity
w/1

Time
Minutes

Percent
Survival

Particle
Size Turbidity

Light
Absorbance

60 0 a a abc a

5 a a a a

15 a a a a

30 a a a a

92 0 a a abc a

5 a a c a

15 a a ef a

30 a a gf a

188 0 a a ab a

5 a a bcd a

1-5- -a- -a- -fT -a-

30 a a gh a

350 0 a a ab a

5 a a de a

15 a a h a

30 a a i a

*US dose followed by the same letter are
statistically identical based on Duncan's
Multiple Range Test at the 95% confidence level
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Table A,16. Results of DMR Test for Sequencing Ekperiments.

Treatment Turbidity Particle Diameter Microorganism Survival

Raw Water a a a

UV/US-5 a cde a

UV/US-15 a cd a

uv/us-30 a e a

US-5/W a bcd a

uS-1570v a bc a

US-30/UV a b a
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