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Abstract

We study the disinfection of Escherichia coli in a pulsed power discharge reactor.
The pulsed power discharge process is an electrohydraulic phenomenon characterized by
a rapid release of electrical energy across a submerged electrode pair.

The survival kinetics of pure strains of E. coli suspensions exposed to 5.5 kV, 90
kA electrohydraulic discharges (EHD) is investigated. The probability of survival P, of a
2 x 10" E. coli CFU mL"' population after 50 consecutive EHD's follows a logir
distribution that corresponds to lethal doses of LDsy = 2.2 and LDgy = 10.8 EHDs.
Variation of the initial cell concentration produced nearly constant values of LDsy = 0.9
0.1 in the range 2 x 10° < E. coli/CFU mL"' < 3 x 10°. Beyond 10° CFU mL", the LDsp
values increase exponentially due to nonlinear light absorbance with increasing E. coli
concentrations. Qualitatively similar initial cell concentration dependence is observed for
survival under low intensity 254 nm irradiation, in contrast with lower values of LDsg
obtained in denser colonies to 20 kHz power ultrasound exposure.

The high intensity (3.3 x 10" W m™) ultraviolet radiation emitted by the
electrohydraulic discharge is completely suppressed in the presence of less than 100 mg
L' 2,2’-dihydroxy-4,4’-dimethoxybenzophenone-5,5"-disulfonic acid (BP9), a well-
known sunscreen agent. Concentrations of BP9, in the range (0 — 100) mg L', are varied
to measure the sterilization kinetics of ~ 3 x 10’ CFU mL"' suspensions to varying
degrees of high intensity UV exposure. The slope of the logit plots of E. coli as function
of BP9 concentration is consistent with the screening of radiation as the sole lethal agent.

Computed values of biologically available light fluences are 5.0 x 10" photons CFU! for



vii

high inténsity, high power, pulsed EHD experiments and 6.6 x 10® photons CFU™ for
separate low power continuous UV experiments. The net availability of 3 orders of
magnitude more photons during high intensity UV exposure suggests the possibility of a
multiphotonic disinfection mechanism at play in the EHD process relative to low
intensity case.

The overall resistance to long term exposure to EHD is also investigated.
Selective pressure experiments with E. coli exposed to 11 cycles of 50 consecutive EHDs
each show a weak kinetic change in the dose-response curves reflected in the nearly
constant values of LDsg = 0.24 £ 0.03. A gréater than 98 % metabolic similarity in carbon
source consumption between initial and final E. coli populations are enzymatically
related. In addition, the results indicate that no bacterial contaminants are propagated

throughout the experiment.
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Chapter I. Introduction

General Disinfection Methods

Many strategies for the management and reduction of microorganisms in water
for human consumption have been devised (/,2). Examples of these strategies include
water filtration by screens and osmosis (3), flocculation and aggregation (4), and UV
light irradiation (5). By far, the most common treatment technique used is disinfection by
chlorine (6).

Recent studies have recognized new or emerging pathogens that survive and
proliferate in the drinking water treatment and distribution systems (7). Among these are
newly identified fecal pathogens like enterohemorrhagic Escherichia coli (8,9),
Campylobacter jejuni (10), enteric viruses like rotavirus, calicivirus, astrovirus (//-13),
and the parasites Cryptosporidium parvum, Giardia lamblia and microsporidia (14,15).
Also, environmental pathogenic bacteria such as Pseudomonas aeruginosa, Legionella
spp., Mycobacterium spp., and Aeromonas spp. have been identified to grow in treatment
facilities in both planktonic and biofilm environments (/6-18).

Advanced disinfection techniques make use of ozone (19-21), hydrogen peroxide
(22), ultrasonic irradiation (23-28), gamma irradiation (29-33), semiconductor
photocatalysis (34-40), flash photolysis (41), biocidal polymers (42,43), high intensity
laser photolysis (44-47), and high-voltage pulses (48-50) as possible water treatment

processes. But as with any emerging technology, cost and treatment volume limit their
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range of applicability. The continual search for a more general and cost effective

technique for water disinfection is the motivation for this work.
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Disinfection by Electrohydraulic Discharges

Pulsed-power plasma or electrohydraulic discharge reactors have been used
effectively in the past for the treatment of environmentally recalcitrant pollutants offering
rapid mineralization rates of chemicals like 2,4,6-trinitrotoluene, 4-chlorophenol, and 3,4-
dichloroaniline (51-54). Other applications include simulation of underwater explosions
(55), metal forming (56), rock fragmentation (56), and shockwave lithotripsy (56-58).

Disinfection by electrohydraulic discharge (EHD) reactors is a novelty motivated
by previous work done at Caltech (57,59,60). In addition, EHD generated UV radiation
and shockwave effects on bacteria have been studied previously but in the context of food
science and protection (61-63). The electrohydraulic discharge process can be an
effective technique for water disinfection for the following reasons: EHDs generate hot,
localized plasmas strongly emitting high intensity UV light; they also produce
shockwaves and generate hydroxyl radicals during water photodissociation. UV light in
the range of 200 to 400 nm is a known mutagen to cells (64), shockwaves are known to
produce mechanical ruptures to cell membranes (59), and hydroxyl radical attack is a
pathway for oxidative cell damage (23). The purpose of this thesis is to study the
disinfection process by electrohydraulic discharges and investigate the relative

importance of each component of disinfection for optimization of the technique.
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The Pulsed Plasma Discharge Reactor

’fhe Caltech electrohydraulic discharge (EHD) reactor consists of two electrodes
submerged in a 4-liter reaction vessel to which a 135 uF capacitor bank is discharged
across the spark gap (51,52,54). A 300 ns rise time semiconductor switch is used to
trigger the discharge and it is capable of generating a 20 us pulse with a total energy of
25 kJ and 1 GW peak power. Figure 1 shows the schematic of the EHD reactor system.

Under normal experimental conditions, measurements of the voltage across the
electrodes can be as high as 5 kV with peak currents of 90 kA. The system is electrically
analogous to an underdamped LRC circuit with a period of 50 us. Following the rapid
discharge of the capacitor bank, a fraction of the current leaks into the spark gap and
heats the water surrounding the electrodes forming gas bubbles (Fig. 2). These bubbles
enable the formation of a plasma channel across the liquid medium. The plasma channel
can reach temperatures in the range of 14 000 - 50 000 K and functions as a blackbody
radiation source with a maximum emittance in the VUV spectrum (A = 75 - 185 nm). The
plasma channel consists of a highly ionized, high-pressure and high-temperature fluid.
Once formed, the plasma channel tends to expand. The mechanical inertia of the
surrounding water resists this expansion resulting in the development of very high
pressures. The energy stored in the plasma channel is slowly dissipated (slow relative to
the plasma formation process) as thermal radiation and mechanical work. At the
detonation front, the high-pressure build up in the plasma is transmitted into the water
interface and an intense compression wave (shockwave) is formed that travels ahead of

the expanding gas bubble at a speed several times faster than the speed of sound. Pressure
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jumps across the shock can be as high as ~ 5-20 kbars. When the shockwave reaches a
free surféce, the stress-free condition at the interface instantly transforms the compression
wave into a tension (or rarefaction) wave and it is reflected back into the liquid medium.
This rarefaction wave induces cavitation as it travels back through the water. The
shockwaves, rarefaction waves, and gas bubble expansion sustain a highly turbulent

mixing environment until all pressures are equalized.

Chemical Effects

The simultaneous occurrence of multiple processes makes the chemistry and
physics of the EHD process quite complicated. In an attempt to differentiate between the
different physicochemical processes, we shall group them into localized and extended
effects. We define oxidative degradation that occurs within the plasma channel and
within the immediate vicinity as a localized effect. This includes pyrolysis within the
high-temperature plasma, oxidation due to direct and indirect VUV photolysis, and
supercritical water oxidation. Mechanical damage resulting from shockwaves and UV
radiation in the bulk aqueous solution are defined as extended effects. In the context of
biological disinfection, the localized effects lead to zero-order kinetics. We have focused,
therefore, on the study of the kinetics of disinfection by mechanical and UV radiation
damage to E. coli. In the EHD process, chemical degradation can occur within the plasma
channel directly due to pyrolysis and free radical reactions. However, the small volume
of the plasma channel (1-3 mL) limits the amount of solution that can be directly exposed

to high-temperature pyrolytic processes.
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High Ihtensity UV Emission

The plasma channel formed during an electrohydraulic discharge can reach
temperatures of 14 000 - 50 000 K and thus functions as a blackbody radiation source
with a maximum emittance in the vacuum ultraviolet VUV region of the spectrum (A =
75-185 nm (65)). Figure 3 shows a typical blackbody spectrum at 15 000 K. The VUV
light emitted from the hot plasma is absorbed by the water layer immediately surrounding
the plasma channel (66), and the UV light with A > 184 nm penetrates into the bulk of the
solution. An additional component due to absorption of light by E. coli was measured
using direct reflectance UV absorption spectroscopy with a Shimadzu UV-2101 PC UV-
Vis Scanning Spectrophotometer outfitted with an integrating sphere. Figure 4 shows the
blackbody spectrum at 50 000 K and the measured absorbance spectrum of E. coli.

In principle, all wavelengths below 200 nm are absorbed by water. DNA
thymidine dimerization is known to occur only at wavelengths below 400 nm so the
range of interest for biological disinfection is 200 nm < A <400 nm.

The high intensity of the UV light emission in the EHD reactor further
complicates matters. Stepwise multiphoton absorption at UV light intensities higher than
10° W/cm® generated by picosecond and nanosecond laser irradiation is known to
produce nonlinear photoprocesses in nucleic acids (44,67,68). In our experiments the
EHD reaches intensitics as high as 3 x 10° W/cmz, which leads us clear into the

multiphotonic photochemistry regime.



I-8
In low-intensity, UV irradiation of nucleic acids, absorption to the first excited
singlet ahd triplet states (S; and T respectively) leads to formation of Cs-C¢ cyclobutyl
dimers between neighboring pyridines weakening and distorting DNA strands, ultimately
blocking DNA replication. Figure 5 shows the thymine electronic level diagram.
Non-conventional high-lying quasi-Rydberg Sy and Ty state photochemical
processes in thymine can occur with high intensity UV irradiation due to two photon

absorption mechanisms that lead to the formation of DNA-base radicals, ejection of a

hydrated electron e, , or direct ionization (69-71). Oxidative damage incurred by the

aq
subsequent reactions between these highly energetic moeties and the cellular material
produces DNA single and double strand breaks (44,72-74).

The inactivation process displays similar kinetics to disinfection by pulsed
radiolysis and ionizing radiation (45,75) and additional pathways of action have been

verified, i.e., formation of single and double strand DNA breaks (ssb, dsb), interstrand

crosslinking, and protection by the cytoplasm (72,74,76).

Shockwave Effects

Experiments with exploding wires have shown that electrohydraulic discharges
induce extreme electromagnetic and mechanical conditions in the bulk solutions outside
of the plasma channel region that may affect the inactivation of microorganisms in
solution (55,65,77,78).

During the formation of the plasma channel (1-2 us), an intense 5-20 kbar

shockwave is generated due to the rapidly expanding plasma channel (77). The resulting
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shockwave can induce pyrolytic and free radical reactions indirectly via electrohydraulic
cavitatioﬁ (79). As the plasma channel cools over 1-3 ms, thermal energy is transferred to
the surrounding water, resulting in the formation of a steam bubble (55). Within the
steam bubble, the temperatures and pressures are high enough for the formation of
transient supercritical water (78). However, the overall temperatures after 50 EHDs is
less than 35 °C, confirming that most of the bactericidal effects are due to other

nonthermal mechanisms.

Motivation

In the United States, the Environmental Protection Agency (USEPA) enacted the
1992 Surface Water Treatment Rule (SWTR, Fig. 6) requiring all community water
treatment systems, in addition to the usual Total Coliform Rule (TCR) with a maximum
concentration level goal (MCLG) of zero, to disinfect surface waters before distribution
and filtering (80). Specifically, all surface water systems must filter and disinfect 99.9 %
removal and inactivation of Giardia, and 99.99 % removal and inactivation of viruses.
These stringent requirements were established as a result of common and novel
pathogens that survive the standard chlorination technique (7). The need for new and
broader techniques for treatment of municipal water systems is the main motivation for

this work.
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Thesis Purpose and Overview

Tﬁe purpose of this thesis is to study the feasibility of the pulsed power discharge
reactor for the treatment of municipal waters. This work is divided into three major areas
of interest: first, an investigation on the rates of disinfection of E. coli by EHD (Chapter
3); second, a determination of the main component of disinfection (Chapter 4); and third,
the implications of long-term EHD exposure on mutation rates of E. coli survivors
(Chapter 5).

The first portion of this research will be directed towards determining the net rate
of EHD disinfection given an initial concentration of E. coli. The kinetics of the
disinfection process will be discussed and compared with two well-known systems: low
intensity UV lamp disinfection and low power ultrasonic irradiation. Values of LDso will
be computed for the EHD disinfection technique, followed by a general discussion on
efficiency regimes.

The second portion of this research will attempt to ascertain the main mechanism
of disinfection during an EHD event. In particular, an assessment of the degree of
disinfection by high intensity UV emission will be performed, enabled by the use of a
chemical sunscreen. The relative effectiveness of the UV component of the EHD will be
discussed in the context of the overall process optimization.

The final portion of this research will be directed at determining the possible
emergence of mutants that can survive exposure to long-term EHD treatment. The study
will focus on EHD selective pressure experiments subject to 11 growth and death cycles.

The net kinetic change in the dose-response curves and the net metabolic activity
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between initial and final populations will be discussed and compared. The conclusions

regarding the outcome of these experiments will indicate the degree of mutagenicity

generated by EHD.
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Figure 2. Description of main events during a typical electrohydraulic

discharge event.
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Figure 3. Blackbody spectrum at 15 000 K. Maximum emision occurs at A = 300 nm.
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Chapter 11

Experimental Section
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Chapter I1. Experimental Section

Electronics

The Caltech EHD reactor has two principal components, which include a power
supply that is connected to a 135 uF capacitor bank with control electronics, and a 4-L
discharge chamber that contains the solution to be treated (/). Figure 1 shows a
photograph of the facility. The capacitor bank can be charged with net energies ranging
from 2 to 25 kJ and then discharged through fast (300 ns rise time) ignitron switches into
the electrode gap in the discharge chamber. The electrode gap in the reaction chamber
(see Fig. 2) is typically 4 mm and can be varied from O to 32 mm in length with an
adjustable electrode assembly. The lifetime of the plasma channel under typical
experimental conditions ranges from 20 to 100 ps (/). The EHD reactor system can be
represented as a large LRC circuit in which the discharge events often exhibit current
reversal, and as a consequence, they are categorized as underdamped discharges. The
reaction chamber has been designed to withstand the high-pressure shockwaves and the
large electrical voltages and currents without electrical arcing or mechanical failure.

An opposing electrode design was selected for shock resistance and adjustability.
The adjustable ground electrode assembly allows for the precise control (+ 0.1 mm) of
the spark-gap length within a range of 0-30 mm; it maintains the structural integrity of
the chamber; and it provides a tight compression connection for the high current pulses.
The ground electrode can be readjusted to maintain a constant spark-gap separation to

offset any effect due to erosion of the electrode tips. Tantalum was selected for the
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electrode tips because it is a refractory metal (mp = 2996 °C) that minimizes electrode
erosion;ltantalum and their oxides are relatively inert and do not interfere significantly
with the disinfection process under investigation. The tantalum tips are joined to the steel
electrodes by incorporating them into locking Morse taper assemblies. Flat cylindrical
tips are used to minimize the effects of tip erosion during the lifetime of an experiment.

The electronics package that drives the pulsed discharge unit is an RLC circuit
designed and built by Pulsed Power Technologies Inc. (PPTI, San Diego). It has been
specifically designed with a low inductance (250 — 300 nH) and a relatively large
capacitance (135 pF) to generate short but high-energy pulses. It is capable of delivering
a 20 ps pulse with a total energy of 25 kJ and a peak power of up to 1 GW. Fast ignitron
switches with a 300 ns rise time are used to trigger the discharge.

Electrical current was measured on the hot electrode bus (cathode) using a
Rogowski coil that has been calibrated against a 123.3 pQ current viewing resistor (T&M
Research). Voltages were measured on the cathode bus bar using a high-voltage probe
(North Star Research). Triggering of the circuit and collection of the current and voltage
traces was done remotely using a PC computer that was controlled with LabView
software (National Instruments).

A single electrical discharge in the chamber can be described by the governing
differential equation:

d*q

2

L

dq q
+R(t)—+-+=0 1
()dt C M
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where L is the inductance of the circuit, C is the capacitance, and g is the stored charge.
R(t) is thé resistance of the plasma channel. Depending on the specific values of R, L, and
C, there are three regimes of discharge operation, underdamped R < 2(LIC)"?, critically
damped R = 2(L/C)", and overdamped R > 2(L/C)"?. All discharges in our experiments
were either underdamped or critically damped (i.e., most discharges exhibit current
reversal).

In a typical EHD experiment, the large capacitor bank was charged to Vg = 10.2
kV, which yielded the total stored energy of Ecg = 7kl. After complete charging, the
capacitor bank was discharged very rapidly using the fast ignitron switches in order to
charge the submerged electrodes. As a voltage of 10.2 kV, the electric field is insufficient
to cause the formation of a plasma channel directly through liquid water. In this case, the
resulting ionic current heats the water in the spark-gap, forming gas bubbles through
which the discharge occurs (2). The pre-discharge current leakage significantly reduces
the energy available for the discharge from an initial value of Ecg = 7 kJ to Ep = 2 kJ.
After a plasma channel is formed, a current pulse arcs across the underwater spark-gap
(0.4 cm). Since the plasma channel is the major resistive element in the circuit, most of

the energy in the current pulse is deposited into the solution in the reactor chamber (3).

Exposure of Cells to EHD
For experiments with E. coli a fluid volume of 3.0 L was loaded into the reactor
chamber with the total energy of the capacitor bank set to Ecg = 7 kJ. The measured

voltage on the cathode at the time of discharge was Vp = 5.5 + 0.3 kV, and the energy
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delivered in the EHD pulse was Ep = 2.0 + 0.2 kJ. The peak current of these pulses was
typically 90 kA. The value of E¢g rather than Ep was used for all efficiency calculations,
since it includes all of the energy losses due to the preliminary plasma-channel
breakdown phenomenon. However, it is possible that some thermal disinfection of
microbes could occur during the preliminary breakdown phase.

We define the lifetime of an EHD pulse as the period of time between the first and
last time the current pulse reaches 10% of its peak value. The duration of the pulse can be
directly related to the voltage at the initiation of the plasma channel. In these
experiments, the average current pulse lasted 41 £ 4 us.

The survival kinetics of E. coli were investigated using several fixed parameters.
In all of the experiments, the solution volume was maintained at 3.0 L. Since the total
volume of the reactor chamber is 4.0 L, a head space of 1.0 L was maintained in the
chamber to facilitate mixing due to reflected shockwaves (negative-pressure rarefaction
waves) that produced a “depth charge” effect.

A 0.01 M phosphate buffered-saline, pH = 7.4 (PBS) solution was used as an
electrolyte to increase conductivity and to ensure rapid formation of the plasma channel
across the underwater electrode gap. In addition, PBS is used as wash and resuspension
medium for E. coli to ensure that cells remain in stasis throughout the duration of the
experiment.

After placement of the bacterial sample in the reaction chamber, it was allowed to
equilibrate for 5 min prior to the first sampling point. During the course of the EHD

treatment, sample aliquots were extracted with sterile Pasteur pipettes. The extracted
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samples were held temporarily in a constant temperature ice bath. Given the repetition
(pulse) fate of the charging circuit of 0.1 Hz, the total experimental run times were
approximately 1 hour for a 50 consecutive discharge experiment. However, the total
plasma exposure time over such an experiment was 2 ms (assuming 50 EHDs at 40 ps

per EHD gives 2 ms).

Reactor Mixing Conditions

We tested mixing conditions in the reactor during and between pulses by following the
dispersal of small volumes of colored solutions (1 mL 0.01 M MnO,K) injected in the
gap region. Without pulsing, the colored solute is slowly homogenized by
diffusion/convection throughout the reactor in about 2 hours. In contrast, a single pulse
suffices to produce a uniformly colored solution. Assuming that in the latter case mixing
is driven by pressure waves generated by the discharge, that these waves travel at the
speed of sound (1500 m/s), and that they travel back and forth across the reactor 10 times
before dissipating, we estimate that mixing takes about 0.6 ms. Since the shortest time
interval between consecutive discharges is 10 seconds, the reaction chamber can be
assumed to be thoroughly mixed before each discharge. At typical pulse repetition and
sampling rates, a 50 consecutive discharge experiment amounts to 2 ms plasma exposure

time, but takes 1 hour to complete.



Escherichia coli

E. coli is a gram-negative bacterium whose presence in water is often used as an
indicator for fecal coliforms (4). E. coli is a well known organism (5) with well
developed techniques for study (6). In pure cultures, it requires simple growth conditions
and handling that facilitate measurement and detection.

Escherichia coli type-strain ATCC 25922 was used throughout this work. Stock
cultures were maintained on Luria-Bertani (LB) agar slants in the dark at 5 °C, and at
-20 °C in LB broth with 60 % glycerol added as cryoprotectant. Prior to each experiment,
E. coli stock was inoculated into sterilized LB broth (1 % tryptone, 0.5 % yeast extract,
and 1 % salt), and grown in the dark for 12 hours at 37 °C, while shaken at 225 rpm.
Cells from the exponential growth-phase were separated by centrifugation, washed once
and resuspended in 0.01 M PBS (10X: 24.72 g Na,HPOy,, 3.60 g NaH,PO,H,0, 170.0 g
NaCl, pH = 7.4). Resuspended samples were appropriately diluted, then equilibrated in
corresponding reactors for 5 min, and finally sterilized by EHD treatment. Sample
aliquots, drawn at regular intervals, were held for less than | hour at room temperature,
prior to incubation and counting. Sample preparation protocols and viability
measurement details are shown in Figure 3.

Heterotrophic plate counts were performed to quantify the culturable bacteria
present in each sample using Standard Method 9215C (7). The samples taken at known
intervals during an EHD experiment were thoroughly mixed and diluted in sterile 0.01 M

phosphate-buffered saline (PBS), and 0.1 mL of appropriate dilutions were spread onto
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LB agar plates. The plates were counted following 12-15 hours incubation in the dark at
37 °C.

Most viability counting techniques rely on colorimetric assays based on cellular
transport of fluorescent dye pairs (e.g., live/dead stains, DAPI stains, gram stains, etc.). In
some cases, a live cell is shown in one color while a dead cell is shown in another.
However, the drawback occurs when cells possess an intermediate coloration, in which
case, it becomes difficult to distinguish.

By viability, we mean cells that are active and capable of reproduction and form
visible colonies on solid medium. In doing so, we are discarding cells that have been
completely destroyed as well as cells that may have sustained minor damage but cannot
undergo cellular division.

Other techniques rely on statistical averages of positive dilution tubes, like the
standard most probable number (MPN) test 9221C (4). But in practice, it was unreliable
and difficult to use for the large amounts of viability counts required.

In our experience, we found that agar plate counts were the simplest and most
direct method for viability measurement. Although the inherent error of the technique
(~10%) left much to be desired, the reproducibility and the stability of the results far

outweighed its drawbacks.

Substrate Sensitivity Experiments

Figure 6 (Chap. 6) shows the results of E. coli sensitivity experiments using

background concentrations of 0.01 M PBS, 100 mM thiosulfate, 100 mM sulfate, 100
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mM sulfite, and 5 g/L. BP9 over a 42 hour time period in the dark at pH 7.0 and 25 °C.
Triplicaté viability measurements were performed at 0, 16, and 42 hours and each sample
was plated in LB-agar dishes. The results suggest that these substrates at the given
concentrations have no effect on E. coli viability over the time period indicated and 0.01

M PBS ensures cell stasis over a 2-day period.

Statistical Analyses

Plotted data that have error bars associated with them are shown as the mean + the
largest variance of triplicate samples. The relationships between the sunscreen
concentrations and inactivation percentages by the electrohydraulic discharge process
were determined using SigmaPlot (version 5.0) and Microsoft Excel (version 5.0). Data
used for the slopes of the rectified disinfection curves were computed by transforming the
abscissa into logarithmic base 10 units and the ordinate into logit units using the
mapping,

. v,
logit(y,) = logm(m) 2)

The resulting linearized data sets were analyzed using SigmaPlot by the least-
squares fit method of linear regression with associated standard errors for both, y-
intercepts and slopes. The relationships between the sunscreen concentrations and the
slopes of each inactivation curve were then obtained from the regression analysis via the

appropriate inverse transformations.
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The values of lethal dosages for 50 % viability reduction, denoted by LDsq, were
obtained by setting P, to 0.5 and solving Eqn. 2 for n given y, and m for each sunscreen

concentration.
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Figure 2. Detail of EHD reactor chamber (cover opened).

For scaling purposes, the reactor outer diameter is 16 inches.
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Chapter I11. Kinetics of Escherichia coli Disinfection by
Electrohydraulic Discharges

Abstract

We study the survival of single-strain Escherichia coli colonies in aqueous media
exposed to 5.5 kV, 90 kA electrohydraulic discharges (EHD). The probability of survival
P, of a2 x 10" E. coli CFU mL"' population after n consecutive EHD's follows a logit

distribution:

In( b, )=1.0466-1.3632Inn,  r*=0.998 (1)
100-P

n

that corresponds to lethal doses of LDsg = 2.2 and LDgy = 10.8 EHD's. Considering that
the reactor is thoroughly mixed during each discharge, and that LDsg = 0.9 £ 0.1 values
are nearly independent of E. coli concentrations in the range 2 X 10° < E. ¢oli/CFU mL"
< 3 x 10° we ascribe the non-exponential P, decay of single-strain E. coli colonies to an
intrinsic resistance distribution towards the lethal agent. The bacteria become more
resistant at slightly higher initial concentrations. The qualitatively similar concentration
dependence observed for survival under 254 nm radiation, in contrast with the lower
resistance of denser colonies to 20 kHz power ultrasound, and the delayed onset of
extracellular B-D-galactosidase activity in bacterial populations already decimated by
EHD's, support the view that UV radiation is the dominant disinfection agent generated

by electrohydraulic discharges.
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Introduction

Disinfection by chlorine is the standard method used for municipal water
treatment plants in the United States and most of the world. There are, however,
organisms that survive chlorination, a phenomenon attributed to short contact times or to
resistance to chlorine (7). Ozone (2) and ultraviolet (UV) light (3) are also used in water
treatment facilities with success, but the operation costs and the periodic replacement of
flash lamps have limited the use of these technologies. New approaches are needed to
circumvent the above limitations, and alternative methods of disinfection such as
ultrasonic irradiation (4), TiO, photocatalysis (5-7), electrochemical oxidation (8), flash
photolysis (9), high-voltage discharges (/0-13), and pressure shocks (14) have been
proposed.

The use of electric power pulses to generate electrohydraulic discharges (EHDs)
has also received attention (1/5-17). Industrial applications of EHD's have included the
simulation of underwater explosions (/8), metal forming (/9), rock fragmentation (20),
and mineralization of hazardous waste (21-23). Electrohydraulic discharges are generated
by the rapid discharge of stored electrical charge across submerged electrodes. The
formation of an electrical arc across the spark gap produces a localized plasma region that
emits UV and VUV radiation and creates pressure and thermal shocks. Measurements of
the UV radiation from electrical discharges in water have been reported to be as high as
200 MW peak radiant power (24) and associated tissue damage has been observed in

extracorporeal shock-wave lithotripsy (25). We demonstrate that by taking advantage of
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the intense UV radiation and the mechanical cell damage produced by the discharges, the
electrohydraulic discharge process can be used as an alternative method of municipal
water disinfection.
In this paper we explore the capabilities of EHD's and report the results of a
kinetic study on the disinfection of water contaminated by Escherichia coli. These
experiments identify the dominant mechanism of sterilization, and establish the survival

kinetics (26,27) of single-strain E. coli colonies subjected to EHD.
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Experimental Methods

Sterilization Devices

The Caltech electrohydraulic discharge reactor (Fig. 1, Chap. 1) has been
described in detail in previous publications (2/-23). In a typical experiment, a 135 puF
capacitor bank storing Ecg = 7 kJ at Veg = 10.2 kV is discharged through a 8 mm
electrode gap into 3.0 L of a 0.01 M phosphate-buffered (pH = 7.4) saline (PBS) solution
within 40 us. The peak current of these pulses is about 90 kA. The buffered solution has
the proper electrical conductivity for the discharge to flow across the immersed
electrodes, and provides a medium in which suspended E. coli colonies remain in stasis.
Upon charging the electrodes, local ohmic heating creates vapor microbubbles within the
gap through which the EHD's occur. The energy utilized for vaporization is estimated at 5
kJ/pulse. Therefore, the energy effectively delivered per pulse is about Ecg = 2 kJ. These
discharges simultaneously generate a localized hot spot, traveling shock waves and UV-
VUV emissions. Since water absorbs strongly below 185 nm, thermal and VUV effects
are necessarily localized within a small volume (a few mL) about the electrode gap
region. In contrast, mechanical and UV effects may extend further into the reaction
volume.

We tested mixing conditions in the reactor during and between pulses by
following the dispersal of small volumes of colored solutions (1 mL 0.01 M MnO4K)
injected in the gap region. Without pulsing, the colored solute is slowly homogeneized by

diffusion/convection throughout the reactor in about 2 hours. In contrast, a single pulse
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suffices to produce a uniformly colored solution. Assuming that in the latter case mixing
is driven by pressure waves generated by the discharge, that these waves travel at the
speed of sound (1500 m/s), and that they travel back and forth across the reactor 10 times
before dying out, we estimate that mixing takes about 0.6 ms. Since that the shortest
interval between consecutive discharges is 10 seconds, the reaction chamber is
thoroughly mixed before each discharge. At typical pulse repetition and sampling rates, a
50 consecutive discharge experiment amounts to 2 ms exposure time, but takes about 1
hour.

Figure 2 shows the reactor employed for UV/US sterilization. UV-only
experiments were carried out by irradiating E. coli suspensions (100 mL, contained in a
bottle fitted with a l-inch quartz side window) with 254 nm light emitted by a 15 W
Sterilaire SW germicidal lamp. The O3 generated by the UV lamp, itself a powerful
sterilizing agent, was removed from the reactor zone by an exhaust fan. We measured a
4.5 mW/cm? light flux at 5 inches away from the lamp. Alternatively, suspensions could
be sonicated at 20 kHz by means of a ¥2 inch diameter Ti immersible probe (VibraCell™
Model VCX400). The ultrasonic probe emitted 11.3 W/cm? while dipping 5 mm into the

suspension.

Bacterial Cultures and Procedures
E. coli type-strain ATCC 25922 was used throughout. Stock cultures were
deposited on LB agar slants in the dark at 5 °C, and maintained at -20 °C in LB broth

with 60 % glycerol added as cryoprotectant. Prior to each experiment, the E. coli stock
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was innoculated into sterilized LB broth (1 % tryptone, 0.5 % yeast extract, 1 % salt), and
grown iﬁ the dark for 12 hours at 37°C, while shaken at 225 rpm. Cells from the
exponential growth-phase were separated by centrifugation, washed once and
resuspended in 0.01 M PBS (24.72 g Na,HPOy, 3.60 g NaH,PO4H,0, 170.0 g NaCl, pH
= 7.4). Resuspended samples were appropriately diluted, then equilibrated in the
corresponding reactors for 5 min, and finally sterilized by EHD, UV, or uitrasound
treatment. Sample aliquots, drawn at regular intervals, were held for less than 2 hours at
0°C, prior to incubation and counting. Treated samples were diluted in PBS buffer,
spread on Petri dishes covered with LB agar (LB broth with 1.5 % agar), and the number
of colonies (CFUs) counted after incubation in the dark at 37°C for 16 hours. This
procedure excludes all the cells that will not reproduce by incubation, regardless of the

damage undergone during sterilization.

B-D-galactosidase Assay

Mechanical damage to E. coli membranes could be inferred from the leakage of
cellular material during sterilization. Following Miller (28), E. coli cultures were grown
(see above) in the presence of ImM isopropyl-f-D-thiogalactopyranoside (IPTG) to
induce the synthesis of B-D-galactosidase(29). Sterilization experiments were performed
on 1.0 x 107 modified CFU mL™" and assayed for leaked B-D-galactosidase within 30 min
of sample collection. Every sample aliquot was divided into two portions. The first
portion was centrifuged at 8000 rpm for 10 min; the resulting pellet was separated from

the supernatant and lysed with CHCl; and 1 % sodium dodecyl sulfate (SDS). B-D-
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galactosidase activity was determined in the lysate as well as in the supernatant. The
entire seéond portion was lysed and analyzed for total §-D-galactosidase activity. The
fraction of total enzyme activity in the supernatant of the first portion provides a measure

of enzyme leakage as function of the number of EHDs.
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Results and Discussion

Disinfection Kinetics and Mechanism

Fig. 3a shows the logarithm of the concentration of viable E. coli cells after n
EHD's for a colony having an initial concentration of 2.0 X 10’ CFU mL’l, at an electrode
gap of 0.8 cm, Ecy = 7 kJ, at pH = 7.4. The bimodal decay of the bacterial population can
be realistically fit by a double exponential (the solid line in Fig. 3a) or, alternatively,
rectified by casting the data into a logit plot (Fig. 3b). Let P, = 100 X CFU,/CFUy, the

percentual survival probability of an E. coli colony after n EHD's (30). The expression:

In( i )=1.0466-1.3632Inn (H
100-P

actually provides and excellent fit to the data (r* = 0.998). From Eq. | one can evaluate
the lethal doses required to inactivate 50% and 90% of the initial population: LDsg = 2.15
and LDgy = 10.5, respectively. Thus, it becomes increasingly difficult to reduce
pathogenic levels below about 5%. It has been argued that tailing in bacterial survival
kinetics is actually associated to experimental artifacts, such as improper mixing,
shielding, biocide quenching (37,32), etc. Since we verified that the reactor contents are
thoroughly mixed by the mechanical perturbation created by EHD pulses, and taking into
account that all pulses are in principle equally intense, one should consider the possibility
that succeeding discharges might become less effective because the accumulated bacterial

debris attenuates their lethality. This possibility must be discarded under present

conditions. That the tailing behavior is not artifactual but intrinsic to this process can be
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inferred from the fact that the same LDsq value is obtained over a 3-order of magnitude
variation of E. coli initial concentrations (Fig. 4). The data shown in Fig. 4 were obtained
by exposing colonies in the range 10% to 107 CFU mL™" to less than 4 consecutive EHD's,
a condition that minimizes turbidity effects from cellular debris and electrode tip erosion.
Since we are dealing with single-strain E. coli colonies (pure cultures), we ascribe
disinfection tailing to the peculiarities of the disinfection process. Further work is
underway to confirm this assumption in the present system.

On the other hand, if the concentration threshold for LDsg at about 7 X 10° CFU
mL™" (Fig. 4) were the result of disinfection action being limited by the production of a
finite amount of lethal agent, E. coli decay would follow zero order kinetics, at variance
with the bi-exponential dependence observed in Fig. 3a. A similar argument rules out
localized sterilization, such as that provided by VUV radiation and heat shock about the
electrode gap (see above). Thus, the non-monotonic dependence of LDsy on bacterial
density involves a different mechanism.

The abrupt decline of disinfection efficiency beyond a concentration threshold
suggests a cooperative phenomenon. Since the E. coli sample suspensions used in these
experiments were prepared by dilution of a single culture (ODgoo nm = 2.0) into a medium
which maintains cellular stasis, this phenomenon is not associated with the expression of
different phenotypes but, presumably, with the disgregation of the multicellular
conglomerates that develop in growing bacterial populations (33,34). The standard
behavior for growing E. coli microcolonies is to maximize cell-to-cell contact, i.e.,

population density, rather than individual cell access to substrate (35). Our finding
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suggests that these bacterial aggregates may persist to some extent after moderate
dilution, vallowing a larger fraction of bacteria to survive treatment at the same biocide
dose. A similar phenomenon was reported for the chemical disinfection of

Staphylococcus aureus at concentrations above 3 X 10® CFU mL™' (31).

Lethal Agent Characterization

In order to establish the mechanisms contributing to EHD biocidal action (36), we
performed sterilization experiments by means of UV or ultrasonic irradiation. The results
of the UV treatment as a function of initial cell concentration are shown in Fig. 5, which
qualitatively resembles the behavior observed in Fig. 4 for EHD disinfection. Dilute
colonies are killed at constant and relatively rapid rates up to initial cell concentrations
exceeding ~3 X 10® CFU mL™". Ultrasonic irradiation also has deleterious effects on E.
coli colonies. However, in contrast with the inverse dependence of efficiency on cell
population observed for UV disinfection, it is easier to inactivate the denser colonies
(Fig. 6). Hydrodynamic shearing of large biological structures with a minimum of redox
effects is the expected outcome of cavitation under 20 kHz ultrasound waves. Thus, for
example, high molecular weight polymers are degraded by ultrasound down to a limiting
chain length (37,38). Hence, we conclude that bacterial sterilization by ultrasound
involves the mechanical disruption of cell aggregates, and is more efficient in the case of
dense colonies.

The extent of mechanical damage undergone by cell membranes under EHD was

probed by assaying B-D-galactosidase in treated E. coli samples. Fig. 7 shows that after
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30 EHDs, about half of the total B-D-galactosidase is released from the bacteria. The
presencevof enzyme in the supernatant represent evidence that cell membranes became
permeable to a ~ 540 kDa moiety. Since extracellular B-D-galactosidase activity develops
after about 10 EHDs, i.e., when only 10% of the initial E. coli population remains viable
(Fig. 3b), these experiments exclude mechanical damage as a major mechanism of

inactivation.
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Conclusions
Pfesent data on the kinetics of E. coli disinfection by the EHD process are
consistent with a logistic dose-response dependence. The evidence presented rules out
damage mediated by mechanical or chemical means, and points to UV radiation as the
dominant lethal agent. We find that bacterial colonies become markedly more resistant to
EHD treatment at densities larger than about 7 x 10° CEU mL"', a phenomenon that we

ascribe to the survival protection accruing to individual cells in larger aggregates.
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Figure 3a. Disinfection of 3 L of 2 2.0 x 10’ CFU mL" E. coli suspension in 0.01 M PBS
at pH = 7.4 by 50 consecutive electrohydraulic discharges. Discharges are characterized by:

E.,=7kJ, spark gap = 4 mm, and pulse rate = 0.1 Hz. The solid line is a bi-exponential fit

to the data.



I - 20

80

70 -
60 -
50
40
30 H

20 -

10 A

Logit (survival probability %)

¥ T T T T T T

2 5 10 20 30 40 50

number of electrohydraulic discharges

Figure 3b. A logit plot of the data of Fig. 3a. The solid line is calculated from Eq. 1 (see text).

P, is the percentual survival probability of the colonies after n discharges.
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Figure 4. The number of EHD required to inactivate 50 % of the initial population LD vs.

initial E. coli cell concentration, as obtained from initial disinfection rates. The solid line is

an empirical 3-parameter exponential growth fit to the data.



I - 22

2 T T T T
A
1+ 4
IE
E
o
0
Q
A A NEAN
O - e o j A ¥ -
100 107 108 10°

Initial cell concentration/CFU mL™

Figure S. LD, values (in min of UV exposure) for E. coli disinfection by 254 nm light vs.

initial cell concentrations. Conditions: 100-mL of E. coli suspensions in 0.0 M PBS at pH =

7.4.
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Figure 6. LD, values (in min of ultrasound exposure) for E. coli disinfection by 20 kHz |

ultrasound vs. initial cell concentrations. Conditions: 100-mL of E. coli suspensions in

0.01 M PBS at pH = 7.4.
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Figure 7. B-D-galactosidase activity of E. coli vs. the number of electrohydraulic discharges,

in the cell lysate (inverted triangles) and in the supernatant (solid triangles).
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Chapter IV

Soluble Sunscreens Fully Inhibit E.coli Disinfection by
High Intensity UV Irradiation in Electrohydraulic

Discharges.
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Chapter IV. Soluble Sunscreens Fully Inhibit E.coli
Disinfection by High Intensity UV Irradiation in
Electrohydraulic Discharges

Abstract

Electrohydraulic discharges sterilize Escherichia coli populations via the high
intensity (3.3 x 10" w m“z) ultraviolet radiation emitted by underwater plasmas, rather
than by mechanical damage or OH-radical attack, as disinfection can be completely
suppressed in the presence of less than 100 mg L' 2,2’-dihydroxy-4,4 -
dimethoxybenzophenone-5,5 -disulfonic acid (BP9), a well-known sunscreen agent.
Experiments involved measuring the sterilization kinetics of ~ 3 X 10’ CFU mL"' E. coli
buffered suspensions in the presence BP9 in the range (0 — 100) mg L. The slope of the
logit plots of E. coli survival as function of the number of EHDs as function of BP9
concentration is consistent with the screening of radiation as the sole lethal agent.
Computed values of biologically available light fluences are 5.0 x 10'" photons CFU! for
high intensity, high power, pulsed EHD experiments and 6.6 x 10® photons CFU™" for
separate low power continuous UV experiments. The net availability of 3 orders of
magnitude more photons during high intensity UV exposure suggests the possibility of a
multiphotonic disinfection mechanism at play in the EHD process relative to low

intensity case.
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Introduction

Disinfection by electrohydraulic discharge (EHD) reactors can be an effective
method for drinking water treatment. However, the lethal agents generated by EHDs
remain to be identified, and their contributions to disinfection action quantified. EHDs
generate hot, localized plasmas strongly emitting high intensity UV light, but also
produce shockwaves, and generated hydroxyl radicals during water photodissociation.
Optimization of this treatment process requires refinement of our knowledge about the
relative importance of these factors on the effectiveness of the disinfection method.

Recent experiments have assessed the performance of EHD under relatively high-
energy conditions (7 kJ per pulse) by varying initial cell concentrations and measuring
the dose-response curves to infer the relative importance of each internal factor (/). The
comparison between values of lethal dosages (LD) vs. initial cell concentrations in the
EHD and in separate off-site experiments with low intensity UV light or ultrasonic
exposure suggested that UV light inactivation is dominant over all other factors in the
EHD (2).

Several attempts have been made by our group to study the direct effect of the
high intensity UV emission in EHD reactors such as using opaque membranes or metal
shields to block the UV emission, or adding small neutral density spheres or chemicals
that attenuate light. However, due to the large currents (907 kAmps) that flow through our
chamber and the potential damage induced by the original shockwave, we chose to use a

soluble ultraviolet stabilizer as molecular screens.
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The use of chemical sunscreens to mitigate UV effects is widespread in cosmetics
and coafings. Many organisms are known to produce substances that absorb UV light
such as carotenoids, flavonoids, scytonemin, mycosporine-like amino acids (MAAs), and
melanin as a protection mechanism to lethal UV-radiation (3). Most of them are either
specific (MAAs), unavailable commercially or insoluble in water as is the case with the
carotenoids. The cosmetics and plastics industries use a wide variety of phenolic and non-
phenolic compounds such as benzophenones, benzotriazoles, oxanilides, cyanoacrylates,
and malonates to stabilize make-up mixtures and prevent polymer photodegradation (4).
Of these examples, benzophenones (5) are the most stable and non-toxic compounds for

our applications.

H;CO C OCH,

NaO-S SO;Na

Benzophenone-9

2,2 -dihydroxy-4,4’-dimethoxybenzophenone-5,5’-disulfonic acid (BP9) is an o-
hydroxybenzophenone with two sulfonic salt groups to facilitate dissolution. The
calibration of UV absorption with initial concentration of BP9 sunscreen is linear over
the range from 0 to 100 mg/L BP9 (6), and exposure of E. coli to 100 mg/L BP9 over a
42-hour period showed no decrease in viability; hence, various degrees of UV absorption

can be achieved inside the reactor chamber by varying the initial concentrations of BP9.
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The study that follows is a description of the findings regarding the role of UV emission
in E. coli disinfection by electrohydraulic discharge reactors enabled by the use of BP9

sunscrecn.

High-intensity UV Irradiation

Stepwise multiphoton absorption at UV light intensities higher than 10® W/em?
generated by picosecond and nanosecond laser irradiation produce nonlinear
photoprocesses in nucleic acids (7-9). In our experiments the EHD reaches intensities as
high as 3 x 10° W/ecm?, which leads us clear into the multiphotonic photochemistry
regime.

In low-intensity, UV irradiation of nucleic acids, absorption to the first excited
singlet and triplet states (S; and T, respectively) leads to formation of Cs-C4 cyclobutyl
dimers between neighboring pyridines weakening and distorting DNA strands, ultimately
blocking DNA replication.

Non-conventional high-lying quasi-Rydberg Sy and Ty state photochemistries in
thymine can occur at high intensity UV irradiation due to two photon absorption

processes that lead to the formation of DNA-base radicals, ejection of a hydrated electron

e,, » or direct ionization (/0-12). Oxidative damage incurred by the subsequent reactions

between these highly energetic moeties and cellular material produces DNA single and
double strand breaks (7,13-15).
The inactivation process displays similar kinetics to disinfection by pulsed

radiolysis and ionizing radiation (/6,17) and additional pathways of action have been
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verified, i.e., formation of single and double strand DNA breaks (ssb, dsb), interstrand

crosslinking, and protection by the cytoplasm (/3,15,18).
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Experimental Methods

The Pulsed Power Plasma Reactor System

The Caltech electrohydraulic discharge (EHD) reactor consists of two electrodes
submerged in a 4-liter reaction vessel to which a 135 uF capacitor bank is discharged
across the spark gap (/9-21). A 300 ns rise time semiconductor switch is used to trigger
the discharge and it is capable of generating a 20 pus pulse with a total energy of 25 kJ and
1 GW peak power. Figure 1 (Chapter 1) shows a schematic of the EHD reactor.

Under normal experimental conditions, measurements of the voltage across the
electrodes can be as high as 5 kV with peak currents of 90 kA. The system is electrically
analogous to an underdamped LRC circuit with a period of 50 ps. Following the rapid
discharge of the capacitor bank, a fraction of the current leaks into the spark gap and
heats the water surrounding the electrodes forming gas bubbles. These bubbles enable the
formation of a plasma channel across the liquid medium. The plasma channel can reach
temperatures in the range of 14 000 - 50 000 K and functions as a blackbody radiation
source with a maximum emittance in the VUV spectrum (A = 75 - 185 nm). The plasma
channel consists of a highly ionized, high-pressure and high-temperature fluid. Once
formed, the plasma channel tends to expand. The mechanical inertia of the surrounding
water resists this expansion resulting in the development of very high pressures. The
energy stored in the plasma channel is slowly dissipated (slow relative to the plasma
formation process) as thermal radiation and mechanical work. At the detonation front, the
high-pressure build up in the plasma is transmitted into the water interface and an intense

compression wave (shock wave) is formed that travels ahead of the expanding gas bubble
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at a speed several times faster than the speed of sound. Pressure jumps across the shock
can be as high as ~ 5-20 kbars. When the shock wave reaches a free surface, the stress-
free condition at the interface instantly transforms the compression wave into a tension
(or rarefaction) wave and it is reflected back into the liquid medium. This rarefaction
wave induces cavitation as it travels back through the water. The shock waves,
rarefaction waves, and gas bubble expansion sustain a highly turbulent mixing
environment until all pressures are equalized.

In a typical experiment, a 135 pF capacitor bank storing Ecg = 7 kJ at Ve = 10.2
kV is discharged through a 4 mm electrode gap into 3.0 L of a 0.01 M phosphate-
buffered (pH = 7.4) saline (PBS) solution within 40 us. The peak current of these pulses
is ~ 90 kA. The buffered PBS solution functions as a proper electrical conductive
medium for the discharge to flow across the immersed electrodes, and provides a medium
in which suspended E. coli communities remain in stasis. Upon charging the electrodes,
local ohmic heating creates vapor microbubbles within the gap through which the EHD's
occur. The energy utilized for vaporization is estimated at 5 kJ/pulse and the energy
effectively delivered per pulse is about Epe = 2 k.

We tested mixing conditions in the reactor during and between pulses by
following the dispersal of small volumes of colored solutions (I mL 0.01 M MnO,4K)
injected in the gap region. Without pulsing, the colored solute is slowly homogenized by
diffusion/convection throughout the reactor in about 2 hours. In contrast, a single pulse
suffices to produce a uniformly colored solution. Assuming that in the latter case mixing

is driven by pressure waves generated by the discharge, that these waves travel at the
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speed of sound (1500 m/s), and that they travel back and forth across the reactor 10 times
before dissipating, we estimate that mixing takes about 0.6 ms. Since the shortest time
interval between consecutive discharges is 10 seconds, the reaction chamber can be
assumed to be thoroughly mixed before each discharge. At typical pulse repetition and
sampling rates, a 50 consecutive discharge experiment amounts to 2 ms plasma exposure

time, but takes 1 hour to complete.

Bacterial Cultures and Procedures

Escherichia coli type-strain ATCC 25922 was used throughout the experiment.
Stock cultures were maintained on LB agar slants in the dark at 5°C, and at -20°C in LB
broth with 60 % glycerol added as cryoprotectant. Prior to each experiment, E. coli stock
was inoculated into sterilized LB broth (1 % tryptone, 0.5 % yeast extract, and 1 % salt),
and grown in the dark for 12 hours at 37°C, while shaken at 225 rpm. Cells from the
exponential growth-phase were separated by centrifugation, washed once and
resuspended in 0.01 M PBS (10X: 24.72 g Na,HPO,, 3.60 g NaH,PO,H,0, 170.0 g
NaCl, pH = 7.4). Resuspended samples were appropriately diluted, then equilibrated in
corresponding reactors for 5 min, and finally sterilized by EHD treatment. Sample
aliquots, drawn at regular intervals, were held for less than 1 hour at room temperature,
prior to incubation and counting.

Heterotrophic plate counts were performed to quantify the culturable bacteria
present in each sample using Standard Method 9215C (22). The samples taken at known

intervals during an EHD experiment were thoroughly mixed and diluted in sterile 0.01 M
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phosphate-buffered saline (PBS), and 0.1 mL of appropriate dilutions were spread onto
LB agar plates. The plates were counted following 12-15 hours incubation in the dark at

37 °C.

Benzophenone-9

Sunscreen  2,2°-dihydroxy-4,4’-dimethoxybenzophenone-5,5 -disulfonic  acid
(BP9) was obtained from BASF Corp. under the trade name UVINUL DS-49 SG1. Stock
solutions of Benzophenone-9 were prepared with MilliQ UVplus water at concentrations
of 50 g/L. BP9 and stored in dark containers kept constant at 5 °C. During an experiment,
appropriate amounts of sunscreen solutions were added to the reactor to yield final
concentrations ranging from 1 to 100 mg/L BP9.

We tested the degree of sensitivity of E. coli to BP9 sunscreen, by exposing
concentrations of 3 x 10° CFU/mL to 5 g/L. BP9 (50 times the maximum sunscreen
concentration used throughout the experiment) for over 42 hours in 0.01 M PBS with no
LB medium. The lack of change in viability observed during this induction period is an

indication that E. coli is not sensitive to BP9.

Statistical Analyses

Plotted data that have error bars associated with them are shown as the mean =+ the
largest variance of triplicate samples. The relationships between the sunscreen
concentrations and inactivation percentages by the electrohydraulic discharge process

were determined using SigmaPlot (version 5.0) and Microsoft Excel (version 5.0). Data
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used for the slopes of the rectified disinfection curves were computed by transforming the

abscissa into logarithmic base 10 units and the ordinate into logir units using the

mapping,

logit(y,)=lo — 1
gir(y;) gm(l()()*yl) (h

The resulting linearized data sets were analyzed using SigmaPlot by the least-

squares fit method of linear regression with associated standard errors for both y-

intercepts and slopes. The relationships between the sunscreen concentrations and the

slopes of each inactivation curve were then obtained from the regression analysis via the
appropriate inverse transformations.

The values of lethal dosages for 50 % viability reduction, denoted by LDso, were

obtained by setting P, to 0.5 and solving Eqn. 2 for n given y, and m for each sunscreen

concentration.
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Results and Discussion

Dose-response Curves

Figure 2 shows the total viable E. coli concentration, expressed as CFU/mL for
seven different concentrations of sunscreen BP9 (i.e., 0, 1, 5, 20, 40, 60, 100 mg/L
respectively). For each case, the inoculated cultures were treated by 50 consecutive
electrohydraulic discharges (EHDs) at 7 kJ/discharge, 25 °C, pH 7.4 and electrode gap

length of 0.4 cm. The expression:

P y
logg ——— =y, — e logn 2)
100- P, 2.303

was used to fit all the data, where P, = 100 x CFU,/CFU,~ is the percentual survival
probability, n is the number of electrohydraulic discharges, and y, and m are regression
constants. CFU,« is a constant that normalizes the data and adjusts the values of P, so
that they fall in the range 0 < P, < 100. The relation between n and P, is non-linear;
however, if they are expressed in the form described by Eqn. 2, all the curves can be
rectified accordingly. Table | summarizes the constants for each sunscreen concentration.

A general monotonic increase in the slopes of the rectified data is observed as the
substrate concentration increases with a corresponding increase in the LDsg, suggesting
that the viability of the microbes is directly dependent on the EHD emission of UV
radiation. At 100 mg/L BP9, the extent of the UV absorbed by the sunscreen is total, no
decrease in viability is observed in the reactor after» 50 consecutive discharges.

Furthermore, this behavior is an indication that mechanical damage and hydroxyl radical
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attack, even though present in the process (2), do not contribute in a manner that is
substantfal to the decrease in the total viability observed.

The slopes of the rectified curves are most sensitive in the lower range of
sunscreen concentrations, BP9 < 20mg/L, where a small perturbation in the substrate
yields a significant change on the rates of disinfection. Beyond 20mg/L. BP9, the slopes
are grouped closely together and nearly horizontal, and the substrate effect on the slopes
is barely noticeable.

The variance of the viability at 60 mg/L. was very large so the data was not used
in the calculations. At 100 mg/L, the slope is nearly horizontal, so in computing the
inverse of the slopes, the propagation of error is significantly magnified; however, the
variance is acceptable.

Figure 3 plots the dependent sunscreen concentration variable, versus the slope of
the rectified disinfection curves. The solid line represents the results of our single photon

model fit to the data as described below.

Modeling the Experiments

We will assume that our reactor can be analyzed as a sphere of Ry, = 8.95 cm,
corresponding to a total volume of 3000 cm®, and that the electrical discharges across the
electrode gap at its center effectively deliver about 2 kJ within 40 us. This corresponds
50 MW released by a spherical hot spot of A = 47:R62 = 0.5 ¢cm? (Rp = 0.2 cm,

corresponds to half the electrode gap), i.e., to a energy flux of J = 9.95 X 10" W m™> If
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we assume that the emittance of the radiating volume is about 0.8, Stefan-Boltzmann’s
equation':
J=aT? (3)

with 6 = 5.67 x 10® W m™ K™, leads to estimated temperatures of about T = 50 kK, in
good accord with previous estimates (23,24). The radiation emitted by the discharge at A
< 180 nm is absorbed in a few mm by water and, therefore, does not propagate into the
reactor, whereas that at A > 300 nm is deemed to be inactive towards DNA damage. The
fraction of actinic radiation flux can be calculated by integration of Planck’s spectral

distribution function for a blackbody at 50 000 K:

300nm d }\’

o o A [eXAp(lzc/KkT)—l] —0.033 @
’ oT

8mhe

J

or Juctinic = 3.3 MW cm? = 3.8 x 10% photons (A = 230 nm) cm? s”!. which amounts to
the emission of about 0.26 mEinsteins per pulse. If €, (CFU! sz) and B (L mg’1 cm’)
are the spectral extinction coefficients of E. coli suspensions, and sunscreen solutions,
respectively, and vy, is the spectral actinic efficiency for the induction of thymine dimers
normalized to Y130 nm = 1, then the actinic radiation at A absorbed by the E. coli population
per unit volume per s within a spherical shell of thickness dR at a distance R from the

discharge is given by:

R, j e-(gx[acon HMSS‘)REX[E.COH]’YK 47R%dR )

Lr= J?\.R(, [—l{

which upon integration over {Ry ~ 0, Ryux} and summation over A yields:
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300nm 1- —(&; [E.coli}+B5 [SSDR max
1=A Y J. & [Ecoli 6
lgoxnm e Eal ECOliYy €, [Ecoli]+PB, [SS] ©)

where [E.coli] and [SS] denote the concentrations of bacteria and sunscreen, respectively.
A is a normalization factor that is obtained by identifying the sterilization slope in the
absence of sunscreen with I ([SS] = 0). Application of Eqn. 6 to the dataset of Table 1
and using the measured spectral data (blackbody, E. coli and sunscreen) in Fig. 4 lead to
the calculated slopes as function of sunscreen concentration shown in Fig. 3. This
satisfactory agreement with experimental results supports the present analysis of the

sterilization process by electrohydraulic discharges.

Discussion

A conservative estimate of the lethal fluence can be obtained from the photon flux
=3.3 MW cm? = 3.83 x 10> photons cm” s (A = 230 nm) computed in the previous
chapter, multiplied by the absorption cross-section of the cells. If we assume that in the
biphotonic process occurring at high UV intensities, a second photon is always absorbed
after the first one (25), the average absorption cross-section of the cells from 180 to 300

nm can be computed as the blackbody spectrum (¢,) weighted average:

300

[9.6,d7
(0. ) ="2—— =130x 10" cm’ CFU"’ (7)

300
[9.a2

180
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Therefore, each cell absorbs 3.83 x 10%* photons cm™ s™ X (G = 5.0 x 10"
photons’CFU"l s, i.e., a photon is available every 0.2 femtoseconds. The lethal dose is
computed as the lethal fluence attained within the time of exposure required to reach
LDsg, i.e., 2.5 EHDs x 40 ps per EHD = 100 us. Hence, cells see on average 5.0 x 10"
photons CFU™ 5™ x 10 s = 5.0 x 10'' photons CFU™" to reach LDsy = 2.5 EHDs.

For DNA bases, photon fluences higher than 3 x 10'" photons cm, two-quantum
events, in which virtually all T, absorb a second photon and are promoted to Ty, occur
with unitary probability (12,26). Thus, the assumption invoked in Eqn. 7 above holds true
since the computed value of UV intensity (3.83 x 10%° photons cm™ per pulse) exceeds
the threshold fluence.

In contrast, continuous exposure to 254 nm, 15W germicidal lamps, the photon
flux 4.5 mW cm? = 5.75 x 10" photons cm™ s (A = 254 nm) multiplied by the
absorption cross-section at 254 nm Oy = 1.13 x 10° ¢cm? CFU! leads to 6.5 x 10°
photons CFU™ 5!, i.e., a photon is available to a cell every 150 nanoseconds. Using the
average time to reach LDsg = 102 s (or 1.7 min at 7 x 10’ CFU mL”l) gives a lethal dose
of 6.6 x 10® photons CFU"', A = 254 nm that cells see on average to reach 50%
inactivation.

Comparing the light fluences between the high and low intensity experiments
(5.0 x 10" photons CFU™" vs. 6.6 x 10® photons CFU™' respectively) gives an indication
of the relative efficiencies of both processes. At high inteﬁsity UV exposure (EHD), the
cells require 3-orders of magnitude more photons to reach the same level of disinfection

as the low intensity case. The net availability of more photons during high intensity UV
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exposure suggests the possibility of a different disinfection mechanism at play relative to
the low intensity case.

The lifetime of the lowest singlet excited state S; is 1-10 ps and the lowest triplet
excited state T is 1 us respectively (17,26). Current calculations showed that on average,
one photon is available every 0.2 fs during high intensity UV irradiation while one
photon is available every 150 ns for low intensity UV exposure. In the latter case, the
photochemistry of both singlet and triplet states is a single-quantum process as the
pumping is not fast enough to allow for a second photon to be absorbed. Biphotonic
events in the high intensity case can result by promotion to high-lying, quasi-Rydberg
states from both S; — Sy and T, — Tn. The energy deposited exceeds the ionization
energy of DNA bases, leading to ionization and production of single DNA base
photoproducts ({1).

A decrease in the formation of thymidine dimers ensues as the S| and T, states are
depleted by the absorption of a second photon (26). At intensities higher than 10° W cm™,
the uvr and rec cell repair systems are also observed to have a decrease in activity (27)
and a corresponding increase in single strand break and double strand break is usually
observed (13-15).

It is clear that in the case of high intensity UV irradiation, the mechanism of
disinfection is irreversible (via DNA ssb and dsb) so cells that do not survive the EHD
process are in fact dead. Under low intensity UV irradiation, formation of DNA
bipirimidines stops DNA replication engaging their repair mechanisms and cells remain

viable until the system is either overwhelmed or the repair mechanism itself has been
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damaged. However, a more detailed study needs to be performed to verify this

conjecture.

Conclusions

High intensity UV emission is the principal disinfection mechanism in the EHD
process. The use of BP9 sunscreen provided a mechanism to vary the intensity of UV
emission and measure the amount of non-radiative viability in the reactor. In the absence
of the UV component of disinfection, the dose-response curve was nearly horizontal,
suggesting that other mechanisms like mechanical rupture and oxidative attack is
minimal relative to the amount of high intensity UV damage. Empiric modeling of the
disinfection process (Eqn. 6) accounted for the blackbody spectrum of the plasma, the
absorption spectrum of water, E. coli and the sunscreen, as well as the Beer’s law effect
in a spherically symmetric frame and gave a satisfactory agreement with experimental
data.

The discussions on high intensity UV inactivation indicate that the mechanism of
disinfection is more akin to two-photon absorption processes in DNA pyridines that
account for the lethal fluence and lethal dose difference between UV irradiation in EHD

reactors and the previously investigated low intensity UV irradiation.
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BP9 Co y-intercept m/2.303 2.303/m LD,,
~ [mg/L] [10° CFU/mL] () [EHD]
0 26.75 1+ 0.45 1.90 £ 0.31 -2.04 £0.11 -0.49 £ 0.03 2.53
(r'=0.970)
1 18.96 +2.14 0.76 +0.36 -1.53+0.11 -0.66 £ 0.05 1.65
(r'=0.985)
5 22.0+0.60 2.09+0.26 -146+0.08  -068+0.04 416
(r'=0.992)
20 19.0 317+043 -1.02+0.13  -098+0.13 2249
(r'=0.953)
40 20.40 £1.60 4.05+0.86 -1.05+0.26 -0.95+024 47.78
(r'=0.843)
60 24.70 £13.30 5.73+0.90 -1.47£0.27 49.9
(r=0.906)
100 48.0+1.0 0.17 +0.20 -0.12+£0.07 - -
(r'=0.228)

Table 1. Initial conditions and regression resuits of rectified dose-response curves for

Escherichia coli disinfection by 50 consecutive EHDs with varying concentrations of

added BP9 sunscreen. Ecg = 7 kJ, spark gap =4 mm, pH = 7.4, and pulse rate = 0.1 Hz.
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Figure 2. Total viable E. coli concentration, expressed as % viability at seven different
concentrations of sunscreen BP9 added (0, 1, 5, 20, 40, 60, 100 mg/L). Each case was
subject to 50 consecutive electrohydraulic discharges. Discharges are characterized by

E.; =7 kI, spark gap = 4 mm, and pulse rate = 0.1 Hz.
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Chapter V. EHD Selective Pressure Experiments

Introduction

Bacteria develop mechanisms of resistance in response to selective pressures from
their environment. Known pathways of resistance have been heavily investigated in the
past based on single modes of action such as antibiotic (/-4) and chemical inhibition (5-
9), UV and radiation damage to cell material (/0-16), thermal destruction (17),
mechanical rupture (/8,19), and oxidative attack (20-25). Only recently has there been an
interest in studying combinatorial modes of resistance that has led to studies in
combinatorial genetics and gene shuffling (26-28).

In the case of pulsed-power disinfection of E. coli, the three main modes of action
are high intensity UV light damage, mechanical rupture of the cellular membrane, and
hydroxyl radical attack. Low intensity UV light absorption leads to thymidine
dimerization with four main mechanisms of repair, (i.e., photoreactivation, excision,
recombination, and SOS systems) and resistant strains with gene deletions in phr, polA,
uvrABC, recABC, and umuDC or combinations of them are well known. Very little is
known in regards to resistance to mechanical rupture whereas resistance to oxidative
damage has been observed in experiments involving hydrogen peroxide treatment (22),
ozone sparging (24), and indirect ultrasonic cavitation (25). However, the study of
resistance to the combination of all three mechanisms has not yet been done.

To resolve the overall behavior of the disinfection kinetics in electrohydraulic

discharge treatments, a culture sample of Escherichia coli ATCC 25922 was subjected to
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at 11 continuous cycles of growth and death under the same EHD conditions (Ecg = 7 kJ,
pH = 7.0, gap length = 4 mm) in order to detect mutations of the initial culture.

Selective pressure experiments in the EHD reactor consisted of subjecting a
sample of E. coli to repeated cycles of 50 consecutive discharges each that lowered the
viability to 10 % of the initial value. At the end of each cycle, the cells were grown
overnight until the initial viability was reached to start a new cycle. The pulsed nature of
the discharge process, and the rapid decrease in viability, did not allow for constant
selective pressure to be applied throughout the experiment. This partial EHD selective
pressure also selected for the fastest and aggressively growing mutants as slow growing

strains may be out competed during the quiescent growth periods without EHD.



Method of Approach

A sterile 100 mL flask with liquid LB medium was inoculated with frozen
Escherichia coli ATCC 25922 and grown at 37 °C overnight in the dark, shaken at 225
rpm. The fully grown E. coli culture was centrifuged, washed and resuspended in 0.01M
PBS solution and added to 3 L of 0.0IM PBS in the EHD chamber to reach a final
concentration of ~10” CFU/mL. The cell suspensions were then treated to 50 consecutive
electrohydraulic discharges (EHDs) with Ec = 7 kl/pulse, at pH = 7.0 and spark gap = 4
mm. At the end of each EHD treatment, 1 mL of treated culture is used to inoculate a 100
mL flask of sterile liquid LB medium and grown overnight under the same growth
conditions. The treatment process is repeated on the fully grown suspension until a total
of at least 10 treatment cycles of 50 discharges each have been subjected to growth and
death. During select cycles, aliquot samples were taken at intervals of 0, 10, 30, and 50
EHDs to obtain the dose-response curve from which values of LDsg could be obtained.
Each sample in turn was diluted, plated in LB-agar solid medium, incubated overnight at

37 °C and counted accordingly.

GN2 Microplate™ Assay

Metabolic fingerprinting tests were performed on E. coli samples at 0, 4, 8, and 11
cycles to monitor changes in biochemistry and possibly detect propagation of other
bacterial contamination. GN2 MicroPlate™ (Biolog, H;yward, CA) panels with 95

different carbon sources were inoculated with 150 uL. E. coli samples at each given cycle
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and assayed colorimetrically at 490 nm. Table | gives a detailed description of each

carbon source and its corresponding position on the panel array.



Results and Discussion

figure 1 shows the dose-response curves of E. coli after 0, 6, and 11 cycles of 50
consecutive EHDs each. After 11 cycles, the sample culture has been subjected to a total
of 550 consecutive discharges which amounts to a total plasma exposure time of 13.2 ms.
The entire experiment lasted 13 days. All three cycles show typical disinfection kinetics
with a tailing component. Figure 2 shows the same curves in rectified coordinates, i.e.,
logit(% Viability) vs. log(EHDs). Cycle 6, however, shows a large variance, reflected in
the low statistical correlation coefficient r* = 0.586.

Using the rectified data, a linearized regression analysis was applied to each
curve. Table 2 shows the regression results on each of the three selected cycles. An
increase in the degree of UV sensitivity in the sample would effect a decrease in the slope
of the dose-response curve and a corresponding decrease in the values of LDso. However,
the LDsq values as reported in Table 2 remain constant as a function of increasing number
of cycles, suggesting that there is no observed increase in sensitivity and thus no apparent
effect during long-term exposures to EHD.

GN2 MicroPlates™ were used to test for growth activity under 96 metabolic
carbon sources as a function of increasing selective pressure. Four assays were applied to
E. coli samples at cycles 0, 4, 8, and 11, which corresponds to 50, 200, 400, and 550 total
applied EHDs respectively. Figures 3 and 4 show the resulting assays for cycles 0 and 8
after 18 hours of incubation at 37 °C. Cycles 4 and 11 were saturated with the amount of
dye produced in each channel so these two cases were not used in our discussion of the

results.
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Colorimetric measurements on each assay were done at 490 nm, and normalized
relative to channel Al (water blank). Tables 3 - 6 show the result of each assay. All wells
with AODy90 nm = 0.100 were labeled positive.

Tables 3 and 5 and Figures 3 and 4 indicate that E. coli is present in both cases,
since they have the same metabolic fingerprint. The exception was found in well G10
with L-threonine as a carbon source whereby cycle 8 showed a positive well and cycle 0
showed a negative well.

However, 94 matched pairs of a possible 95 (since Al well contains only water)
give greater than 98 % metabolic similarity between cycle 0 and cycle 8. This clearly
indicates that the organism present in cycle O is the same as the organism present in cycle
8. Furthermore, these results found no evidence of bacterial contamination that could

have been propagated through the 13-day experiment.

Mutagenicity

The lack of permanent mutagenicity shown in the constant LDsq values in Table 2
indicate that the overall mechanisms of repair (if present) must be error free. Masnyk et
al. (29) indicated that thymidine dimerization is bypassed in favor of biphotonic DNA
base ionization pathways during high intensity UV irradiation that leads to DNA
oxidative damage (by ionized base products) and single strand breaks (ssb). In this case,
the uvr and rec repair systems were found to be the main mechanisms of repair associated

with DNA UV damage and ssb (30), both of which are known to be error free.
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The possibility also exists that the induction time (less than 10 cycles) may not be
enough to incite mutagenic effects during partial EHD selective pressure experiments.
However, it is well known that very short time exposures (~ few seconds) using low
intensity UV lamps are sufficient to incite mutagenic effects on E. coli populations so
550 total EHD exposures of 50 us each of high intensity UV irradiation seem to be more

than adequate.

Conclusion

No net kinetic change in the dose-response curves was observed as a result of 11
successive cycles of 50 consecutive EHDs each. The values of LDso throughout the
partial selective pressure experiments remained constant during the combination of the
three biocidal agents (high intensity UV, shockwave, and hydroxyl radical), suggesting a
lack of a global indicator of mutagenic effect to long term exposure to the EHD process.
A more detailed study needs to be conducted to assess the genetic and enzymatic changes

that individual cells can sustain during this treatment.
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Figure 1. EHD selective pressure experiments of E. coli suspensions in 0.01 M PBS
at pH = 7.4, subject to 50 EHDs per cycle for a total of 11 cycles. Discharges are

characterized by E., =7 kJ, spark gap = 4 mm. Cycle 0 represents the kinetics of E. coli
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subject to 50 EHDs. Cycle 6 represents the kinetics after a total of 6 cycles each of 50

EHDs ( = 300 EHDs total). Cycle 11 represents the kinetics after a total of 11 cycles each

of 50 EHDs ( = 550 EHDs total).
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Figure 2. Rectified logit plot of the data in Fig. 1. Cycle 0 represents the kinetics of E. coli
subject to 50 EHDs. Cycle 6 represents the kinetics after a total of 6 cycles each of 50
EHDs (= 300 EHD:s total). Cycle 11 represents the kinetics after a total of 11 cycles each

of 50 EHDs (= 550 EHDs total). The plotted lines are regression fits to the data.
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Chapter VI

Discussion and Conclusions
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Chap’ter VI. Discussion and Conclusions

Disinfection Kinetics

The disinfection by pulsed plasma discharges has been demonstrated. The
inactivation kinetics of Escherichia coli suspensions follows a non-linear dose-response
behavior that is not associated with inhomogeneous mixing conditions inside the reactor.
A logit function was used to rectify the data to obtain values of LDs. The rates of
inactivation were limited to 2-log reduction (or 99 % reduction) at high concentrations of
E. coli (107 CFU mL™") subject to 50 consecutive EHD discharges.

The tailing behavior in the dose-response curves is not an artifact but a
phenomenon intrinsic to the process of disinfection by electrohydraulic discharges (Chap.
3). This is substantiated by the values of LDs, in EHD disinfection that are constant over
a 3-orders of magnitude variation in initial cell concentration (Fig. 4, Chap. 3). The
tailing behavior is also not associated with increased absorptivity of treated E. coli
suspensions as shown by absorbance measurements of raw (unfiltered) samples after 0,
60 and 100 consecutive EHDs that remain unchanged over the range of 200 to 400 nm
(Fig. 1). Furthermore, this tailing behavior occurs in both high (10’ CFU mL"') and low
(10° CFU mL") concentrations of E. coli with different intrinsic rates of disinfection
(Fig. 2).

The LDsy dependence on initial cell concentrations for UV and EHD treated
samples (Fig. 4, 5 in Chap. 3) show a constant value over 3-orders of magnitude followed

by a sharp increase in LDso. This behavior is attributed to the non-linear relationship
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between the absorbance and the E. coli cell concentration. This dependence is not
observed in experiments involving ultrasonic irradiation (Fig. 6, Chap. 3), since the
process is light independent. Figure 3 shows the absorbance at 600 nm (ODgg) as a
function of increasingly denser E. coli suspensions. The absorbance measurements are
nearly zero and sharply increase beyond 10* CFU mL" as observed in the UV and EHD

experiments.

High Intensity UV Disinfection

Results from Chap. 4 suggest that the UV mechanism of disinfection is linked to
biphotonic absorptions of high-intensity UV irradiation by DNA thymine. This high
intensity multiphotonic process is known to produce less thymidine dimer photoproducts
and more single and double strand breaks (/,2).

Varying concentrations of benzophenone-9 (BP9) were used as chemical
sunscreens to disable the UV component of disinfection in the EHD reactor. No loss of
viability was observed in fully saturated solutions of E. coli with BP9 attesting that UV is
the principal disinfection agent in the electrohydraulic discharge process. Furthermore,
there is no indication that mechanical damage is involved in the overall process of

inactivation by EHD.
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Vitalism vs. Mechanism
Baekgmﬁmd

The majority of the discussions on the kinetics of disinfection, since the discovery
of the microorganism law of logarithmic order of destruction (3-5), focus on two
principal views on the order of death: vitalism and mechanism (6,7).

The tenet of vitalism is that individuals (or cells) in a population are not identical
(8); therefore, in a homogeneous population of microorganisms, resistance to a
disinfectant varies in different individuals. It follows that the survival times should be
normally distributed as the majority of these individuals possess an average degree of
resistance while a minority possess a greater or a lesser degree of resistance. Typically,
survival curves of this type exhibit sigmoidal or concave upward behavior.

According to the mechanistic theory, there is a similarity in resistance among all
individuals in a homogeneous population and the process of inactivation is a stepwise
time process analogous to chemical reactions (8). At a given time, a portion of the
population participates in the disinfection reaction so the reactions are first order or n"
order composed of a series of single step reactions. Survival curves of this type are
usually logarithmic. The tailing phenomenon, in this case, is a feature bound to the
mechanism of destruction, a change in the resistance during the process or a deviation

from linearity.

In Chap. 5, (Figs. 1, 2) no change in the dose-response curves is observed in the

presence of EHD selective pressures after 11 cycles of 50 consecutive EHDs each. If the
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vitalistic conception of inactivation is ascribed to these results, then an increasing degree
of resistance should be observed; every time the E. coli suspension is subject to an EHD
event, the less resistant cells die out, so the population frequency distribution must skew
towards the more resistant individuals. This increase in resistance was not observed;
therefore, the assumption of the vitalistic conception does not apply here.

The results of this work suggest that a mechanistic process must be occurring.
However, the details of such a mechanism is not known. More careful studies on the
direct effect of high intensity UV irradiation on E. coli must be performed in order to
obtain a greater understanding of the EHD dose-response curves.

Metabolic fingerprinting assays were used to detect bacterial contaminants
propagated through the 13-day experiment. The study found no evidence of
contamination. In addition, a 98 % metabolic homology of carbon consumption activities

is reported between initial and final cultures.
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Recommendations for Future Research

Combined Ozone/EHD Disinfection Experiments

Combined EHD/ozone disinfection experiments are based on the introduction of
an additional variable (ozone) which, in the presence of high intensity UV irradiation,
produce high concentrations of hydroxyl radicals. The kinetics of disinfection are further
complicated by the fact that ozone itself is a disinfectant, so both reactants, and products
in addition to the EHD, now play significant roles. In addition, the synergistic effects
between ozone and EHD can be studied as observed in the chemical degradation of
environmental contaminants (9).

Figures 4 and 5 show the kinetic simulation of dissolved ozone, hydroxyl radical
concentrations, and viability during a combined EHD/ozone experiment. The following is
a step by step description of the set-up.

Using a 3-L test solution in the EHD reactor chamber that has been sparged with
ozone prior to the onset of the electrohydraulic discharge treatment, the solution is
allowed to reach a steady state aqueous-phase concentration of ozone in the chamber. The
characteristic time #,; for ozone to reach a steady state is in the order of minutes and can
be measured directly in the reaction chamber using a spectrophotometer.

The fully sparged solution is then inoculated with E. coli at a fixed initial cell
concentration, when the experiment starts. At this point, the only disinfection effect is

due to ozone. The ozone treatment is allowed to proceed for a finite time t,. whereby no
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electrohydraulic discharges are imposed. The dose-response curve during this pre-

dischargé phase would be expected to follow an exponential decay of the form (/0),

log N =—k .t (la)
N()

k. = ki (1b)
where Ny is the viability at time zero, N is the viability of E. coli at time t, k; is the
second-order disinfection rate constant, ¢y is the constant dissolved ozone concentration,
k*,. is the pseudo first-order constant, and ¢ is the contact time.

At the start of the electrohydraulic discharge treatment, a fraction of the initial
aqueous-phase concentration of ozone is effectively converted into hydroxyl radicals by
exposure to plasma-generated VUV light. The light is emitted by the plasma channel in
the form of a blackbody spectrum centered at 180 nm (/7,12). The absorption spectrum
of ozone has a maximum at 260 nm, which favors the photodissociation pathway that
leads to the production of singlet oxygen O('D). An 85 - 90 % yield of O('D) is usually
expected to be converted from ozone with the remaining amount being carried over to the
production of triplet oxygen OCP) (I3). The OCP) pathway is enhanced at high
temperatures so an increased reaction of the triplet oxygen and water in the vicinity of the
plasma channel would be observed; however, this reaction is slow and eventually leads to
hydroxyl radical formation. Measured first-order rate constants in liquid and gas for

molecular oxygen k;p and k;p (14-18) are shown in the table below.
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Table 1. Rates of Ozone Decomposition.

[ Reaction [ Ratciqua [MTsT1300K | Rateg [M's'1300 K I

0; — O, + OCP) , thermal 16x10° 23x 100
OCP) + H,O — 20He , - 2-4x 107
thermal
O('D) + H,0 — 20He , 9.4 x 10 1-2x 10"
photolysis

In general, the rates of O(3 P) reaction are much slower than the rates of O('D).
Knowing the percent yield of OCP) production from ozone photodissociation and the
limiting rate of reaction with water, then ozone can be assumed to be predominantly
converted into O('D) in the electrohydraulic discharge reactor, i.e.,

O3 +hv — 0, + O('D), A <300 nm (2a)
O('D) + H,O — 20He (2b)

With the onset of the first electrohydraulic discharge, a fraction of the dissolved
ozone is photodissociated into hydroxyl radicals in the presence of water. The size of this
fraction dictates the kinetics of the disinfection process following an EHD event. If a
small percent of the dissolved ozone is converted into hydroxyl radicals, then the rate of
dissolution is slow, since the background ozone concentration is near steady state, and the
variation of dissolved ozone is small (Fig. 4). For large percentages of hydroxyl radical
conversion, the rate of ozone dissolution is fast and the variation of ozone is large. The
kinetics of ozone disinfection (Eqns. la)b) assume a constant excess dissolved
concentration of ozone. Large fluctuations in hydroxyl radical concentrations produce
nonlinear disinfection kinetics that are dependent on the instantaneous background

dissolved ozone concentrations (Fig. 5).
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The rate of disinfection during an EHD episode k*.,; i1s a lumped parameter that
depends'on the rate of hydroxyl radical disinfection k*yy and the disinfection rates of UV
and ozone, i.e.,
k*ona = T (k¥ on, K'uv , Kor) 3)
where k’,. and k’y are the coupled intrinsic rates of disinfection during an EHD. The
higher reactivity of the hydroxyl radical species and the enhancement of hydroxyl radical
production due to EHD suggests that k*,,; will be faster than k*,; from the pre-discharge
phase of the experiment (Fig. 5). The size of this increase in inactivation rate is unknown
and will limit the number of EHDs that can be imposed on the experiment. This increase
can be measured by tracking the difference between the viability before and after an
EHD. The time ¢, can be set to allow for several sampling points between consecutive
electrohydraulic discharges.
In summary, there are several variables that are key for this investigation of the
kinetics of E. coli disinfection in the combined EHD/ozone experiment:
6« Measurement of the ozone dissolution time
(i1) Measurement of the ozone disinfection rate constant
(ii1))  Measurement of the amount of ozone loss following a single

electrohydraulic discharge.

Ozone Dissolution Experiment
Using an HDPE sparging disc with an array of 11 concentric 0.030 in. diameter holes, a

mixture of O3/O; can be flowed through the reactor at fixed flow rates. The rate of ozone
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dissolution can be computed from the characteristic time for the solution to reach a steady
state under different O3/O; mixtures and ozonator settings. Ozone measurements can be
made by addition of iodide into the sample aliquots and measuring triiodide formation
spectrophotometrically as a function of time. lodide oxidation is given stoichiometrically

by the reaction,

3N +0,+2H" -1, +0,+H,0 4)

Ozone Disinfection Rate Constant

After a mixture of O3/O; at a constant flow rate is allowed to reach a steady state,
the solution can be inoculated with E. coli at a fixed initial cell concentration. Viability
measurements can be made from sample aliquots taken out of the reactor at fixed time
intervals into vials containing sodium sulfite to stunt further ozone disinfection. Each
sample aliquot is diluted and plated in triplicate on agar media and incubated in the dark
at 37 °C.

The oxidation of sulfite by ozone follows the reaction,

10,+4807 —»10,+4S07 , AG°=-211kJ/mol  (5)

Possible interactions in solution with E. coli must be investigated by performing
independent growth/inhibition experiments with added sulfite and sulfate ions at

experimentally determined concentrations.
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Hydroxyl Radical Production in the EHD
Assuming the ozone reactions (Eqgns. 2a,b) go to completion and assuming the
quantum yield @ for O('D) production in ozone photolysis is known (19), then the rate of
ozone loss is proportional to the stoichiometric rate of hydroxyl radical production times
the quantum yield,

d D d
—E[Ozl -—2—;1-;[0H'] (6)

If the ozone concentration is known as a function of time, by virtue of the
previous equation, then the rate of hydroxyl radical formation can be approximated by

A[OHe] - 20 A[O;] 7

At At

where the approximation becomes more exact in the limit Az — 0.
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Combined Peroxydisulfate/EHD Disinfection Experiments

Sulfate radical production by flash photolysis of peroxydisulfate is not a novel
technique (20,21). Peroxydisulfate absorbs light with a maximum at 248 nm leading to
photodissociation into sulfate radicals eSO, . The peroxydisulfate photodissociation
proceeds stoichiometrically according to the reaction,

S,0; +hv—>2eS0, (8)

The sulfate radical is a very strong one-electron oxydizing agent with a redox
potential ~ 2.5 — 3.0 Volts (22), similar to ©OH. Using peroxydisulfate-sulfate radical pair
as a disinfection agent might provide an alternative to ozone-hydroxyl radical
disinfection that forgoes the complex kinetics of ozone depletion described previously.
Both radical species are equally reactive; however, in the latter case, ozone (the reactant)
is also a disinfection agent whereas peroxydisulfate is not.

A similar peroxydisulfate depletion mechanism is expected as in the case of ozone
(Fig. 5) and the amount of sulfate radicals produced is dependent on the concentration of
peroxydisulfate ion present in solution (23). Since the kinetics of disinfection are not
affected by the initial concentration of the reactant (Fig. 6), there is no need to measure
the amount of peroxydisulfate loss following an electrohydraulic discharge.

The fate of the sulfate radical depends highly on the chemical species present in
the reactor. The relatively high redox potential (~ 2.5 — 3.0 V) makes this radical a very
strong oxidant. The typical sulfate radical decay kineﬁcs can be described by the

following reactions (24),
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¢SO, +¢S0; — S,0; (9a)
¢SO; + H,0 — ¢OH + HSO; (9b)
¢SO, +S,0; = SO; +S,0; (9¢)

In the context of water disinfection, only the sulfate radical ¢SO, and the

hydroxyl radical eOH affect the viability of the bacteria (Fig. 6). For this reason,
measuring bacterial disinfection under these circumstances can only be a direct result of a

sulfate/hydroxyl radical competition mechanism.
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Figure 1. Absorbance measurements of 1/100th dilutions of EHD generated samples
with E. coli in 0.01M PBS at 0 EHDs (solid line), 60 EHDs (dotted line), and 100 EHDs

(dashed line).
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Figure 2. Full-scale EHD disinfection experiments of E. coli suspensions of 3 x 10’ CFU mL"
(solid circles) and 2 x 10* CFU mL" (solid triangles) in 0.01 M PBS at pH = 7.4. Discharges

are characterized by E ., = 7 kJ, spark gap = 4 mm, and pulse rate = 0.1 Hz.
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Figure 3. Absorbance measurements of E. coli concentrations at 600 nm (ODg,)-
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Appendix



EHDs| 12/99 Data | 11/98 Data | 12/99 Data

0 46000000 | 28100000 860000
1
2 28000000 | 15800000 380000
3
4 11300000 | 9500000 103000
5
6 9200000 5200000 9000
8 4600000 3700000
10 3800000 2790000
15 1700000 1510000
20 1030000 1330000 1200
25 740000 854000
30 694000
35 400000 604000
40 250000 473000
45 360000 546000
50 490000
 3/29/00 A | 3/29B |3/29 Mean | 3/29 Variance | 3/29 %error
0 2.72E+07 2.63E+07 | 26750000 450000 1.68
1
2 1.92E+07 1.64E+07 | 17800000 1400000 7.87
3
4 6.40E+06 7.30E+06| 6850000 450000 6.57
5
6 4.00E+06 3.30E+06 | 3650000 350000 9.59
8 3.60E+06 2.90E+06| 3250000 350000 10.77
10 1.00E+06 1.20E+06| 1100000 100000 9.09
15 1.00E+06 2.00E+05| 600000 400000 66.67
20 3.60E+05 3.40E+05{ 350000 10000 2.86
25 1.00E+05 1.20E+05] 110000 10000 9.09
30 1.70E+405 1.30E+05} 150000 20000 13.33
35 1.30E+05 8.00E+04| 105000 25000 23.81
40 1.10E+05 9.00E+04| 100000 10000 10.00
45 1.10E+05 6.00E+04 85000 25000 29.41
50 1.30E+05 9.00E+04 | 110000 20000 18.18

Table A1. Raw data for EHD disinfection experiments on 11/98, 12/99 and 3/29/00.
Disinfection of E. coli suspensions (3 L) in 0.01 M PBS at pH = 7.4 by 50 consecutive

electrohydraulic discharges. Ecg = 7 kJ, spark gap = 4 mm, and pulse rate = 0.1 Hz.



s[ 10/98 Data A[10/98 Data B | 10/28 DataC| 10/28 Mean | 10/28 Variance | 10/28
0 1.44E+09 1.52E+09 1.41E+09 |[1456666666.67| 63333333.33
1 1.14E+09 1.29E+09 |1215000000.00| 75000000.00
2 1.41E+09 1.65E+09 |1530000000.00| 120000000.00
3 6.30E+08 6.70E+08 7.30E+08 | 676666666.67 | 53333333.33 .
4 6.80E+08 5.20E+08 | 600000000.00 | 80000000.00 13.33
5 4.20E+08 3.20E+08 3.50E+08 | 363333333.33 | 56666666.67 15.60
6
8
10 2.80E+06 2.20E+06 3.60E+06 2866666.67 733333.33 25.58
15
20 4.30E+04 3.50E+04 3.50E+04 37666.67 5333.33 14.16
25
30 4.00E+02 7.00E+02 6.00E+02 566.67 166.67 29.41

‘[7/98 A]7/98 B|7/98 C|7/98 D | 7/28 Mean | 7/28 Variance | 7/28 %error

0 2100 | 2070 | 2700 | 2600 2367.5 332.5 14.04
1
2
3
4
5
6
8
10 1140 | 1250 | 1900 | 1600 1472.5 427.5 29.03
15
20 550 620 | 1100 | 1000 817.5 282.5 34.56
25
30
35
40 350 530 300 393.3 136.7 34.75
45
50
60 220 330 300 200 262.5 67.5 25.71
80 180 130 200 170 40 23.53
100 140 140 100 126.7 26.7 21.05

Table A2. Raw data for EHD disinfection experiments on 7/98 and 10/98.

Disinfection of E. coli suspensions (3 L) in 0.01 M PBS at pH = 7.4 by 50 consecutive

electrohydraulic discharges. Ecp = 7 kJ, spark gap = 4 mm, and pulse rate = 0.1 Hz.




17500000 | 15866667

16000000
14100000
8600000 | 7333333 | 1266667 | 17.27 46.22 7.98
6800000
6600000

DN NO OO

9800006 9400000 | 400000 |4.255319 100 4.255319
9000000

4950000 | 3883333 | 1066667 | 27.46781 | 41.31206 | 11.34752
3800000
2900000

5590000 | 4496667 | 1093333 | 24.31 100.00 24.31

0

0 4200000
0 3700000
2 1330000 | 1293333 | 53333.33 4.12 28.76 1.19
2 1310000
2 1240000

Table A3. Raw data of EHD disinfection rate dependence on initial cell concentration of

3.0-L volumes of E. coli subject to 2 consecutive discharges. Ecg =7 kJ, pH= 7.4 in

0.0l MPBS. C; = 1.7x 10’ CFUmL"; C,=9.4 x 10° CFUmL"; C3 = 5.5 x 10° CFU

mL .



| 1370000

1310000
1240000
204000
165000
172000

180333.3

23666.67

100.00

13.80

1.81

| 690000

| 665000

25000

o

376

0 100.00

0 640000

0

2 32000 24000 8000 33.33 3.61 1.20
2 19000

2 21000

84500 |

9500

0 94000 100.00 11.24
0 75000

0

2 10400 |7833.333 | 2566.667 | 32.77 9.27 3.04
2 6500

2 6600

Table A4. Raw data of EHD disinfection rate dependence on initial cell concentration of

3.0-L volumes of E. coli subject to 2 consecutive discharges. Ecg=7kJ,pH=741in

0.0l MPBS. Cs= 1.3 x 10° CFUmML"; Cs = 6.6 x 10° CFU mL™"; C¢ = 9.4 x 10* CFU

mL".



c
@

0 1.32E+10 | 13200000000

0

1

1

2 1.33E+10 | 13300000000 0 0.00
2

3 1.23E+10 | 12300000000 0 0.00
3

4 4.8E+09 | 4800000000 0 0.00
4

5 2.3E+09 | 2300000000 0 0.00
5

7 1.3E+09 | 1300000000 0 0.00
10 1E+09 | 1000000000 0 0.00

_us C2 |C2mean| C2var | C2%err
0 7.58E+09 | 7.69E+09 | 1.1E+08 1.43
0 7.8E+09
1 2.4E+09 | 2.25E+09 | 1.5E+08 6.67
1 2.1E+09
2 1.2E+09 | 1.3E409 | 1E+08 7.69
2 1.4E+09
3 4.2E+09 | 1.4E+09 0 0.00
3
4 1.4E+09 | 1.4E+09 0 0.00
4
5 8E+08 | 8E+08 0 0.00
5
7
10

Table AS. Raw data of US disinfection rate dependence on initial cell concentration of
100-mL volumes of E. coli subject to 5 minutes of ultrasonic irradiation (C; was subject
to 10 minutes) at pH = 7.4 in 0.01M PBS. C, = 1.8 x 10" CFUmL™"; C,=4.7 x 10° CFU

mL ™.



US | C3 [C3mean| C3var |C3%err
0 1.4E+08 |1.49E+08 | 8500000 | 5.72
0 1.57E+08
1 1.62E+08 | 1.65E+08 | 3000000 | 1.82
1 1.68E+08
2 1.19E+08 | 1.19E+08 0 0.00
2
3 |74000000(74000000| O 0.00
3
4 |87000000/87000000{ O 0.00
4
5 1.06E+08 | 1.06E+08 0 0.00
5
7
10

US | C4 |Cdmean| Cdvar
0 1.1E+08 |1.19E+08| 9000000 | 7.56
0 1.28E+08
1 1.15E+08 | 1.02E+08 | 13000000 12.75
1 89000000
2 58300000 | 62650000 | 4350000 | 6.94
2 67000000
3 |74500000|70250000| 4250000 | 6.05
3 |66000000
4 |41000000{41000000| 0 0.00
4
5  |50000000|50000000] 0 0.00
5
7
10

Table A6. Raw data of US disinfection rate dependence on initial cell concentration of

100-mL volumes of E. coli subject to 5 minutes of ultrasonic irradiation at pH =7.4 in

0.0IMPBS.C;=1.6x 10° CFUmML"; C4= 1.1 x 108 CFUmL".



Us | €5 |C5mean| C5var |C5%err
0 12000000 | 11650000 350000 3.00
0 11300000
1 11000000 | 12100000| 1100000 | 9.09
1 13200000
2 10400000 | 10850000 | 450000 4.15
2 11300000
3 9500000 | 9550000 | 50000 0.52
3 9600000
4 8500000 | 9050000 | 550000 6.08
4 9600000
5 9400000 | 9200000 | 200000 2.17
5 9000000
7
10

US | Cé6 |C6mean

0 1180000 | 1200000 | 20000 1.67
0 1220000

1 1150000 | 1060000 | 90000 8.49
1 970000

2 860000 | 880000 | 20000 227
2 900000

3 960000 | 970000 | 10000 1.03
3 980000

4 970000 | 955000 | 15000 1.57
4 940000

5 810000 | 810000 0 0.00
5 810000

7

10

Table A7. Raw data of US disinfection rate dependence on initial cell concentration of

100-mL volumes of E. coli subject to 5 minutes of ultrasonic irradiation at pH = 7.4 in

0.0IM PBS. Cs= 1.2 x 10’ CFUmL™"; Cg = 1.1 x 10° CFU mL"".



L _ Clyvar C1 %err
1440000000 | 1.46E+09 | 63333333 4.35
1520000000
1410000000
1290000000 9.67E+08 | 4.97E+08 51.38
470000000
1140000000
1.41E+09 |1.53E+09| 1.2E+08 7.84
1.65E+09

7.30E+08 |6.77E+08 53333333 7.88
6.70E+08
6.30E+08
6.80E+08 6E+08 |80000000 13.33
5.20E+08

rrwwodRN 220008

~ C2 [C2mean]| C2var | C2 %err
9.3E+08 |8.33E+08 |96666667| 11.60
8.3E+08
7.4E+08
4.3E+08 |4.93E+08 |63333333| 12.84
5.1E+08
5.4E+08
3.20E+08| 3E+08 |20000000| 6.67
2.80E+08

1.47E+08 | 1.38E+08 | 17666667 | 12.83
1.20E+08
1.46E+08
1.77E+07 | 17650000| 50000 0.28
1.76E+07

Table A8. Raw data of UV disinfection rate dependence on initial cell concentration of
100-mL volumes of E. coli subject to | minute of ultraviolet irradiation at pH=7.41n

0.0IMPBS.C,;=22x 10° CFUmL"; C, = 1.1 x 10° CFUmL",
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1.3E+
1.14E+08
1.29E+08
860000 | 563333.3 |296666.7| 52.66
390000
440000
8.00E+03| 6000 2000 33.33
4.00E+03

2.40E+03 | 2066.667 | 333.3333} 16.13
2.00E+03
1.80E+03
2.80E+03| 3100 300 9.68
3.40E+03

A&wwwmmm—*—x—xooog

0 62000000|65000000( 3000000 4.62
0 68000000

0

1 8000 4000 4000 100.00
1 2000

1 2000

2 1.50E+03 1500 0 0.00
2 1.50E+03

2

3 1.10E+03 1200 200 16.67
3 1.10E+03

3 1.40E+03

4 1.59E+03 1560 30 1.92
4 1.53E+03

Table A9. Raw data of UV disinfection rate dependence on initial cell concentration of

100-mL volumes of E. coli subject to 1 minute of ultraviolet irradiation at pH = 7.4 in

0.01M PBS. C3 =23 x 10" CFUmL"; C, = 6.4 x 10° CFUmL".



- C5 mean | | CS %err
0 10 100000 8.108108
0 11300000
0 11800000
1 400 400 0 0
1 400
1 400
2 1.60E+02 170 10 5.882353
2 1.80E+02
2
3 2.10E+02 170 40 23.52941
3 1.40E+02
3 1.60E+02
4 2.20E+02 225 5 2.222222
4 2.30E+02

0
0
0
1
1
1
2
2
2
3
3
3
4
4

C6
840000
950000
810000

100

40

50
1.00E+02
1.30E+02

4.00E+01
3.00E+01
3.00E+01
2.00E+01
2.00E+01

C6 mean
866666.7

63.33333

115

33.33333

20

- C6var
83333.33

36.66667

15

6.666667

C6 %err
9.62

57.89

13.04

20.00

0.00

Table A10. Raw data of UV disinfection rate dependence on initial cell concentration of
100-mL volumes of E. coli subject to | minute of ultraviolet irradiation at pH = 7.4 in

0.01M PBS. Cs = 2.5 x 10° CFUmL™"; Cs = 3.2 x 10* CFU mL"".



1.59E+07 | 39.64
9.70E+06 | 96.55
9.40E+06| 33.50
5.57E+06 54.45
4.50E+06 | 22.66
2.12E+06 17.24
1.31E+06| 13.09
1.19E+06 19.26
9.73E+05 15.87
6.65E+05 7.43

3.33E+05 8.78

2.10E+05 12.64
1.42E+05 7.47

1.83E+04 13.96
1.75E+03 8.71

1.46E+09 | 47.74 1.32E+10 69.35
8.33E+08] 36.33 7.69E+09 57.06
1.24E+08 3.19 1.49E+08 149.39
65000000 1.71 1.19E+08 86.33
11100000 1.46 11650000 241.56
866666.7 1.32 1200000 205.98

Table A11. Raw data for LDs, dependence on initial cell concentration on
electrohydraulic discharge process (EHD), ultraviolet irradiation (UV), and
ultrasonic irradiation (US). Units of LDso(EHD) are in number of EHDs,
LDso(UV) are in minutes of UV exposure, and LDso(US) are in minutes of US

irradiation.



A-13

3-Au | Time[min]

0S

oc 1 0.063 23.63

o7 1 0.063 10.72 0.799 0.051 1050.55
0S 1 0.063 130.33 0.245 0.044 20.35
0C 1 0.063 20.05 0.427 0.049 271.04
0T 1 0.063 9.58 0.687 0.024 1068.48
10S 1 0.11806

10C 1 0.11806 20.07 0.715 0.057 259.96
10T 1 0.11806 13.00 0.772 0.118 368.48
20S 1 0.14523 84.68 0.348 0.068 18.64
20C 1 0.14523 21.65 0.909 0.205 174.92
20T 1 0.14523 16.18 0.743 0.092 247.52
308 1 0.13597 356.22 0.502 0.041 89.85
30C 1 0.13597 29.27 0.538 0.044 116.00
30T 1 0.13597 15.67 0.613 0.060 238.49

‘ kSuper-t-CeH, -

322.61
259.96
193.56
205.84

Table A12. Raw data for 3-D-galactosidase experiments on 8/26/98. E. coli
suspension (3 L) in 0.01 M PBS at pH = 7.4 subject to 30 consecutive electrohydraulic

discharges. Ecp = 7 kJ, spark gap =4 mm, and pulse rate = 0.1 Hz.
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0 27200000 26750000 450000  100.00 1.68
0 26300000
0
2 19200000 17800000 1400000 66.54 7.87
2 16400000
4 6400000 6850000 450000 25.61 6.57
4 7300000
6 3300000 3650000 350000 13.64 9.59
6 4000000
8 3600000 3250000 350000 12.15 10.77
8 2900000
10 1000000 1100000 100000 4.11 9.09
10 1200000
10
15 1000000 1000000 0 3.74 0.00
15
20 360000 350000 10000 1.31 2.86
20 340000
20
25 100000 110000 10000 0.41 9.09
25 120000
30 170000 150000 20000 0.56 13.33
30 130000
30
35 130000 105000 25000 0.39 23.81
35 80000
40 110000 100000 10000 0.37 10.00
40 90000
40
45 110000 85000 25000 0.32 29.41
45 60000
50 130000 110000 20000 0.41 18.18
50 90000
50

Table B1. Raw data for sunscreen experiments. [BP9] = 0 mg/L.



A-15

0 17000000 18960000 2140000 100.00 11.29
0 21100000

0 18800000

2

2

4

4

6

6

8

8

10 1000000 1250000 250000 6.59 20.00
10 1500000

10

15

15
20 400000 366000 66000 1.93 18.03
20 400000
20 300000
25

25

30 200000 195000 5000 1.03 2.56
30 190000

30

35

35

40 160000 160000 0 0.84 0.00
40

40

45

45

50 100000 110000 10000 0.58 9.09
50 110000

50 120000

Table B2. Raw data for sunscreen experiments. [BP9] = 1 mg/L.




A-16

22000000 22000000 600000 100.00 2.73

0

0 21400000

0 22600000

2

2

4

4

6

6

8

8

10 7000000 4960000 2040000 22.55 41.13
10 4100000

10 3800000

15

15
20 2000000 1816000 366000 8.25 20.15
20 2000000

20 1450000

25

25

30 1500000 1140000 360000 5.18 31.58
30 900000

30 1020000

35

35

40 800000 860000 340000 3.91 39.53
40 1200000

40 600000

45

45

50 500000 540000 180000 2.45 33.33
50 400000

50 720000

Table B3. Raw data for sunscreen experiments. [BP9] = 5 mg/L.



A-17

0 19000000 19000000 0 100.00 0.00
0

0

2

2

4

4

6

6

8

8

10 11600000 12650000 1050000 66.58 8.30
10 13700000

10

15

15
20 11000000 11100000 100000 58.42 0.90
20 11200000
20
25
25

30 8110000 8415000 305000 44 .29 3.62
30 8720000

30

35

35

40 6390000 6485000 95000 34.13 1.46
40 6580000

40

45

45

50 5190000 5530000 340000 29.11 6.15
50 5870000

50

Table B4. Raw data for sunscreen experiments. [BP9] = 20 mg/L.



A-18

0 22000000 20400000 1600000 100.00 7.84
0 19000000

0 20200000

2

2

4

4

6

6

8

8

10 17200000 16600000 600000 81.37 3.61

10 16000000

10

15

15

20 16500000 16250000 250000 79.66 1.54
20 16000000

20

25

25

30 11100000 11100000 4] 54.41 0.00
30

30

35

35

40 11300000 11300000 0 55.39 0.00
40

40

45

45

50 9900000 9900000 0 48.53 0.00
50

50

Table B5. Raw data for sunscreen experiments. [BP9] = 40 mg/L.



0 38000000 24700000 13300000 100.00 53.85
0 16000000

0 20100000

2

2

4

4

6

6

8

8

10 33000000 23060000 9940000 93.36 43.10
10 19000000

10 17200000

15

15
20 18100000 17400000 700000 70.45 4.02
20 16700000
20

25

25

30 15300000 16300000 1000000 65.99 6.13
30 17300000

30

35

35

40 14400000 14650000 250000 59.31 1.71
40 14900000

40

45

45

50 13600000 13650000 50000 55.26 0.37
50 13700000

50

Table B6. Raw data for sunscreen experiments. [BP9] = 60 mg/L.



~1000000

0 49000000 48000000 2.08
0 47000000

0

2 23000000 23500000 500000 48.96 2.13
2 24000000

4 22100000 22250000 150000 46.35 0.67
4 22400000

6 23000000 22500000 500000 46.88 2.22
6 22000000

8 29000000 27500000 1500000  57.29 5.45
8 26000000

10 26000000 23000000 3000000 47.92 13.04
10 20000000

10

15 23000000 25000000 2000000  52.08 8.00
15 27000000

20

20

20

25 23000000 23000000 0 47.92 0.00
25

30 16000000 16000000 0 33.33 0.00
30

30

35 21000000 24500000 3500000 51.04 14.29
35 28000000

40 23000000 20000000 3000000  41.67 15.00
40 17000000

40

45 22000000 20000000 2000000  41.67 10.00
45 18000000

50 24000000 19000000 5000000  39.58 26.32
50 14000000

50

Table B7. Raw data for sunscreen experiments. [BP9] = 100 mg/L.




16000000.00
29000000.00
300000.00
300000.00
10000.00
20000.00

10000.00

22500000.00

300000.00

15000.00

10000.00

6500000.00 |

0.00

5000.00

0.00

18,8889

0.0000

33.3333

0.0000

100.0000

1.3333

0.0667

0.0444

28.8889

0.0000

0.0222

0.0000

43000000.00
43000000.00
1300000.00
900000.00
10000.00
20000.00

100000.00
30000.00
100000.00

43000000, 00

1100000.00

15000.00

76666.67

200000.00

5000.00

| 6 % error | 6 % mea
0.0000 100.0000
18.1818 2.5581
33.3333 0.0349
60.8696 0.1783

46666.67

0.0000

0.4651

0.0116

0.1085

38000000 OO
38000000.00
600000.00
700000.00
90000.00
80000.00
80000.00
10000.00
24000.00

3800000000 |

650000.00

83333.33

17000.00

50000.00

6666.67

7000.00

41.1765

100.0000

1.7105

0.2193

0.0447

0.0000

0.1316

0.0175

0.0184

Table C1. Raw data from 1/1/2001 for EHD selective pressure experiments in Ch. 5.



