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ABSTRACT

Ballast water is routinely used onboard ships to adjust the manoeuvrability and stability
at ocean but is now widely recognized as a serious environmental issue because of the risk
of introducing alien species from ballast water discharge. Therefore, disinfection of ballast
water plays an important role in preventing the spread of invasive species worldwide, and
advanced water disinfection technologies that do not produce harmful by-products would be
highly desirable. This dissertation presents results for the use of pressurized carbon dioxide
(PCD) at less than 1.0 MPa and a liquid-film-forming apparatus for disinfection of seawater.

Escherichia coli, Enterococcus sp., and Vibrio alginolyticus were used as model
microorganisms for examining the bactericidal performance of PCD. The sensitivity of three
bacterial species to the PCD treatment was examined for various conditions of pressure,
temperature, working volume ratio (WVR). Additionally, leakage of proteins and nucleic
acids from cells was measured. Cell morphology of untreated cells and cells treated with
PCD was assessed using scanning electron microscopy (SEM). PCD treatment affected all
the bacterial species; however, Enterococcus sp. exhibited higher resistance to the PCD
treatment than did £. coli and V. alginolyticus. Under the experimental treatment conditions
(0.7 MPa, 70% WVR, 20 + 1.0°C, and initial concentration of 5-6 log CFU mL™), a
treatment period of 25 min was required to reduce the bacterial load by approximately 4.1
log for Enterococcus sp., whereas, the same treatment conditions completely inactivated E.
coli and V. alginolyticus within 10 min and 3 min, respectively. Release of intracellular
contents occurred during the treatment process and SEM images of E. coli, Enterococcus sp.,
and V. alginolyticus revealed that morphological changes had occurred after the treatment
with PCD. These data indicated that PCD has potential applications for inactivating
pathogens in ballast water.

To enhance the bactericidal activity of PCD, effects of sequences involving pressure
cycling was employed. The key influences on frequency and magnitude of pressure cycling
in enhancing E. coli and Enterococcus sp. inactivation are elucidated. The results revealed
strong correlation between pressure cycling and inactivation efficiency (p<0.001). The
results from linear regression analysis suggest that the model can explain about 91% of the
E. coli inactivation efficiency (p<0.001). Approximately 5.3 log of the E. coli load was
completely inactivated within 5 min by using PCD (100% COz, at 0.7 MPa, 20°C, 70% WVR)
in the process involving pressure cycling (AP = 0.12 MPa, 18 cycles). As for Enterococcus

sp. inactivation, the outcome of linear regression model analysis suggests that the model can



explain 93%, 85%, and 89% of the inactivation efficiency of (25% CO> + 75% Nb»), (50%
CO2+50% N3), and 100% COg, respectively. Under identical treatment conditions (pressure
= 0.9 MPa, AP = 0.14 MPa, 70% WVR, and 20 £ 1°C), treatment with PCD (100% CO»)
resulted in complete inactivation 5.2 log of Enterococcus sp. after 70 cycles within 20 min.
The Enterococcus sp. inactivation of PCD followed first-order reaction kinetics. The
smallest D-value (largest k-value) was induced by PCD (100% CO3) at 0.9 MPa, which was
obtained at 3.85 min (0.5988 min~!, R? > 0.95). The findings could provide an effective
method for enhanced bactericidal performance of PCD.

High flow rate and large volumes of ballast water need to be treated according to the
D-2 standard of the International Maritime Organization (IMO); however, space on a ship
for such operations is typically limited. To improve the disinfection efficiency and reduce
the treatment time, disinfection using PCD combined with a low-dosage of chlorine (NaOCIl)
was employed to inactivate of Enterococcus sp. in artificial seawater and bacteria (i.e. E.
coli, enterococci, and vibrios) in natural seawater. Combined PCD/chlorine treatments
resulted in greater disinfection efficiency than those for the two individual treatments.
Synergy values were correlated with pressure and CO; concentrations (p<0.001). As for the
disinfection of Enterococcus sp. in artificial seawater, combined treatment with PCD (100%
CO,, 0.3 MPa, 70% WVR, and 20°C) and chlorine (0.20 mg L) achieved an average
synergy value of 4.6 log and complete inactivation (5.2 log reduction) of Enterococcus sp.
within 4 min. In contrast, when the two individual treatments (PCD and chlorine treatment)
were used, only 3.7 and 1.8 log reductions were achieved after 25 min, respectively. On the
other hand, combination of 0.3 MPa PCD (various CO; supply rates: 25% CO; + 75% N,
50% CO2 + 50% Na, 75% CO, + 25% N», and 100% CO3) and chlorine (0.20 mg L)
substantially reduced bacterial viability in natural seawater. Specifically, the combined
PCD/chlorine treatments reduced the number of E. coli, enterococci, and vibrios (include
Vibrio cholerae) to below the IMO D-2 discharge standard within 3 min. These findings
suggest that the combined PCD/chlorine treatment has synergistic benefits and provides a

promising method for the disinfection of ballast water.
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11.

GLOSSARY

A low-dosage of chlorine: is defined as less than the normal dosage required for
sufficient inactivation by chlorine.

Alien species: means, with respect to a particular ecosystem, any species that is not
native to that ecosystem.

Aquatic invasive species: includes phytoplankton, zooplankton, and aquatic pathogens
that are not native and that may flourish in a new marine environment when introduced
by various vectors, one of which is shipping. The presence of aquatic invasive species
may cause ecosystem and infrastructure damage, economic losses and may pose risks to
human health. Shipping related pathways for the transfer of aquatic invasive species
include vessel ballast water.

Bactericidal effect: an antimicrobial that kills a bacterium is said to be bactericidal.
Convention: is the International Convention for the Control and Management of Ships’
Ballast Water and Sediments.

Disinfection: disinfection means reducing the number of a viable microorganisms
present in a sample.

Disinfection by-products (DBPs): disinfectants (i.e. chlorine) react with number of
organic and inorganic compounds in water. Some of these by-products are dangerous to
human health, while others are disinfectants.

Invasive species: is defined as alien species whose introduction does or is likely to cause
economic or environmental harm or harm to human health.

Pressurized CO;: CO; gas is dissolved in water in a pressurized condition.

Pressure cycling: is defined as a repetitive procedure that involves the decompression
and compression of COz. In previous works, the pressure cycling procedure was
conducted with high-pressure operations (§—550 MPa) and with COz discharges between
each cycle of decompression and compression. In this study, pressure cycling was
conducted at low pressure (<1.0 MPa) and no discharge of COz between each cycle of
raised and lowered pressure.

Sterilization: sterilization is the killing of all microorganisms in source of water, a media,

a material or on the surface of an object.
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13.

14.

15.

16.

17.

Synergy value: is calculated as the efficiency of the combined pressurized CO2 and
chlorine in compared with the two individual treatments.

The D-2 standard: Ballast water discharge standard by the International Maritime
Organization.

The decimal reduction time (D-values): is the exposure time required for a 1-log
reduction in the bacterial load.

The USCG standard: is the standard for living organisms in ships’ ballast water
discharged in United States waters.

Vessel ballast water capacity: is given in terms of volume of spaces that are available
for ballasting expressed in m3, and in terms of the ballast pump capacity expressed in
m3/h.

Working volume ratio: is defined as the ratio between the sample volume and apparatus

volume.
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CHAPTER I
INTRODUCTION

1.1 Problem statement

Interesting is growing on ballast water disinfection technologies. Ballast water is used
to maintain safety and stability of ships during a voyage when ships are not laden with cargo
or during cargo loading operations. Annually, about 3—5 billion tonnes of ballast water
containing aquatic species is transferred among the world’s oceans (GloBallast 2016), and if
these organisms are released into new ecosystems that support their growth, they can become
invasive species (Ruiz et al. 1997; David & Gollasch 2015). Invasive species pose threats to
ecosystems and can even increase risks to human health (Ruiz et al. 1997). To avoid these
problems, the International Maritime Organization (IMO) developed regulations for the
control and management of ballast water (IMO 2004). The regulations require that the
number of viable organisms in ballast water must be less than the level set out in the D-2
ballast water performance standard when discharged into the ocean (IMO 2004).

Thousands tonnes of ballast water need to be treated in as short as possible exposure time.
In addition to the effectiveness of the treatment at inhibiting pathogens, other factors to
consider when selecting a shipboard treatment method include the size of treatment
equipment, cost-efficiency and environmentally safety concerns. Though there are many
water treatment methods available, however, when applying those to ballast water
disinfection purpose, no single treatment method can fulfilled these requirements (Tsolaki et
al. 2010; David and Gollash 2015). Chlorination has been the most common method used
worldwide for drinking water disinfection. Chlorine and chlorine-based compounds are
widely used for the control of waterborne pathogens because of their high oxidizing potential,
low cost, and residual disinfectant properties that prevent microbial recontamination.
Unfortunately, the chemical reaction between chlorine and organic and inorganic
compounds in seawater generates carcinogenic agents such as trihalomethanes, halogenic
acetic acids, and bromate (Boorman et al. 1999; Fabbricino and Korshin 2005). Furthermore,
some resistant microorganisms may only be inactivated with very high chlorine doses, which
can exacerbate the formation of disinfection by-products (DBPs) (LeChevallier 2004).
Presently, growing concerns about the potential hazards associated with DBPs have boosted
efforts to develop chlorination alternatives. Ozonation is effective at inhibiting a variety of

pathogens; however, its disadvantages include the high cost and the potential formation of



DBPs such as bromate in seawater (Von Gunten 2003; Werschkun er al. 2012). De-
oxygenation by the injection of an inert gas (i.e. N2, COz) is a cost effective disinfection
method and can reduce corrosion of ballast tanks (Gregg et al., 2009). However, this method
may not be appropriate if the journey of the ship is short because it usually takes 1 to 4 days
to reach acceptable discharge standards and asphyxiate organisms (Lloyd’s Register, 2012).
Besides, some organisms such as phytoplankton, cysts and spores, and anaerobic bacteria
may adapt to such hypoxia, which makes the treatment more challenging (Gregg et al., 2009;
David and Gollasch, 2015). Other water treatment methods such as ultraviolet (UV) radiation,
ultrasound, cavitation, or heat application can be used for the inactivation of organisms.
Although these methods do not produce DBPs or other problematic chemical residues, they
require substantial energy consumption and have high operational costs (Werschkun et al.
2012). Besides, the efficiency of UV disinfection is greatly dependent on water quality
because the activity of UV light is substantially decreased by turbidity or organic matter
present in water (Werschkun et al. 2012). Taken together, each of the disinfection methods
discussed here have their own advantages and disadvantages with regard to factors such as
efficient at removing target organisms, cost, energy and space requirements, operational
efficacy and environmentally-friendly perspective. Thus, it is necessary to develop new
technologies for ballast water disinfection in a manner that exploits the advantages of current
technology and minimise the disadvantages of the conventional methods. This study
investigates the use of pressurized carbon dioxide (CO-) and a liquid-film-forming apparatus

for seawater disinfection.

Sterilization by using pressurized CO> (PCD) has been an active research field for
decades (Haas et al. 1989; Garcia-Gonzalez et al. 2007). CO> has been used extensively to
sterilize dried food and liquid products via a non-thermal sterilization method (Spilimbergo
et al. 2002) because of its effectiveness in inactivating various pathogens, nontoxicity, and
low cost (Zhang et al. 2006). Prior research on high-pressure CO> treatments have
investigated the effects of several factors such as the pressure, temperature, type of
microorganisms, agitation speed, decompression rate, and pressure cycling on the
inactivation capacity of this method (Haas et al. 1989; Spilimbergo et al. 2002; Silva et al.
2013; Hong et al. 1997; Hong and Pyun 1999; Dillow ef al. 1999; Fraser 1951). Most studies
have reported that high-pressure operating conditions (4—50 MPa) are required to inactivate
significant numbers of pathogens (Garcia-Gonzalez et al. 2007). Subsequently, certain

concerns involving high-pressure operations (i.e. the need for heavy-duty pressure
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equipment, high initial investment costs, energy consumption concerns, and pressure control
and management issues) have hampered the implementation of high PCD preservation

technology at a large scale within the food industry.

In recent years, pressurized CO> has shown great potential as a sustainable disinfection
technology in water and wastewater treatment applications (Kobayashi et al. 2007, 2009;
Cheng et al. 2011; Vo et al. 2013, 2014) largely because this method does not generate
DBPs. Kobayashi er al. (2007, 2009) employed CO2 microbubbles in the treatment of
drinking water and succeeded in inhibiting Escherichia coli within 13.3 min. However, the
pressure (10 MPa) and temperature (35 to 55°C) requirements for effective inactivation
(Kobayashi et al. 2007, 2009) are still high from a practical standpoint. Cheng et al. (2011)
and Vo et al. (2013, 2014) have used low-pressure CO; treatments (0.2—1.0 MPa) based on
technology that produces high amounts of dissolved gas in water to inactive Escherichia coli
and bacteriophages in freshwater. Cheng et al. (2011) suggested that the sudden discharge
and resulting reduction of pressure could cause cells to rupture via a mechanical mechanism,
and further, that this would be lethal to cells at high levels of dissolved CO: at 0.3—0.6 MPa
and room temperature. Vo et al. (2013) demonstrated that acidified water and cellular lipid
extraction caused by pressurized CO: at 0.7 MPa and room temperature were major factors
for efficient disinfection within a treatment time of 25 min. This study investigated the use

of PCD at less than 1.0 MPa for the sea ballast water disinfection purposes.
1.2 Objectives

The aim of this research is to develop an innovative method for ballast water
disinfection. Large volumes of ballast water need to be treated according to the D-2 standard
(IMO 2004); however, the space on a ship for such operations is typically limited. Ideally, a
shipboard treatment method should be highly efficient at removing target organisms, quick
to implement, low cost and free of problems related to residual toxicity. Thus, it would be
desirable to develop new technologies for ballast water disinfection in a manner that exploits
the advantages of current technology while minimising the disadvantages of the
conventional methods. To accomplish these demands, sub-objectives of this dissertation
were as follow:

- To evaluate the feasibility of using PCD (<1.0 MPa) for inactivating Enterococcus
sp., Escherichia coli and Vibrio alginolyticus in seawater. Optimal conditions of pressure,

temperature, working volume ratio was determined.
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- To examine whether pressure cycling of PCD, which was conducted at low pressure

(<1.0 MPa) without CO; release between each cycle of raised/lowered pressure, could be

used to enhance the inactivation of bacteria in seawater.

- To evaluate whether the combinations of PCD (<1.0 MPa) and low-dosage chlorine

could yield synergistic benefits and to assess the potential application of this method for

ballast water treatment.

1.3 Structure of dissertation

The dissertation included six chapters and listed as follow:

Chapter I

Chapter 11

Chapter 111

Chapter IV

Introduction

states the problem, aims of the research, and structure of the
dissertation.

Literature review

The chapter reviews the literature of the previous studies and
introduces the background knowledge associated with ballast water
and PCD treatment.

Disinfection effect of pressurized carbon dioxide on Escherichia
coli, Vibrio alginolyticus, and Enterococcus sp. in seawater

The chapter presents the feasibility of using PCD to inactivate gram-
negative bacteria, such as Escherichia coli and Vibrio alginolyticus,
and gram-positive bacteria, such as Enferococcus sp., in seawater.
The optimal pressure and temperature for inactivating these bacteria
were evaluated. Moreover, the effect of PCD on bacterial cell
morphology and intracellular material leakage are also presented in
this chapter.

Enhanced bactericidal performance of pressurized carbon
dioxide by pressure and pressure cycling

The findings of Chapter III indicate that PCD have a promising to
inhibit bacteria in seawater. In order to improve the disinfection
efficacy and reduce the treatment time, pressure cycling of PCD had
been elucidated and optimized in this chapter. Theoretical explanation
for inactivation mechanism involved turbulence caused by high-

frequency counter-current agitation; collisions of microorganisms on
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the surface shield; jets and shock waves formed by explosion of
bubble; and CO; effectively penetrating into cells. Relationships
among inactivation efficiency, pH, and dissolved CO> concentration
were also indicated. Inactivation kinetics of PCD with various content
rates are also presented in Chapter I'V.

Chapter V Synergistic effect of pressurized carbon dioxide and sodium
hypochlorite on the inactivation of bacteria in seawater
To enhance the disinfection efficacy and reduce the treatment time
(for purposes of space savings and energy savings), the effect of
combined treatment using PCD and low-dose chlorine on the
inactivation of bacteria in seawater had been presented in this chapter.
(1) Synergistic benefits of the combined PCD/chlorine treatment on
the inactivation of an Enterococcus sp. in artificial seawater were
highlighted; Optimum conditions for pressure, CO2 content, and
chlorine dose are presented. (2) Using the combined PCD/chlorine
treatment to inactive E. coli, enterococci, and vibrios in natural
seawater were studied.

Chapter VI  Conclusions and future works
Summarizes the results of this study and mentions the scope for future

research.
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CHAPTER 11

LITERATURE REVIEW

2.1 Environmental issues of ballast water

2.1.1 Ballast water requirements on board ships

Nowadays, global shipping transports more than 90% of worldwide trade (IMO 2016a).
Cargo ships carry ballast water to adjust their stability and trim during a voyage when a
vessel is not fully laden. The ballast water is usually pumped into the ballast tank at the
unloading port and discharged at the loading port.

Vessel ballast capacity can range from several cubic meters in sailing boats and fishing
boats to hundreds of thousands of cubic meters in large cargo carriers. Large tankers or dry-
bulk carriers can carry larger quantities ballast water (i.e. excess of 100,000 m? per vessel).
Tankers and bulk carriers account for 76% (37% oil tankers and 39% bulk carriers) of the
total amount of ballast water. The ballast water capacities for typical ship types are
summarized in the table 2.1.

Table 2.1 Percentage of vessel ballast water capacity in relation to the vessel deadweight

tonnage (DWT).

Vessel type DWT Ballast condition References
% of DWT Tonnes

Bulk carrier 250,000 30-45 75,000-112,500  AQIS (1993)

Bulk carrier 150,000 30-45 45,000-67,000 Suban et al. (2006)
Bulk carrier 70,000 30-45 21,000-31,500 Suban et al. (2006)
Bulk carrier 35,000 33-57 11,550-19,950 Suban et al. (2006)
Tanker 100,000 4045 40,000—-45,000 AQIS (1993)
Tanker 40,000 43 17,200 Suban et al. (2006)
Container 40,000 28-40 11,200-16,000 Suban et al. (2006)
Container 15,000 30 4,500 Suban et al. (2006)
General cargo 17,000 35 5,950 AQIS (1993)
General cargo 8,000 38 3,000 AQIS (1993)
Passenger/Ro-Ro 3,000 43 1,290 Suban ef al. (2006)




The ballast water pump capacity is depend on the speed of loading or discharging cargo.
In general, ballasting and deballasting operations takes place at flow rates between <1,000
m3/h (i.e. container ships, car carriers) and 10,000 m3/h or even faster (i.e. dry bulk carriers,
tanker vessels).

Ships are getting larger, faster and the amount of ship traffic through the ocean will
increase substantially in the future decades. This results in an increase in volume and transfer
rate of ballast water worldwide, thereby increasing potential hazards to the marine
environment due to the accidental introduction of alien species to areas where ballast water

is discharged.
2.1.2 Impacts of ballast water

Ballast water is recognized as one of the principal vector responsible for the
introduction of non-native aquatic species to marine ecosystems worldwide. Ballast water
contains variety of living organisms including cysts, eggs and larvae of fish and zooplankton,
macro-algae, phytoplankton, bacteria and other microbes. Annually, about 3—5 billion tons
of ballast water containing aquatic species is transferred among the world’s oceans
(GloBallast 2016). It is estimated that about 7,000-10,000 different marine species are
transferred among the world’s oceans each day via ballast water (Carlton 1999). Although,
not all these species can survive the voyage or establish viable populations once discharged
in new environment, and not all introduced species are considered harmful. However, if these
organisms are released into new ecosystems that support their growth, they can become
invasive species (Ruiz ef al. 1997; Molnar et al. 2008; David and Gollasch 2015). There
have been many serious consequences of such transport (Table 2.2). Examples include the
Asia clam (Potamocorbula amurensis) and European zebra mussel (Dreissena polymorpha)
in North America, the Japanese kelp (Undaria pinnatifida) and Northen Pacific seastar
(Asterias amurensis) in Tasmania - Australia, and the Atlantic comb jelly (Mnemiopsis leidyi)
in the Mediterranean and Caspian seas. The threat posed by ballast water has been noticed
on many aspects of human health, economy, and environment since the early 1990s.

Invasive species are recognized as a major threat to biodiversity (IMO 2016b). The
introduction of invasive species into a new ecosystem can have negative impacts for
ecological such as compete with native species for space and food, alternate habitat, alternate
environmental conditions, displace native species, change community structure and food

webs (Ruiz ef al. 1997, Battle 2009; GloBallast 2016).
9



The spread of invasive species also have serious consequences for the economy. Alien
species may reduce fisheries production (due to competition or displacement of the fishery
species, altering environment); impact on aquaculture and tourism beaches (by algal blooms)
(Battle 2009; GloBallast 2016).

On the other hand, the transfer of microbes via ballast water can even increase risks to
human health (Ruiz et al. 1997). Bacteria and microalgae are major candidates for successful
ballast water transport. They are small, universally abundant in marine and freshwater
habitats, and are well capable of surviving hostile conditions posed by the ballast tank
environment in the form of cysts, spores or other physiological resting stages (GloBallast
2016). Previous research so far evidenced that cholera epidemics can be related to ballast
water discharges (Ruiz et al. 1997; Battle 2009; IMO 2016¢). In addition, some toxic species
of microalgae cause harmful algae blooms or “red tides” (i.e. dinoflagellate Gymnodinium
catenatum in Tasmania, Australia, which is responsible for human illnesses such as paralytic
shellfish poisoning) can also be transferred by ballast water (IMO 2016e). The recognition
of human health risks has giving a driving force for preventing the introduction of non-

indigenous organisms from ballast water discharge.

10
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2.1.3 Ballast water discharge standard

2.1.3.1 The International Maritime Organization standards

To prevent the introduction and establishment of potentially invasive species via
ballast water discharge, the International Maritime Organization (IMO) adopted the
International Convention for the control and management of ships’ ballast water and
sediments (Convention) (IMO 2004). The Convention includes regulations for the discharge
of ballast water. The regulations require that the number of viable organisms in ballast water
must be less than the level set in the D-2 ballast water performance standard when the water
is discharged into the ocean (Table 2.3; IMO 2004). The installation schedule in accordance
with the IMO D-2 regulations is applied in a stepwise manner to ships undertaking
international voyages in line with the year of building and the ballast tank capacity, with all
ships required to adopt the standard by 2017 (Table 2.4). Once the Convention is ratified by
30 countries representing 35% of the global commercial shipping tonnage, it will enter into
force 12 months after ratification. As at August 2016, 51 countries representing 34.87% of
world tonnage have ratified the Convention, thus, the Convention has not yet in force (IMO

2016¢).

2.1.3.2 The United States Coast Guard standards

As regards the significant matter of environmental concern, the United States (US) has
implemented more stringent regulatory standards for discharging ballast water (Table 2.3).
In the US, at the federal level ballast water discharges are under the jurisdiction of both the
United State Coast Guard (USCG) and the US Environmental Protection Agency (EPA).
Specifically, in August 2009, the United State established ballast water discharge standard
in USCG Proposed Regulations. The USCG regulations have been divided into two phases.
The Phase 1 standard is similar to the IMO D-2 and the implementation schedule is same as
the IMO schedule. The phase 2 discharge standard requests must be met by new ships with
a build date on or after 1 January 2016. For ships with a build date before 1 January 2016,
the compliance date is the first drydocking after 1 January 2016 or five years after a Phase 1
system was installed, whichever is later. The installation schedule in accordance with USCG
regulations is presented in Table 2.5.

In addition, 16 states in the US have specific ballast water management requirements.

California and New York are considered to have the most stringent requirements.

12



2.1.3.3 The California standards

In January 2006, the California State Lands Commission enacted ballast water
discharge standards in SB 497 (Table 2.3). The California standards are much more stringent
than the IMO standards and similar (but not identical) to the Phase 2 standard recently
proposed by the USCG standards. The California performance standard SB497 requires the
following ballast water standards: No detectable discharges of organisms larger than 50 pm
by vessels constructed on or after 2012, and all older vessels by 2016; The phased reduction
of smaller organisms, bacteria and viruses discharged by all vessels 2016; California law
currently sets a final discharge implementation date of 1 January 2020 that specifies zero
detectable living organisms for all size ranges in the ballast discharge stream (California

State Lands Commission 2014).

2.1.3.4 The New York standards

In February 2011, the state of New York’s (NY) Water Quality Certification Agency
issued a letter granting an extension of the implementation date for ‘Condition 2’ from 1
January 2012 until 13 August 2013 (Table 2.3). The NY standards is more stringent than the
IMO and USCG standards (which are equivalent). Additionally, the NY performance
standards go above and beyond the IMO and USCG (phase 1) standards by limiting the
discharge of total living bacteria and viruses in ballast water in order to protect public health
and the environment.

The USCG (phase 2), California, and NY (year 2013) performance standards for the
total living bacteria and viruses are less than 1000 living bacteria per 100 mL and less than
10,000 living viruses per 100 mL, respectively. However, these standards are difficult to
access because there currently are no widely accepted methods available to assess total living
bacteria or virus concentrations in ballast water (California State Lands Commission 2014).
Hence, no BWTS being tested for total living bacteria and viruses, thus, no shipboard BWTS
can be proven to be efficacious with the USCG (phase 2)/California/NY performance

standards (California State Lands Commission 2014).

13
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Table 2.4 Installation schedule for the BWM systems in accordance with the IMO D-2
standard (IMO 2016b).

Ship’s ballast water capacity

Date constructed

Ship’s compliance date

> 1,500 m® but <5,000 m*
<1,500 m’ or > 5000 m’

<5,000 m’

> 5000 m’
> 5000 m’

All ships

Before 2009

Before 2009

During 2009 to the date of entry
into force of the Convention
During 2009 but before 2012
During 2012 to the date of entry

into force of the Convention

By the first renewal survey of
the International Oil Pollution
Prevention (IOPP) Certificate
following the date of entry
into force of the Ballast Water

Management Convention

On or after the date of entry into By the completion date of the

force of the Convention

ship construction

Note: In case the Convention comes into effect not later than 31 December 2016

Table 2.5 Implementation schedule for US federal (USCG/EPA) ballast water discharge

standards.

Ship’s ballast water

Date constructed

Ship’s compliance date

capacity
New ship All On or after 1 On delivery
December 2013
Existing ships < 1,500 m* Before 1 December First scheduled dry-docking

1,500 — 5,000 m®

> 5,000 m*

2013

2013

Before 1 December

2013

Before 1 December

after 1 January 2016
First scheduled dry-docking
after 1 January 2014
First scheduled dry-docking
after 1 January 2016

2.1.4 Ballast water management system approval process

The Marine Environmental Protection Committee (MEPC) of the IMO had adopted

guidelines for the uniform implementation of the International Water Convention. The

MEPC takes into considerations if a BWTS is capable of treating ballast water according to

the submitted type of approval. For the approval of BWTS,; there are two kinds of BWTS,
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one of which produce or utilize active substances and the other do not use any active
substance. Treatment systems that use active substances have to go through both the
“Procedure for Approval of BWTS that Make Use of Active Substances (G9)” and
“Guidelines for Approval of Ballast Water Management System (G8)”, while BWTS that do
not use any active substance only have to go through “Guidelines for Approval of Ballast
Water Management System (G8)” (IMO 2016b). There are two kinds of possible approvals
for fitting systems on board ships: BWTSs that use active substances have to go through both
the basic approval (pilot scale testing for toxicity) and final approval (land-based and ship
test for biological efficiency testing), according to G8 and G9 guidelines. BWTSs that do
not use active substances only have to go through the final approval according to G8

guidelines.

There are at least 160 shipboard BWT systems currently under development or
available worldwide, many of which are undergoing testing to gain type approval under IMO
and/or USCG type approval protocols (IMO 2016d). As at April 2016, fifty-five systems that
make use of active substances have earned basic approval from the IMO; forty systems have
received the IMO type final approval; sixty-five BWTS have received type approval
certification by their respective administrations (IMO 2016d); while none have yet earned

the USCG (phase 2) type approval for ballast water treatment technology.
2.1.5 Review of ballast water treatment technologies

2.1.5.1 Ballast water treatment platforms

Figure 2.1 represents the general platform types which have been explored for the
development of BWTS (Tsolaki et al. 2010). Port based BWTS occurs at a port facility
following transfer from a vessel. Meanwhile, shipboard BWTS are installed onboard vessels
and integrated into a vessel’s ballast water system. The ballast water may be treated in the
pipe during uptake or discharge (in-line) or in the ballast tanks during the voyage (in tank).
Shipboard systems are considered broadly applicable because they allow flexibility for the

management of ballast water during normal operations.
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Ballast water is
treated in the pipe
during the uptake or
L discharge (in-line) )

Shipboard ballast
water treatment

Ballast water is
treated in the ballast
tanks during the
voyage (in tank)

Ballast water
treatment platforms 1 )
Ballast water is

treated after

deballasting
Port based ballast \ J
water treatment ~

Ballast with treated-
clean water

Figure 2.1 Ballast water treatment platforms.

2.1.5.2 Generic treatment process

The technologies used for treating ballast water are divided into two generic types,

including solid-liquid separation process (pre-treatment) and disinfection process. Presently,

most ballast water treatment systems (BWTS) use a two-stage approach involving solid-

liquid separation process at the first stage and disinfection process at the second stage (Gregg
et al. 2009; Tsolaki & Diamadopoulos 2010; Goncalves & Gagnon 2012; Lloyd’s register
2012).

Solid-liquid separation (pre-treatment) is simply the removal of suspended solid and

large organisms from ballast water by sedimentation or filtration. The separation process

uses hydrocyclone or surface filtration, some system may combine with chemical (i.e.,

coagulation, flocculation) to enhance the treatment efficiency. The processes also produce a

waste stream that comprises backwater water from the filtrating operations or underflow

from a hydrocyclone separation (LIoyd’s register 2012).

Disinfection process may use one or more of the following methods: chemical biocides

and active substances, and physical methods such as heat treatment, UV radiation, ultra

sound, cavitation, de-oxygenation (LIoyd’s register 2012). Figure 2.2 represents a summary

of various ballast water options.
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- Filtration Chemical treatment

Hydrocyclone - Chlorination
Restdual control:

clectrochlormation Chemical reduction

- Coagulation/ - Ozonation

Floculation Chlorine dioxide

Peracetic

Physical treament:

- UV radhation

- UV -+ Th0O,
De-oxvgenation
Cauvaton

- Ultrasonic treatiment

Heatl treatment

Figure 2.2 Ballast water treatment options.

Table 2.6 summarizes a comparison between the above described generic ballast water
treatment methods. Each of the methods have their own advantages and disadvantages with
regard to factors such as efficient at removing target organisms, cost, energy and space
requirements, operational efficacy and environmentally-friendly perspective. Thus, it is
necessary to develop new technologies for ballast water disinfection in a manner that exploits
the advantages of current technology and minimise the disadvantages of the conventional

methods.
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2.1.5.3 Shipboard ballast water treatment systems

It is estimated that from the time the IMO ballast water management Convention enters
into force and up to the closure of the compliance window by around 2021, more than 50,000
ships will have to be retrofitted with BWM system (Bimco 2016). Large volumes and high
flow rates of ballast water need to be treated to meet the standard as set out in regulation D-
2 before the water can discharge into the surrounding waters. In addition to the effectiveness
of the treatment at inhibiting a wide range of organisms, other factors to consider when
selecting a shipboard treatment method include the size of treatment equipment and cost-
efficiency and environmentally safety concerns (IMO 2004; Tsolaki et al. 2010).

Figure 2.3 represents the summary of treatment technologies used for pre-treatment
and disinfection. The information is based on 76 shipboard BWTSs (Table 2.7; California
State Lands Commission 2014; modified). The review of shipboard BWTS efficacy is
complicated because some data are missing (i.e. detailed technical data, species
determination of observed organisms, unique research methodology). Also, since detailed
data about the costs of installation and operation of the discussed systems are not available
in the literature, a complete comparison of the BWT systems considering these criteria is
impossible.

As shown in Figure 2.3a, some pre-treatment technology is used by 54 BWTSs (~69%),
of these 53 systems use filtration, one system uses hydrocyclone; whereas 22 systems (~29%)
do not have a pre-treatment step.

As shown in Figure 2.3b, most of the BWTS identified are regarded as BWTS that
make use of an active substance (49 BWTS). The most commonly used technology for
ballast water treatment is electrolysis/electrochlorination (28 system, ~31.5%), which is
applied as a stand-alone method by 23 BWTS, and by 5 in combination with other
disinfection methods. The remaining 21 BWTSs use dosing of different active substances
(i.e. chlorine-based, Peraclean Ocean). UV radiation method ranges the second with 25
BWTSs (~28%), 18 of these use UV as a stand-alone method, whereas 7 systems use UV in
combination with other methods (i.e. plasma, ozone, pressure vacuum reactor, photo-
catalytic reaction, ultrasound, and TiO2). Nine BWTSs (~10%) use ozonation, while five
BWTSs (~6%) use de-oxygenation with inert gas and COz in their operation. About 13.5%
systems apply other treatments such as heat treatment, ultrasound, sonic energy, ferrate, non-

oxidizing biocide, and non-chlorine chemical disinfection in their operation.
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Disinfection method

Figure 2.3 Summary of treatment technologies used for (a) pre-treatment and (b)
disinfection. Note: one or more disinfection options may be used. “Other” treatments include
heat treatment, ultrasound, sonic energy, ferrate, non-oxidizing biocide, and non-chlorine
chemical disinfection. The information is based on 76 shipboard ballast water treatment

systems (California State Lands Commission 2014).
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Table 2.7 Shipboard ballast water treatment system

System name Technology description Approval

PureBallast 2.0/2.0 Ex Filtration + advanced oxidation (UV + TiO2) | IMO Basic and Final,
Type Approval (Norway)

PureBallast 3.0 Filtration + advanced oxidation (UV + TiO2) | Not approved

AquaStar™ BWMS Filtration + electrolysis + neutralization IMO Basic and Final,

(sodium thiosulfate) Type Approval (Korea)

AquaTriComb™ Filtration + ultrasound + UV IMO Basic

ABWS Filtration + electrolysis Type Approval (Norway)

CrystalBallast® Filtration + UV

BIO-SEA BWTS Filtration + UV Type Approval (France)

BrillyantSea™ Electric pulse

Coldharbour GLD™ (gas | De-oxygenation + cavitation + ultrasound Type Approval (United

lift diffusion) Kingdom)

Blue Ocean Shield Hydrocyclone + filtration + UV IMO Basic, Type
Approval (China)

DESMI Ocean Guard Filtration + UV + ozone IMO Basic and Final,

OxyClean BWMS Type Approval
(Denmark)

RayClean™ BWTS Filtration + UV Type Approval
(Denmark)

Dow-Pinnacle BWMS Filtration + ozone + neutralization (sodium

thiosulfate)

Ecochlor® BWTS Filtration + biocide (chlorine dioxide) IMO Basic and Final,
STEP', Type Approval
(Germany)

BallaClean De-oxygenation + hydrogen peroxide

Model EL 1-3 B

Electrolytic generation of sodium
hypochlorite

BWDTS Ozone + sonic energy
BlueSeas BWMS Filtration + electrolysis + neutralization IMO Basic
(sodium thiosulfate)
BlueWorld BWMS Filtration + electrolysis + neutralization IMO Basic
(sodium thiosulfate)
ERMA FIRST BWTS Filtration + hydrocyclone + electrolysis + IMO Basic and Final,
neutralization (sodium bisulfite) Type Approval (Greece)
Ferrator Biocide (ferrate)
BallastMaster ultraV Filtration + UV IMO Basic, Type
Approval (Germany)
BallastMaster ecoP Filtration + electrolysis + neutralization IMO Basic
(sodium thiosulphate)
EcoGuardian™ Filtration + electrochlorination + IMO Basic and Final
neutralization (sodium thiosulfate)
OceanGuard™ BWMS Filtration + electrolysis + ultrasound IMO Basic and Final,
Type Approval (Norway)
SeaSafe-3 Heat treatment New South Wales EPA
ClearBallast Filtration +flocculation IMO Basic and Final,
Type Approval (Japan)
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Table 2.7 Shipboard ballast water treatment system (continued)

System name Technology description Approval
HS-Ballast Electrolysis + neutralization (sodium IMO Basic
thiosulfate)
HyCator® BWT Reactor | Filtration + electrochlorination +
System neutralization (sodium thiosulfate)
Hyde GUARDIAN Gold | Filtration + UV STEP', IMO Basic, Type
Approval (UK)
EcoBallast Filtration + UV IMO Basic and Final,
Type Approval (Korea)
HiBallast Filtration + electrolysis + neutralization IMO Basic and Final,
Type Approval (Korea)
JFE BallastAce Filtration + biocide (sodium hypochlorite) + | IMO Basic and Final,
cavitation + neutralizing agent (sodium Type Approval (Japan)
sulfite)
JFE Ballast Ace with Filtration + biocide (sodium hypochlorite) + | IMO Basic and Final
NeoChlor Marine™ neutralization (sodium sulfite)
OceanDoctor BWMS Filtration + UV + photocatalytic reaction IMO Basic and Final
SKY-SYSTEM®™ Biocide (Peraclean® Ocean) + neutralization | IMO Basic
(sodium sulfite)
KBAL BWMS Pressure vacuum reactor + UV Type Approval (Norway)
KTM-BWMS Cavitation + electrolysis + neutralization IMO Basic
(sodium thiosulfate)
MICROFADE™ BWMS | Filtration + biocide (calcium hypochlorite) IMO Basic and Final,
(formerly Kuraray +neutralizing agent (sodium sulfite) Type Approval (Japan)
BWMS)
BioViolet Filtration + UV None
Ocean Protection System | Filtration + UV IMO Basic and Final,
Type Approval
(Germany)
MARENCO BWTS Filtration + UV
MSI BWTS Filtration + UV
Mexel® Non-oxidizing biocide
MH BWT System De-oxygenation (inert gas + CO>)
SPO-SYSTEM Filtration + mechanical treatment + biocide IMO Basic (from

(Peraclean Ocean)

Peraclean MEPC 54)

FineBallast MF

Pre-filtration + microfiltration (membrane)

FineBallast® OZ
(formerly SPHybrid
BWMS Ozone)

Filtration + mechanical treatment + ozone +
neutralization

IMO Basic and Final,
Type Approval (Japan)

Venturi Oxygen Stripping
(VOS)

De-oxygenation + cavitation

Type Approval (Liberia,
Malta, Marshall Islands,
Panama)

NK- 03 BlueBallast

Ozone

IMO Basic and Final,
Type Approval (Korea)

Ballastmar Filtration + electrochlorination +
neutralization (sodium metabisulphite)
SCX 2000, Mark III Ozone
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Table 2.7 Shipboard ballast water treatment system (continued)

System name Technology description Approval
OceanSaver® Filtration + cavitation + electrochemical IMO Basic and Final,
disinfection + de-oxygenation Type Approval (Norway)
OptiMarin Ballast System | Filtration + UV Type Approval (Norway)
OceanSaver BWMS Mark | Filtration + electrolysis IMO Basic and Final,
i Type Approval (Norway),
AMS.
GloEn-Saver™ Filtration + electrochlorination + IMO Basic
neutralization (sodium thiosulfate)
REDOX AS BWMS Filtration + ozone + UV IMO Basic
Resource BWTS Cavitation + ozone + sodium hypochlorite IMO Basic and Final,
Type Approval (South
Africa)
CleanBallast Filtration + electrolysis + neutralization IMO Basic and Final,
(sodium thiosulfate) Type Approval
(Germany)
ARA Plasma BWTS Filtration + plasma + UV IMO Basic and Final,
Type Approval (Korea)
Purimar™ BWMS Filtration + electrolysis + neutralization IMO Basic and Final,
(sodium thiosulfate) Type Approval (Korea)

Neo-Purimar™ BWMS

Filtration + electrolysis + neutralization
(sodium thiosulfate)

IMO Basic and Final

INSITU BWMS De-oxygenation + biological augmentation
BALPURE® BP-500 Filtration + electrochlorination + neutralizing | IMO Basic and Final,
agent (sulfurbased reduction) STEP', Type Approval
(Ger.)
SiCure™ Filtration + electrochlorination IMO Basic and Final
Cyeco™ BWMS Filtration + UV Type Approval (China)
BV Maritime Treatment Filtration + electrochlorination
System
Smart Ballast BWMS Electrolysis + neutralization (sodium IMO Basic and Final
thiosulfate)
Ecomarine™ Filtration + UV Type Approval (Japan)
Blue Zone™ BWMS Ozone + neutralization (thiosulfate) IMO Basic
BalClor™ BWMS Filtration + electrochlorination + neutralizing | IMO Basic and Final,
agent (sodium thiosulfate) Type Approval (China)
Electro-Cleen™ System Electrolysis + neutralizing agent (sodium IMO Basic and Final,
thiosulfate) Type Approval (Korea)
Van Oord BWMS Chlorine + neutralization (sodium bisulfite) IMO Basic
Marinex UV BWMS Filtration + UV
AQUARIUS® EC BWMS | Filtration + electrolysis + neutralization IMO Basic and Final
(sodium bisulfite)
AQUARIUS® UV Filtration + UV Type Approval
(Netherlands)
BSKY™ BWMS Filtration + UV IMO Basic and Final,
Type Approval (China)
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2.1.5.4 The use of de-oxygenation with inert gas and carbon dioxide in ballast water

treatment

Table 2.8 represents major advantages and disadvantages of several BWTS that use
de-oxygenation with inert gas and carbon dioxide in their operation. In five BWT systems,
de-oxygenation is applied as stand-alone method by one BWTS, and by 4 systems in
combination with other technologies.

The MH BWT system uses de-oxygenation as stand-alone method (MH system 2016).
Here, de-oxygenation with elevated COz involves the exchange of gases; oxygen is stripped
from the water whilst CO» is introduced into water (Husain et al. 2004; MH system 2016).
This induces asphyxiation in organisms (hypoxia and hypercapnia) and reduces the pH of
the water (~pH 6). Husain ef al. (2004) reported that the majority of zooplanktons in ballast
water were not alive after 15 min to 48 h, whereas about 99% (or 2 log reduction) of the
Vibrio cholerae load was reduced within 24 h. De-oxygenation is a cost effective method;
however, it is unlikely to eliminate some organisms (i.e. anaerobic bacteria, spores, and
phytoplankton) that can survive in hypoxic conditions. Additionally, the method requires a
long treatment time (1 to 4 days) to sufficiently asphyxiate the organisms and thus may not
be appropriate if the voyage of the ship is short (Gregg et al. 2009; Lloyd’s register 2012).

The Venturi Oxygen Stripping (VOS) uses inert gas (i.e. N2, COz) injected into the
ballast water with the help of a Venturi Injector in order to maintain a low level of dissolved
oxygen in the ballast water tank. In the VOS system, hydrodynamic cavitation is used as a
main (first) step of the treatment, and it happens in venturi tubes where the inert gas is
introduced. Cavitation in venturi tubes destroys targeted organisms (NEI 2016). In this way,
ballast water is sterilized, and the requirements of the IMO D-2 Standard are met. VOS is
also considered to be an efficient system for the reduction of corrosion in ballast tanks (NEI
2016).

The Coldharbour GLD™ is a BWTS that combine de-oxygenation, cavitation and
ultrasound. The GLD™ uses natural dynamics to stir the ballast water ensuring thorough
treatment. Inert gas reduces the ballast water oxygen content while CO- reduces pH of the
treated water. As gas is introduced to the GLD™ it is made to generate an ultrasonic
frequency that physically disrupts the cell walls of aquatic organisms while gas micro-
bubbles amplify the ultrasonic effects. Thus organisms are killed in three ways: by hypoxia,

by hypercapnia and by ultrasonic cell wall disruption (Coldharbour 2016).
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The BallaClean® BWTS of EcologiQ LLC. (Michigan) uses a combination of de-
oxygenation and hydrogen peroxide (H20O>) in their operation (GSI 2013). According to GSI
(2013), the combination between de-oxygenation and H>O, (100-200 mg L) could reduce
concentrations of E. coli and Enterococcus faecalis to a MPN of less than 20 within 48 h.
However, H>O: is dosed at high level (100—200 mg L!). Thus, this require suitable storage
facilities and can be relatively expensive.

The OceanSaver® is a multi-component BWTS consisting of four main steps: (1)
filtration by a mechanical back-flushing filter, (2) cavitation in a Closed Circuit Cavitation
(C3T™) unit, (3) electrochemical disinfection unit, and (4) de-oxygenation with inert gas
(Oceansaver 2016). In the BWTS, the filtration unit used is an automatic self-cleaning 50
pm wedge wire filter that operates during ballast intake returning trapped organisms and
sediment back to the source location. The hydrodynamic cavitation unit involves the
formation and implosion of cavitation bubbles which generate forces and shockwaves that
affect organisms. The hydrodynamic cavitation is used as a main step of the treatment which
happens inside a C3T™ unit induced by intense pressure pulses. The electrochemical
disinfection unit produces active substances, while the de-oxygenation leads to hypoxic
conditions in the ballast water. An advantage of this system is that it may be run in several
configurations depending on the level of treatment required. However, disadvantages of this

system are a complex system, and formation of by-products (Gregg et al. 2009).
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2.2 Potential application of pressurized carbon dioxide in treatment of ballast water

2.2.1 Pressurized carbon dioxide for sterilization

Pressurized carbon dioxide (COz) (PCD) has been used as a non-thermal sterilization
technique in the food preservation industry (Garcia-Gonzalez et al. 2007), and potentially, it
could be useful in many other applications. PCD has great potential for inhibiting various
bacterial species present in both non-aqueous products (i.e. solid foodstuff, biomaterials,
cotton, medical devices) and aqueous products (i.e. liquid foods, broth, water) (Isenschmid
et al. 1995; Hong et al. 1997; Spilimbergo et al. 2003; Zhang et al. 2006; Kim et al. 2008;
Fijan er al. 2011). In recent years, PCD has shown great potential as a sustainable
disinfection technology in water and wastewater treatment applications (Kobayashi ez al.
2007,2009; Cheng et al. 2011; Vo et al. 2013a, b). The high bactericidal efficiency, nontoxic,
inexpensive, and readily available character of CO» give it potential benefits over other
sterilant agents (Zhang et al. 2006). For high-pressure CO» treatment, most studies have
reported the influence of process parameters such as pressure, temperature, agitation speed,
decompression rate, pressure cycling, bacterial concentration, and exposure time on the

inactivation efficacy (Zhang ez al. 2006; Garcia-Gonzalez et al. 2007).
2.2.2. Factors affecting to inactivation effect of pressurized carbon dioxide treatment

2.2.2.1 Influence of pressure and temperature

Pressure and temperature are important parameters influent the microbial inactivation
of PCD. Rising pressure accelerates CO: solubilization rate as well as it penetrates into cell
membranes (Isenschmid ez al. 1995). While an increase in temperature may stimulate the
diffusion of CO; into cells and may increase the fluidity of cell membranes. High pressure
and temperature enables CO; to easily penetrate and modify the cell membrane and releases
vital constituents from cells and cells membranes. Hence, by increasing pressure and/or
temperature, a shorter exposure time is required to achieve the same log reduction (Hong et
al. 1997; Zhang et al. 2006; Garcia-Gonzalez et al. 2007). However, the effect of pressure
is limited by the saturation conditions of dissolved CO:z in suspension, thus the exceed
pressure does not substantially enhance the solubility of CO2 (Spilimbergo et al. 2002; Zhang
et al. 2006), but it increases substantially treatment cost. On the other hand, too high

temperature reduces the dissolved CO2 concentration in water. Therefore, to be more
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attractive in terms of its economic feasibility, PCD treatment should not be implemented at
too high pressure and/or above the critical temperature of CO,.

Kobayashi et al. (2007, 2009) employed CO2 microbubbles in the treatment of drinking
water and succeeded in inhibiting E. coli within 13.3 min. However, the pressure (10 MPa)
and temperature (35 to 55°C) requirements for effective inactivation (Kobayashi ez al. 2007,
2009) are still high from a practical standpoint. Cheng et al. (2011) and Vo et al. (2013a, b)
have used low-pressure CO; treatments (0.2—1.0 MPa) based on technology that produces
high amounts of dissolved gas in water to inactive E. coli and bacteriophages in freshwater.
These studies suggest that the use of PCD at less than 1.0 MPa and at ambient temperature
may be applied in water treatment (Cheng ef al. 2011; Vo et al. 2013a, b).

2.2.2.2 Influence of water content

COgz is hydro-lipophilic in nature, thus high water content helps CO» penetration to cell
membrane easily. Microbicidal effect of PCD greatly improves with the high water content
of cells suspension. Kamihira et al. (1987) reported that under treatment conditions (20 MPa,
35°C, and 120 min), only 0.3 log of S. cerevisiae and 1.2 log of E. coli were observed with
low water content (2-10%), whereas the inactivation greatly increased (approximately 6 log
and 4 log, respectively) with high water content (70-90%). Haas et al. (1989) found that
when water content increased from 61% to 91%, inactivation efficacy of £. coli and S. aureus
significantly increased from 75% to 99.96% for the former, and from 75% to 99.99% for the
latter. Haas et al. (1989) also concluded that a PCD treatment would not be applicable to dry
substances. The reason why pathogen in cells suspension are more strongly affected by PCD
treatment than that in dry substances is probably related to an increased CO2 solubility
(Garcia-Gonzalez et al. 2007).

2.2.2.3 Influence of agitation

Agitation plays an important role in enhancing the contact efficacy between CO> and
microbial cells in suspension. Lin et al. (1992) suggested that the inactivation efficiency of
PCD against yeast cells was substantially decreased with the lack of agitation. Garcia-
Gonzalez et al. (2009) found that stirring speed significantly improved the inactivation
efficacy of high pressure CO; (at 13 MPa, 35°C during 20 min). Specifically, stirring speed
at 200 and 400 min' resulted in completely inactivate Pseudomonas spp. and

Enterobacteriaceae, whereas the cells were reduced to 2.0-D and 0.7-D after treatment at
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100 min!, respectively (Garcia-Gonzalez et al. 2009). Strong agitation accelerates the CO»
mass transfer in cell suspension as well as CO;z solubility and diffusivity into microbial cells,
thereby, strong agitation enhancing the antimicrobial performance of HPCD treatment (Lin

et al. 1992; Hong et al. 1997).

2.2.2.4 Influence of depressurization rate and pressure cycling

Depressurization rate regards to sudden change of working pressure and this modifies
physically to the psychology of cells leading to bacterial deaths or injure (Fraser ez al. 1951).
Enomoto et al. (1997) suggested that explosive depressurization with over 4 MPa has a
strong effect to inhibition but notunder 4 MPa. Cheng ef al. (2011) considered that sudden
discharge and resulting reduction of pressure led to mechanical cell rupture, which resulted
in effective inactivation within 20 min by pressurized CO; at 0.3 MPa and room temperature.

Pressure cycling, a repetitive procedure of release and compression of COa, is a
promising means to increase inactivation efficacy (Zhang et al. 2006; Silva et al. 2013).
Theories explaining the inactivating mechanism of pressure cycling involve explosive cell
rupture and mass transfer rate, in which compression intensifies the mass transfer of CO»
across cell membranes (Hong et al. 1997; Dillow ef al. 1999) and decompression enhances
the cell rupture (Fraser et al. 1951). Dillow et al. (1999) found that the inactivation was
substantially increased from 3 log to 9 log of the reduction ratio, corresponding to an increase
of pressure cycling from three to six cycles with treatment conditions 20.5 MPa and 34°C
within 0.6 hour. In addition, Spilimbergo ef al. (2002) observed that an approximate 3.5 log
reduction of Bacillus subtilis spores was achieved after 15 cycles at 8.0 MPa and 36°C for
30 min, but without pressure cycling, only a 0.5 log reduction was obtained under treatment
conditions 7.5 MPa and 36°C for 24 hours. Ferreira et al. (2009) suggested that the use of
pressure cycles was more effective than sustained high pressures to inhibit Byssochlamys
nivea, a greater than 3.0 log reduction was observed after five cycles compared with a nearly
1.0 log reduction after one cycle in treatment conditions 550 MPa and 20°C for 15 min. Silva
et al. (2013) reported that number of pressure cycles and system pressure were two
significant parameters for the inactivation of Escherichia coli with supercritical CO>. An 8.0
log bacterial load was reduced with five cycles and 8 MPa after 140 min of treatment,
whereas a 5.0 log reduction was obtained with § MPa and one cycle within 28 min (Silva et
al. 2013). Hence, pressure cycling shows promising results for inhibiting pathogens in the

field of liquid food preservation. However, high pressure operation (> 4 MPa) and release of
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COz between each cycle of compression and decompression reported in the previous works

is less interesting from an economic standpoint.

2.2.2.5 Effect of additives and combination treatments

Practical studies of the high-pressure CO2 (>4 MPa) method have shown that the
inactivation effect could be improved by the use of additives or by combining PCD with
other methods (Zhang ez al. 2006; Garcia-Gonzalez et al. 2007). Spilimbergo et al. (2003)
found that only 2.5 log reductions of E. coli in glycerol solution were obtained by PCD (20
MPa, 34°C, 10 min) treatment alone, whereas more than 7 log reductions were achieved by
sequenced treatments with pulsed electric fields (10 pulsed at 25 KV/cm) and PCD (20 MPa,
34°C, 10 min). Kim e# al. (2008) suggested that L. monocytogenes inactivation by PCD was
substantially accelerated by adding a small amount of surfactant to the cell suspension;
specifically, a treatment period of 15 min was achieved by PCD (10 MPa, 35°C) in the
presence of sucrose monolaurate (0.1%, w/v) compared with a 30 min period by PCD alone.
Fijan et al. (2011) reported that about 3.1 log reductions of Enterococcus faecium were
observed after a 25 min treatment with PCD (6 MPa, 20°C) and hydrogen peroxide (H2O2,
10%), but without H>O; addition, only 0.3 log reductions were achieved. Hence, the use
additives with PCD or the combination of PCD with other methods offer promising
opportunities for improving the inactivation efficiency. Nevertheless, the high-pressures (6—
20 MPa) required to effectively inactivate pathogens and the demands involved with this
purpose (i.e. heavy-duty pressure equipment, substantial power consumption) are less

interesting from both economic and implementation viewpoints.

2.3 Conclusions and future outlook

In recent years, PCD has been investigated as an innovative disinfection technology
for water and wastewater treatment because of its inactivation efficiency, safety, and lack of
problems associated with residual toxicity (Kobayashi ef al. 2007, 2009; Cheng et al. 2011;
Vo etal 2013a,b 2015).

Previous research has shown that pressure cycling is a potential means to improve
bacterial inactivation during PCD treatments (Dillow et al. 1999; Spilimbergo et al. 2002;
Zhang et al. 2006; Ferreira et al. 2009; Silva et al. 2013); nevertheless, the inactivation
mechanism is still unknown for this process. In previous works, the pressure cycling

procedure has been conducted with high-pressure operations (8-550 MPa) and with CO»
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discharges between each cycle of decompression and compression (Dillow et al. 1999;
Spilimbergo et al. 2002; Ferreira et al. 2009; Silva et al. 2013). Despite the good bactericidal
performance of PCD technology enhanced by pressure cycling (Hong et al. 1997; Dillow et
al. 1999; Ferreira et al. 2009), the high pressure and CO; release requirements are drawbacks
owing to the costly and complex operating procedures. Presently, it is not clear whether
pressure cycling with low-pressure CO; treatments (<1.0 MPa) will enhance the bactericidal
activity. Therefore, it would be desirable to improve the bactericidal performance of pressure
cycling in a manner that conducts at low pressures and with no release of CO» between each
cycle of raised/lowered pressure.

On the other hand, practical studies of the high-pressure CO2 (>4 MPa) method have
shown that the use additives with PCD or the combination of PCD with other methods offer
promising opportunities for improving the inactivation efficiency (Zhang et al. 2006; Garcia-
Gonzalez et al. 2007). Furthermore, practical studies of the de-oxygenation with elevated
CO; for ballast water treatment have shown that the disinfection effect could be improved
by the incorporation of elevated CO> into electro-chlorination (Cha et al. 2015), or by
combining CO: with other methods such as cavitation (NEI 2016; Coldharbour 2016),
ultrasound (Coldharbour 2016), and hydrogen peroxide (GSI 2013). However, it is not clear
from the existing research literature whether PCD (0.2—0.9 MPa) combined with other
treatment methods such as chlorination would be able enhance the disinfection efficacy and

reduce the treatment time.
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CHAPTER 111

DISINFECTION EFFECT OF PRESSURIZED CARBON DIOXIDE ON Escherichia
coli, Vibrio alginolyticus AND Enterococcus sp. IN SEAWATER

3.1 Introduction

Ballast water is pumped-in to maintain the stability and maneuverability of ships, thus,
it is essential to ensure safe operating conditions throughout a voyage. However, transfer of
ballast water between different continents and oceans also transports aquatic species into a
new ecosystem. Marine organisms can become invasive in new environments that support
their growth, and their uncontrolled growth can destroy the non-native ecosystems (Ruiz et
al. 1997; Molnar et al. 2008). For example, introduction of non-native aquatic species via
ship ballast water can result in alteration of food webs, destruction of native aquatic habitat,
loss of biodiversity, reduction of commercial fisheries, and increase in human health risk
(Ruiz et al. 1997).

In response to these problems, in 2004, the International Maritime Organization (IMO)
established standards and procedures for the management and control of ship ballast water
and sediment (IMO 2004). Following the regulatory regimes, ships are required to limit the
number of viable organisms in ballast water to meet the D-2 ballast water performance
standard before it can be discharged into the sea (IMO 2004). The discharge limit must not
exceed 250 colony-forming units (CFU) per 100 mL for E. coli, 100 CFU/100 mL for
intestinal Enterococci, and 1 CFU/100 mL for toxicogenic Vibrio cholerae (O1 and O139).

Several disinfection technologies have been applied for the treatment ballast water.
Chlorine or ozone has been commonly used for inactivating microorganisms in water owing
to the high bactericidal efficiency of the treatments. However, toxic by-products generated
during disinfection treatments remain in the water and the use of such treatments can be
disadvantageous (Von Gunten et al. 2003; Fabbricino et al. 2005; Werschkun et al. 2012,
2014). Other water treatment methods such as ultraviolet (UV) radiation, ultrasound,
cavitation, or heat application can be used for the mechanical disruption and inactivation of
organisms. Although the mechanical disruption methods do not have problems associated
with residual toxicity, these methods have high operational costs due to their large power

requirement. In addition, the bacterial inactivation capability of UV light is reduced for
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waters with high turbidity or high concentration of dissolved organic matter (Werschkun et
al. 2012). Currently, no single method can adequately fulfill the requirements of the D-2
ballast water performance standard (Tsolaki et al. 2010; Werschkun et al. 2014).

High-pressure carbon dioxide (HPCD) has been widely used to sterilize food (Zhang
et al. 2006; Garcia—Gonzalez et al. 2007) and to disinfect medical textiles under dry
conditions (Fijan ef al. 2012). The potential benefits of CO; as a sterilizing agent over other
agents include its high bactericidal efficiency, nontoxicity, inexpensiveness, and availability
(Zhang et al. 2006). However, the requirement for high pressure (> 4 MPa), as reported in
previous work, is a disadvantage from an economic and logistics standpoint. Recently,
HPCD was reported to effectively inactivate pathogens in water and wastewater (Kobayashi
et al. 2007, 2009; Cheng et al. 2011; Vo et al. 2013a, b). Kobayashi et al. (2007, 2009)
reported that at a pressure of 10 MPa and temperature of 35°C, supercritical CO»
microbubble treatment eliminated E. coli and coliform bacteria in drinking water within 13.3
min. Vo et al. (2013a) showed that E. coli could be inactivated within 25 min by application
of low-pressure CO> (below 1.0 MPa) at room temperature. Previous studies on HPCD
treatment were conducted using distilled water or water with low salinity (< 9%o salinity) as
the suspension medium. The efficacy of HPCD treatment for disinfecting seawater (~34%o
salinity) has not yet been studied.

In the present study, we examined the bactericidal effect of pressurized CO; (0.2—0.9
MPa) for disinfecting seawater (34%o salinity). Enterococcus sp. (ATCC 202155), E. coli
(ATCC 11303) and V. alginolyticus (ATCC 17749) were used as representative gram-
positive and gram-negative bacteria, respectively, in our study. The effects of pressure,
temperature, and WVR (defined as the ratio between the sample volume and apparatus
volume) on the efficacy of pressurized COs to disinfect seawater were assessed. In addition,
the release of bacterial intracellular contents and changes in cell morphology after
pressurized CO; treatment were evaluated to characterize the bacterial inactivation efficacy
of pressurized CO; against Enterococcus sp., E. coli and V. alginolyticus in seawater. In
general, the research objective was to determine whether CO; at low pressure (below 1.0
MPa) could be used to inactivate bacteria present in sea ballast water. The findings of this
study could be useful for the development of a sustainable technology for disinfecting ship

ballast water.
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3.2 Materials and methods

3.2.1 Microorganism preparation and enumeration

The bacterial inoculums for E. coli (ATCC 11303), V. alginolyticus (ATCC 17749) and
Enterococcus sp. (ATCC 202155) were prepared by inoculation of 100 pL. of bacterial
glycerol stock into 100 mL of Luria-Bertani (LB) broth (Wako Chemical Co. Ltd., Osaka,
Japan), marine broth (Wako, Japan) and brain heart infusion (BHI) broth (Wako, Japan),
respectively. Both LB and BHI broths were supplemented with sodium chloride to obtain a
final concentration of 30 g L™!. The bacterial cultures were incubated for 18 hours at 37°C by
using a reciprocal shaker rotating at 150 rpm. Cells were harvested and washed three times
with 0.9% (w/v) saline solution by centrifugation (10 min at 8000 % g at room temperature)
in a CF15D2 centrifuge (Hitachi, Japan). The pellet was re-suspended in 100 mL saline
solution. Permanent stocks were maintained in 20% glycerol at —80°C.

All E. coli, V. alginolyticus, and Enterococcus sp. were enumerated using the plate
count technique. Briefly, the samples were diluted into a series of ten-fold dilutions by using
autoclaved artificial seawater at 34%o salinity, and 100 uL of either a diluted or undiluted
sample was plated on LB agar (Wako, Japan) for E. coli, on thiosulfate-citrate-bile salts-
sucrose (TCBS) agar (Wako, Japan) for V. alginolyticus, and on BHI agar (Wako, Japan) for
Enterococcus sp. For samples with a low number of viable cells, 1 mL of the undiluted
sample was poured into agar maintained at 45°C. The CFUs on each plate were counted after

incubating the plates overnight at 37°C. Each sample was analyzed in triplicate.

3.2.2 Seawater samples preparation

The artificial seawater was prepared by adding artificial sea salt (GEX Inc., Osaka,
Japan) to distilled water to obtain a final salinity of 3.4%, as measured with a salinity meter
(YK-31SA, Lutron Electronic Enterprice Co., Ltd., Taiwan). As for the preparation of
filtered natural seawater, natural seawater (pH = 8.3, salinity 3.3%) was first filtered through
a glass fiber filter (GA-100, Advantec, Toyo); then, the seawater was filtered through a
membrane filter with a pore size of 0.45 pm (Millipore, Ireland). For all experiments,
prepared bacterial cultures were added into the artificial/filtered seawater to obtain a
bacterial concentration of 5—6 logijo CFU mL™. The solution was stirred for 30 min to

acclimatize the bacteria before starting the experiments. For each batch mode operation, 12
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L of samples were prepared, of which 4-5 L were used to restart the system. The pH and

temperature of samples were measured with a pH meter (Horiba D-51, Japan).

3.2.3 Apparatus and procedure for disinfection

The experiment apparatus for disinfection was a stainless steel pressurized chamber
with an internal volume of 10 L. (Figure 3.1). The pressurization apparatus was designed to
include a small nozzle and a shield to enable vigorous agitation of the influent for creating
bubbles (Figure 3.2). Disinfection experiments were conducted in batch mode. Sample water,
as the influent, was pumped in one shot into the device using a pump (0.2 kW, Iwaya-WPT-
202). Following the first influx of water, pressurized CO> was also injected into the main
chamber. The fluid was then circulated by pumping inside the system at a flow rate of 14 L
min~! for 25 min. A pump was used to apply a higher pressure (0.12 MPa) than that inside
the main chamber. High-pressurized water stream was introduced into the main chamber
through a nozzle such that it collided with a bubble-generating shield to promote CO»
diffusion in the water. The fluid was mixed well by counter-current agitation (mixed by fluid
recirculation) to accelerate gas solubilization in water. During the treatment period, the outer
wall of the device was kept in contact with cool water by using a water jacket to maintain
the initial temperature of the sample at + 1.0°C.

To investigate the effect of pressure, the sensitivity of the bacteria to pressurized CO:
treatment was determined by varying the CO> pressures (0.2—0.9 MPa) applied for a 25 min
treatment period. The temperature of seawater varies seasonally and the temperatures range
between 11°C and 28°C. To assess the effect of temperature, the disinfection cycle was
performed at room temperature in different seasons. To examine the effect of WVR, different
sample volumes (5, 6, 7, and 8 L) were used to vary the sample volume ratios (50%, 60%,
70%, and 80%). Each experiment was conducted in triplicate. The water level was measured
by a gauge to evaluate the effects of WVR on the shield inside the main chamber. Water
flow rate was measured by a flow meter (GPI, Nippon Flow Cell Co. Ltd., Japan). The
number of circulation cycles performed in 25 min was calculated in relation to the treatment
time and hydraulic retention time (HRT), wherein HRT = sample volume / flow rate. HRT
values were 0.36, 0.43, 0.50, and 0.57 min, corresponding to WVR values of 50%, 60%, 70%
and 80%, respectively.
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Figure 3.1 Setup of the water treatment apparatus.

Figure 3.2 Pictures of an untreated sample and a CO»-treated sample (the latter contains
many small bubbles).

42



3.2.4 Measurement of intracellular material leakage

To quantify intracellular material released from E. coli, V. alginolyticus, and
Enterococcus sp. cells, pressurized CO;-treated and untreated samples were centrifuged at
1000 x g for 10 min at 4°C in a centrifuge (CF15D2, Hitachi, Japan). Next, the nucleic acids
and proteins in the supernatants were measured by assessing the UV absorbance at 260 nm
and 280 nm, respectively (Kim et al. 2008). The absorbance was measured using a
spectrophotometer (U1800, Hitachi, Japan). The absorbance values were evaluated using

different UV-absorbing intensities and treatment times.

3.2.5 Scanning electron microscopy

Changes in cell morphology after pressurized CO: treatment were assessed by using
SEM The pellets of E. coli, V. alginolyticus, and Enterococcus sp. were immobilized with
2.5% glutaraldehyde (Wako, Japan) in 0.2 M Millonig’s phosphate buffer saline pH 7.4 (PBS)
for 3 hours at 4°C and then rinsed with PBS three times. Next, the samples were soaked in
1.0% osmium tetroxide in cacodylate buffer for 90 min and then washed three times with
cacodylate buffer for removal of fixative. After fixation, the cells were dehydrated by
consecutive soaking in increasing concentration of ethanol solutions (50%, 70%, 80%, 90%,
95%, and 100%), followed by ethanol/t-butyl alcohol (v/v = 1:1) treatment for 30 minutes.
The prepared cells were then soaked in t-butyl alcohol two times for 1 hour, freeze-dried for
2 hours (JEE 4X vacuum evaporator, JEOL, Japan), and sputter coated with gold-palladium.
Finally, the cells were examined using a scanning electron microscope (Quanta™ 3D, FEI

Co., USA) at 20 kV.

3.2.6 Inactivation kinetics assessment

The inactivation rate for E. coli and Enterococcus sp. was estimated by the following

equation for a conventional first-order inactivation or linearized model (Erkmen et al. 2001).
logqy ﬂ = _—kt (3.1

Ny, 2303
Here, N is number of colonies at time ¢ (CFU mL™), Ny is the number of colonies at time
zero (CFU mL™), & is an inactivation rate constant (min~') calculated from the slope (= -
k/2.303) of the reduction curve, and ¢ is the exposure time (min); The decimal reduction time

(D-value) is the exposure time required for a 1-log reduction in the bacterial load. The D-
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value was obtained as the negative reciprocal slope of the logio (NV/Ny) versus time and was

thus calculated by

2.303
D==— (3.2)

3.3 Results and discussion

3.3.1 Bactericidal performance of pressurized CO; and pressurized air against E. coli in
artificial seawater and filtered seawater

Bactericidal effects of pressurized CO2 in comparison with pressurized air against E.
coli in seawater were investigated at three pressure conditions (0.3, 0.7, and 0.9 MPa) and at
20+ 1°C (Figure 3.3). In general, the disinfection efficiency of the pressurized CO» treatment
was not different between filtered seawater and artificial seawater. At every operating
pressure, the E. coli inactivation efficiency of pressurized COz was always higher than that
of pressurized air. Approximately 5.4-5.7 log reductions of the E. coli load were achieved
within 10-25 min by the pressurized COx treatment (this involved complete inactivation of
bacterial cells), whereas only 0.4—0.9 log reductions were achieved after 25 min by the
pressurized air treatment; these tests involved pressures of 0.3—0.9 MPa (Figure 3.3a).

Pressurized CO; reduced the pH of both filtered seawater and artificial seawater to
around 5.0 after the first few minutes of exposure time, whereas the pH of pressurized air-
treated seawater remained around 8.3 during the treatment period (Figure 3.3b). It has been
hypothesized that the decrease in pH caused by pressurized CO; is probably a major factor
driving the bacterial inactivation process (Hutkins and Nannen 1993; Hong and Pyun 1999;
Vo et al. 2013a, b). Perhaps with the concomitant presence of pressure and dissolved COa,
the low pH prompted the E. coli cells to become more permeable, thereby stimulating the

process of CO: penetration into the cells.
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2
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Figure 3.3 Effect of pressurized CO2 and pressurized air on (a) E. coli inactivation and (b)
the pH of seawater (SW). Operating conditions: 0.3—0.9 MPa, 20 + 1°C, and a working
volume ratio (WVR) of 70%. Asterisks (*) and (**) indicate that the E. coli load was

completely inactivated after 25 and 10 min, respectively.

3.3.2 Effect of pressure on bactericidal effect of pressurized CO>

The effect of various pressure conditions (range: 0.2—0.9 MPa) on the inactivation of
E. coli, V. alginolyticus, and Enterococcus sp. is shown in (Figure 3.4). In general, the
bactericidal activity of COz on both bacterial species increased with increasing pressure, and
higher pressure required shorter exposure times to achieve the same level of log reduction.
The reduction of bacterial load was 5.3-5.7 log for E. coli (Figure 3.4a), 2.9—4.3 log for
Enterococcus sp. (Figure 3.4b), and 5.1-5.7 log for V. alginolyticus (Figure 3.4c)
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Time, min
Figure 3.4 Effect of various pressure conditions (0.2—-0.9 MPa) on (a) E. coli, (b)
Enterococcus sp., and (c) V. alginolyticus inactivation in response to pressurized CO- at 20
+ 1.0°C and 70% WVR. Initial bacterial concentrations was 5—6 logio CFU mL™.

At higher CO» pressures, shorter treatment times were required to inactivate V.
alginolyticus and E. coli. For example, 25 min of 0.2 MPa CO> treatment was required to
reduce the E. coli load by approximately 5.0 log, whereas only 20 and 15 min of 0.5 MPa
and 0.6 MPa CO, respectively, were required to reduce the E. coli load to a similar extent.

The treatment period could be reduced to 10 min with pressures between 0.7-0.9 MPa.
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However, E. coli inactivation was not significantly enhanced by pressures exceeding 0.7
MPa (i.e. 0.8 MPa and 0.9 MPa). A similar relationship between CO; pressure and the
efficacy of bacterial inactivation was observed with Enferococcus sp. (Figure 3.4b). With
pressure ranging from 0.2 to 0.9 MPa, 2.9 to 4.3 log reduction of Enterococcus sp. was
achieved. Nevertheless, the Enterococcus sp. inactivation was not significantly enhanced by
pressures exceeding 0.7 MPa (i.e. 0.8 MPa and 0.9 MPa). The reduction in bacterial load of
Enterococcus sp. was 4.1-4.3 log using pressures of 0.7 MPa to 0.9 MPa and a treatment
period of 25 min. These data indicate that the optimal CO» pressure for inactivating these
bacteria is in the range of 0.7 to 0.9 MPa; therefore, 0.7 MPa was chosen as the optimal
pressure for bactericidal activity.

The sensitivity of Enterococcus sp. to pressurized CO> treatment (Figure 3.4b) was
lower than that of E. coli (Figure 3.4a) and V. alginolyticus (Figure 3.4c). Under the
experimental treatment conditions (0.7 MPa, 70% WVR, 20 £ 1.0°C, and initial
concentration of 5—6 logio CFU mL™), a treatment period of 25 min was required to reduce
the bacterial load by approximately 4.1 log for Enterococcus sp., whereas, the same
treatment conditions completely inactivated E. coli and V. alginolyticus within 10 min and 3
min, respectively. The differential sensitivity of Enterococcus sp., V. alginolyticus, and E.
coli to pressurized CO: is likely due to differences in the structure of their cell walls.
Compared to gram-negative bacteria, such as V. alginolyticus and E. coli, which have a thin
peptidoglycan layer (Figure 3.5), gram-positive bacteria, such as Enterococcus sp., have a
thick peptidoglycan layer that likely make them more resistant to inactivation by pressure

(Zhang et al. 2006).

Figure 3.5 Comparison of gram-positive and gram-negative bacterial cell walls

(peptidoglycan) (Maier et al. 2000)
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3.3.3 Effect of temperature on bactericidal effect of pressurized CO>

Figure 3.6 shows the bacterial inactivation efficiency of pressurized COz treatment at
different initial temperatures (11-28°C), and at 0.7 MPa with 70% WVR for 25 min. The
treatment efficiency for inactivating both E. coli and Enterococcus sp. substantially
increased with increasing treatment temperature. As shown in (Figure 3.6a), the period
required for complete inactivation of E. coli decreased as the temperature increased (25 min
at 11°C, 20 min at 15°C, and 10 min at 20-28°C). Enterococcus sp. also showed a similar
trend of a decreased inactivation period at higher temperatures (Figure 3.6b), although the
inactivation rate was lower than that of E. coli. The bacterial load reduced by approximately
2.0 log after treatment at 11°C. Furthermore, 4.2 log reduction in bacterial load was recorded
at 20°C and more than 5.0 log reduction was achieved at 25-28°C.

Thus, the disinfection efficiency of pressurized CO> increased with increasing
temperatures for both Enterococcus sp. and E. coli. The disinfection efficiency could also be
increased by enabling better contact between CO2 and seawater in the liquid-film-forming
apparatus to improve the solubility of CO: in seawater. Since COz is both lipophilic and
hydrophilic in nature, it can easily penetrate into the phospholipid bilayer of the cell
membrane and accumulate there (Isenschmid ef al. 1995). An increase in temperature may
stimulate the diffusion of CO; into cells and may increase the fluidity of cell membranes
(Hong et al. 1997; Oulé et al. 2006). Thus, we speculate that high temperature and pressure
conditions may synergistically improve diffusion of CO; in water and enable its efficient
penetration into the cells, thereby accelerating disinfection efficiency. Vo et al. (2013b)
reported that 20 min was required for 5-log reduction of E. coli load with pressurized CO»
microbubbles at 0.7 MPa and 26.6 = 0.4°C. Despite same pressurized CO,, the treatment
time obtained in the present study (10 min for E. coli) was shorter than that obtained by Vo
et al. (2013b).
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Figure 3.6 Inactivation of (a) E. coli and (b) Enterococcus sp. in artificial seawater by
pressurized CO; treatment at different temperatures (x, 11°C; o, 12°C; m, 15°C; A, 18°C; e,
20°C; 0, 25°C; and A, 28°C). All tests were performed using pressurized CO> at 0.7 MPa,
and at 70% WVR, and 5-6 logio CFU mL" initial bacterial concentration.

The inactivation of E. coli and Enterococcus sp. by pressurized CO- treatment followed
a first-order kinetic model (Table 3.1). The inactivation kinetic rate constant £ increased with
temperature from 11 to 28°C under treatment conditions (0.7 MPa and 70% WVR within 25
min). Accordingly, high temperature led to small D-values (Table 3.1). Specifically, 5.08 to
2.17 min was required for 1-log reduction of E. coli load with pressurized CO- at ambient
temperature in the range of 11 to 28°C. These D-values were 11.40 to 4.42 min (R?>> 0.97)
for Enterococcus sp. corresponding to temperature in the range of 12 to 28 °C, respectively.
This suggests that the increase in temperature enhanced disinfection efficiency, producing
smaller D-values.
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Table 3.1 Effect of temperature on inactivation constant and decimal reduction time D,

obtained by pressurized CO> at 0.7 MPa against E. coli and Enterococcus sp. in seawater.

Temperature k (min™") D (min)

Microorganism _ _ R?
°C X +SD X +SD

E. coli 11 0.4532  0.0073 5.08 0.08 0.85
15 0.5972  0.0360 3.86 0.23 0.88
18 0.9698  0.0797 273  0.19 0.92
20 1.1985 0.0232 1.92  0.04 0.95
25 1.2356  0.1437 1.86 0.17 0.90
28 1.0628 0.2280 2.17 035 0.77

Enterococcus sp. 12 0.2020  0.0248 11.40 1.52 0.98
15 0.2308 0.0332 9.98 1.45 0.98
20 0.4104  0.0225 5.61 0.32 0.98
25 0.4905 0.0270 469 0.26 0.98
28 0.5212  0.0625 442  0.58 0.97

X = means, SD = standard error from at least two determinations, and R’ = regression coefficient.

3.3.4 Effect of WVR on bacterial inactivation

The effect of WVR was studied using four ratios (50%, 60%, 70%, and 80%) at 0.7
MPa and 20 + 1°C, with flow rate 14 L min™! for 25 min (Figure 3.7). During this period,
there was a slight decrease in WVR (~2%) due to withdrawal of samples. However, the WVR
change was small and it was therefore assumed that the change does not have a significant
influence on the treatment process. Figure 3.7¢ shows an increase in the water level (11 to
22 cm) and a decrease in the cycle number (72 to 44 cycles) as a consequence of increase in
WVR from 50% to 80%.

Remarkably, the disinfection efficacy of pressurized CO> against both E. coli and
Enterococcus sp. greatly increased with decreasing WVR. Thus, the bacterial load was
reduced by 5.0 log for E. coli within 5 min of treatment at 50% (£ 1%) WVR, whereas 15
min of treatment was required at 80% (= 1%) WVR (Figure 3.7a). Similarly, 5.4 log
reduction of Enterococcus sp. was achieved within 20 min at 50% (= 1%) WVR, whereas
only 1.7 log reduction was observed at 80% (+ 1%) WVR after 25 min of treatment (Figure
3.7b).
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Figure 3.7 Effect of WVR (50%—80%) on inactivating (a) E. coli and (b) Enterococcus sp.
in seawater by pressurized COz at 0.7 MPa and 20 + 1°C with flow rate 14 L min™!, and
initial bacterial concentration 5—6 logio CFU mL™. (¢) Influence of WVR on water level in

main chamber and circulation number required for disinfection.

In general, operating at a smaller WVR results in a higher inactivation rate, which is
related to the influence of the mass transfer rate of CO- in water (Lin e al. 1993; Hong e? al.
1997; Garcia-Gonzalez et al. 2009). In this study, the disinfection efficacy decreased
dramatically when operated at 80% WVR, indicating that under identical treatment
conditions, the transfer rate of CO; was limited at 80% WVR. The reduced disinfection
efficiency at 80% WVR may be related to a reduction in the number of circulations
completed (44 cycles/25 min) or an increase in the water level (22 c¢cm, Figure 3.7¢). In
particular, when operating at 80% WVR, the water level submerged the shield inside the
device, which might have ultimately reduced the formation of bubbles and limited CO> mass
transfer. Operating at a low WVR provides a larger space to generate CO> bubbles and

increases the number of circulation cycles (50 to 72 cycles within 25 min, respectively;
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Figure 3.7¢). In addition, a pump was used to apply a higher pressure (0.12 MPa) than that
inside the main chamber. Therefore, circulation cycles were characterized by repetitive of
raised and lowered pressure. Thus, an increase in the circulation number, results in more
rapid repetitions of raised and lowered pressure, which may in turn enhance the solubility of
CO: in seawater and probably increase the bactericidal efficiency. Hence, further research
on the effects of pressure cycling on disinfection efficacy is necessary.

Table 3.2 compares the exposure times required for inactivating bacteria present in
water by chlorine and chloramine, as previously reported (Rice et al. 1993; Azanza et al.
2001), and by pressurized CO, as reported in this study. Rice et al. (1993) observed that
disinfection using monochloramine (0.5 mg L) resulted in 6.13 log reduction of E. coli
within 30 min. Compared to E. coli, E. faecium was more resistant to monochloramine, E.
Jfaecium in pure culture (0.05 M KH2POs, pH 7.0, at 5°C) was reduced by 4.56 log after
treatment for 60 min. Azanza et al. (2001) reported that only 12 min of chlorine disinfection
(0.5 mg L") was required to achieve 6.0-log reduction of E. coli in seawater (3.5% salinity
and 20-25°C). It is noteworthy that use of pressurized COz (at 0.7 MPa, 20°C and 50% WVR)
resulted in complete inactivation of both bacterial species tested: 5.7 log reduction of E. coli
and 5.4 log reduction of E. petroleum within 5 min and 20 min, respectively. These findings
demonstrate the excellent bactericidal activity of pressurized CO», and suggest that this
method could be further developed as a sustainable technology for disinfecting ship ballast

water.
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Table 3.2 Disinfection times for several different pathogenic microorganisms with

chlorinated water compared to pressurized CO:

Disinfectant Experimental Microorganism Time, References
conditions (initial concentration)  min
Monochloramine Pure culture in 0.05M  E. coli 30°  Riceetal
(0.5mg L™ KH2PO4, pH 7.0, at (6.2 logio CFU mL")d (1993)
5°C E. faecium 60°
(5.3 logio CFU mL 1)
Chlorine Natural seawater, 3.5% E. coli 12¢°  Azanza et
(0.5mgL™ salinity, 20-25°C (6.0 logio CFU mL-") al. (2001)
CO» Artificial seawater, E. coli 5% This study
salinity = 3.4%, (5.7 logio CFU mL-")
pressure = 0.7 MPa, E. petroleum 20°

WVR = 50%, at 20°C

(5.4 logjo CFU mL-")

2approximately 1 CFU mL-! was detected after the treatment period, and 6.13 log reduction of E. coli was
achieved.

bapproximately 5 CFU mL-! was detected after the treatment period, and 4.56 log reduction of Enterococcus
faecium was achieved.

values were calculated from decimal reduction times (D-values) and initial bacterial concentration. D-value is
the time required to inactivate 90% of the treated microbial population.

dvalues were estimated from Rice ez al. (1993).

“no viable microorganism was observed.

3.3.5 Leakage of intracellular contents after pressurized CO; treatment

The amount of UV-absorbing substances released from V. alginolyticus, E. coli, and
Enterococcus sp. cells increased steadily during the pressurized CO; treatment process
(Figure 3.8). The result demonstrates that V. alginolyticus, E. coli, and Enterococcus sp. cells
were disrupted and that intracellular material had leaked out during the treatment process.
Remarkably, the UV-absorbance values of V. alginolyticus and E. coli supernatants that were
measured using 260 nm wavelength (Figure 3.8a) and 280 nm wavelength (Figure 3.8b) were
higher than those obtained for Enterococcus sp. supernatant. These findings suggest that the
leakage of intracellular materials of Enterococcus sp., a gram-positive bacterium, was lower
than that of V. alginolyticus and E. coli, gram-negative bacterium. These data support the
findings from previous section that showed that gram-positive bacteria such as Enterococcus
sp. were less susceptible to pressurized CO» treatment owing to the presence of a thicker
peptidoglycan layer (Zhang et al. 2006).
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Figure 3.8 Quantitation of proteins and nucleic acids that leaked out of V. alginolyticus, E.
coli, and Enterococcus sp. after pressurized CO; treatment (at 0.7 MPa, 20 + 0.3°C, and 70%
WVR). The UV absorbance values of supernatants obtained from pressurized CO»-treated

samples were measured at 260 nm for determining nucleic acid content (a) and at 280 nm
for determining protein content (b). OD is optical density.

3.3.6 SEM analyses

To examine the effect of pressurized CO: treatment on bacterial morphology, SEM
assessment was performed using E. coli (Figure 3.9a, b), Enterococcus sp. (Figure 3.9¢c, d)
and V. alginolyticus (Figure 3.9¢, f) samples treated with pressurized CO; at the determined
optimal conditions (0.7 MPa, 20°C, and 50% WVR) for 25 minutes. Comparative SEM
images of untreated samples and samples treated with pressurized CO; did not reveal
dramatic changes in the cell shape of Enterococcus sp.; however, some E. coli and V.
alginolyticus cells that were treated with pressurized CO» did not retain the original shape
and appeared to be lysed. Notably, the treated cells of three species had several small vesicles
on the cell surface, whereas the untreated cells did not present such structures on the cell

surface.
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Figure 3.9 Representative SEM images of (a) untreated E. coli cells, (b) PCD treated E. coli
cells, (c) untreated Enterococcus sp. cells, (d) PCD treated Enterococcus sp. cells, (e)
untreated V. alginolyticus cells, and (f) PCD treated V. alginolyticus cells. The PCD treated
cells were exposed to pressurized CO» by using pressure of 0.7 MPa, at 20°C, and 50% WVR
within 25 min.
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Previous studies have used SEM and transmission electron microscope imaging to
show that Salmonella typhimurium and E. coli cells treated with supercritical CO; present
small vesicles on the surface (Kim ef al. 2007; Garcia-Gonzalez et al. 2010) and that the
vesicles are indicative of cytoplasm leakage due to altered cell permeability (Garcia-
Gonzalez et al. 2010). Despite lower pressurized CO2 (0.7 MPa and 20°C), this study showed
that the formation of several extracellular small vesicles was not only observed in E. coli and
V. alginolyticus, gram-negative bacterium with a thin peptidoglycan layer (Zhang et al.
2006), but also in Enterococcus sp., a gram-positive bacterium with a thick peptidoglycan
layer (Zhang et al. 2006). These findings were supported by the results presented in previous
section that shows that the leakage of intracellular materials occurred during the treatment

period. The data also affirmed the superior performance of pressurized CO> treatment.

3.4 Conclusions

Pressurized CO» treatment can be used to eliminate V. alginolyticus, E. coli, and
Enterococcus sp. from seawater. The gram-positive bacterial species, Enterococcus sp., had
lower susceptibility to pressurized CO> treatment than did the gram-negative bacterial
species, V. alginolyticus and E. coli. The seawater disinfection efficiency can be
considerably improved by enhancing the solubility of CO; into seawater to increase
penetration of COz into bacterial cells. Disinfection substantially increased with increased
pressure (0.2 to 0.9 MPa) and temperature (11 to 28°C). Conversely, the bactericidal
efficiency increased with decreasing WVR (80% to 50%). Treatment application at 0.7 MPa,
at room temperature (20°C), and at 50% WVR resulted in complete inactivation 5.1 log
reduction of V. alginolyticus, 5.7 log reduction of E. coli, and 5.4 log reduction of
Enterococcus sp. within 3 min, 5 min and 20 min, respectively. Taken together, these data
indicate that pressurized CO2 could be potentially used for treatment of ballast water. Further
research is required to elucidate the effects of pH and pressure cycling on bactericidal

activity of pressurized COx.
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CHAPTER IV

ENHANCED BACTERICIDAL PERFORMANCE OF PRESSURIZED CARBON
DIOXIDE BY PRESSURE AND PRESSURE CYCLING

4.1 Introduction

Chlorination is the most common method for water disinfection. It has the advantages
of high bactericidal efficiency, low cost, and residual disinfectant. However, chlorine can
combine with organic compounds in water to produce carcinogenic agents such as
trihalomethanes and halogenic acetic acids (Boorman ef al. 1999; Fabbricino ef al. 2005).
Therefore, growing concerns about the potential hazards associated with disinfection
byproducts have boosted efforts to develop alternative methods of water disinfection.
Another method, ozonation, is effective in inhibiting pathogens, and is considered a capable
alternative to chlorination. However, disadvantages of ozone disinfection are high cost, lack
of residual disinfectant, special operations, and the formation of disinfection byproducts in
water containing bromine (Von Gunten e al. 2003). Other water treatment methods such as
ultraviolet (UV) radiation, ultrasound, cavitation, or heat application can be used for
mechanical disruption and inactivation of organisms. Although mechanical disruption
methods do not have problems of residual toxicity, they have high operational costs because
of their substantial power requirements. In addition, the disinfecting efficiency of UV light
is reduced for waters with high turbidity or high concentration of dissolved organic matter
(Werschkun et al. 2012).

Pressurized CO: has been used for eradicating pathogens in food as a non-thermal
sterilization method (Garcia-Gonzalez et al. 2007). The high bactericidal efficiency,
nontoxic, inexpensive, and readily available character of COz give it potential benefits over
other sterilant agents (Zhang et al. 2006). For high-pressure CO; treatment, most studies
have reported the influence of process parameters such as pressure, temperature, agitation
speed, decompression rate, pressure cycling, bacterial concentration, and exposure time on
the inactivation of bacteria. Among these parameters, pressure cycling, a repetitive
procedure of release and compression of COz, is a promising means to increase inactivation
efficacy (Zhang et al. 2006; Silva et al. 2013). Theories explaining the inactivating
mechanism of pressure cycling involve explosive cell rupture and mass transfer rate, in
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which compression intensifies the mass transfer of CO» across cell membranes (Hong et al.
1997; Hong and Pyun 1999; Dillow ef al. 1999) and decompression enhances the cell rupture
(Fraser et al. 1951). Dillow et al. (1999) found that the inactivation was substantially
increased from 3 log to 9 log of the reduction ratio, corresponding to an increase of pressure
cycling from three to six cycles with treatment conditions 20.5 MPa and 34°C within 0.6
hour. In addition, Spilimbergo et al. (2002) observed that an approximate 3.5 log reduction
of Bacillus subtilis spores was achieved after 15 cycles at 8.0 MPa and 36°C for 30 min, but
without pressure cycling, only a 0.5 log reduction was obtained under treatment conditions
7.5 MPa and 36°C for 24 hours. Ferreira et al. (2009) suggested that the use of pressure
cycles was more effective than sustained high pressures to inhibit Byssochlamys nivea; a
greater than 3.0 log reduction was observed after five cycles compared with a nearly 1.0 log
reduction after one cycle in treatment conditions 550 MPa and 20°C for 15 min. Silva et al.
(2013) reported that number of pressure cycles and system pressure were two significant
parameters for the inactivation of Escherichia coli with supercritical CO2. An 8.0 log
bacterial load was reduced with five cycles and 8§ MPa after 140 min of treatment, whereas
a 5.0 log reduction was obtained with 8 MPa and one cycle within 28 min (Silva et al. 2013).
Hence, pressure cycling shows promising results for inhibiting pathogens in the field of
liquid food preservation. However, high pressure operation (> 4 MPa) and release of CO>
between each cycle of compression and decompression reported in the previous works is less
interesting from an economic standpoint.

Recently, pressurized CO; has seen renewed interest in the field of water and
wastewater treatment, owing to its high inactivation efficiency, safe use, and lack of
disinfection byproduct problems (Kobayashi e al. 2007, 2009a,b; Cheng et al. 2011; Vo et
al. 2013, 2014). The first related work was published by Kobayashi et al. (2007), who
applied supercritical CO; to treatment of wastewater and succeeded in eradicating E. coli
within 13 min. However, they required very high pressure (up to 10 MPa) and high
temperature 55 °C (Kobayashi et al. 2007). Another works was conducted using low-
pressurized CO; based on a gas bubbles method to inactivate E. coli and bacteriophages in
water (Cheng et al. 2011; Vo et al. 2013, 2014). Cheng et al. (2011) believed that sudden
discharge and resulting reduction of pressure led to mechanical cell rupture, which resulted
in effective inactivation within 20 min by pressurized CO; at 0.3 MPa and room temperature.
Vo et al. (2013, 2014) claimed that acidified water and cellular lipid extraction caused by
pressurized CO2 at 0.7 MPa and room temperature were major factors for changes of cell
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membrane structure and efficient disinfection within 25-min treatment. Although these
studies suggest that pressure cycling was an important parameter in pressurized CO>
inactivation, no data were presented.

This study examined the effects of pressure cycling on bactericidal activity of CO; at
low pressure (< 1 MPa) and no release of CO2 between each cycle of raised/lowered pressure.
The inactivation performance of pressurized CO; against E. coli and Enterococcus sp. were
examined for various conditions of pressure, temperature, flow rates, and working volume
ratios (WVRs, defined as the ratio between the sample volume and apparatus volume, was
in the range 50%—80%). The sensitivity of gram-positive Enterococcus sp. to the pressurized
gases was evaluated for various conditions of CO: content rate (100%, 50%, 25%, and 0%).
Relationships of bactericidal effect to CO2 concentration and pH of treated water were also
evaluated. We also investigated the influence of pressure on inactivation kinetics of

Enterococcus sp. in artificial seawater resulting from the pressurized CO; treatment.
4.2 Materials and methods

4.2.1 Microorganism preparation and enumeration

Bacteria Enterococcus sp. (ATCC 202155) was cultivated in brain heart infusion broth
(Wako Pure Chemical Industries Ltd., Osaka, Japan) containing 35 g L™! sodium chloride. E.
coli (ATCC 11303) was cultivated in LB broth (Wako, Japan), which was supplemented with
sodium chloride to obtain a final concentration of 30 g L™'. Bacterial cultures were incubated
for 18 hours at 37°C using a reciprocal shaker rotating at 150 rpm. Permanent stock was
maintained in 20% glycerol at -80°C.

The concentrations of Enterococcus sp. and E. coli were determined by plating aliquots
of the culture onto brain heart infusion agar and LB agar, respectively. For samples with a
low number of viable cells, 1 mL of the undiluted sample was poured into agar maintained at
45°C. The plates were incubated at 37°C for 24 hours. Colonies of bacteria were then counted

on plates that contained 30—300 CFUs/plate. Each sample was analyzed in triplicate.

4.2.2 Seawater sample preparation

Artificial seawater was prepared by adding artificial sea salt (GEX, Osaka, Japan) to
distilled water to obtain a final salinity of 3.4% as measured by a salinity meter (YK-31 SA,
Lutron Electronic Enterprise Co. Ltd., Taiwan). For all experiments, the bacterial

preparations were diluted in the artificial seawater to obtain a bacterial concentration of 10°
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CFU mL™!, which was used as the initial concentration for all experiments. pH and
temperature of the samples were measured with a pH meter (Horiba D-51, Horiba Co. Ltd.,
Japan). The concentration of CO; in seawater was measured by a CO2 meter (CGP-31, TOA-
DKK, Japan).

4.2.3 Apparatus and procedure for disinfection

The experiment apparatus for disinfection was a stainless steel pressurized chamber
with an internal volume of 10 L and tolerance up to 1.0 MPa. The pressurization apparatus
was designed to include a solid stream nozzle and shield to enable vigorous agitation of the
influent to create bubbles (Figure 4.1). Sample water was pumped into the device through a
small nozzle such that the pressurized water stream collided with a shield to generate bubbles
under high pressure (Figure 4.2). The main chamber was soaked in a water bath to maintain
the stability of initial temperature of the sample during the treatment period.

In previous works, the pressure cycling procedure was conducted with high-pressure
operations (8—550 MPa) and with CO> discharges between each cycle of decompression and
compression (Dillow et al. 1999; Spilimbergo et al. 2002; Ferreira et al. 2009; Silva et al.
2013). However, such high pressure and CO- release are undesirable from an economic
standpoint. In order to overcome the above disadvantages, in the present study, we employed
a process involving pressure cycling for bacterial inactivation but used lower pressures (<1
MPa) and no discharge of CO> between each cycle of raised and lowered pressure.

To investigate the effect of pressure cycling, a variety of nozzle sizes (15 mm height x
4,5,6,7, 8,10, 12, and 15 mm diameters) and two pumps (0.20 and 0.75 kW of pumping
power) were used to change the flow rate and pressure power of the input, in which nozzle
diameter (15 mm x 15 mm) equaled the diameter of the pipeline inlet (15 mm). Seven liters
of seawater was pumped in one shot into the device as influent. Following the first influx of
water, pressurized gas was also injected into the main chamber, and system pressure was
adjusted by a gas pressure regulator to 0.7 MPa. The water sample was then circulated by
pumping inside the system for 25 min. Here, pressure cycling alternately raised and lowered
pressure without the release of gas out from the reactor. Pumping pressure and system
pressure were measured by pressure gauges. The pressure difference AP = pressure caused
by pump suction (MPa) — pressure inside main chamber (0.7 MPa). Water flow rate was

measured by a flow meter (GPI, Nippon Flow Cell Co., Ltd., Japan). The circulation number
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was calculated in relation to exposure time and hydraulic retention time (HRT), where HRT
= sample volume / flow rate.

To investigate the effect of pressure, the sensitivity of Enterococcus sp. to pressurized
CO; treatment was determined using various pressures (0.3, 0.5, 0.7 and 0.9 MPa). To
examine the effect of WVR, different sample volumes (5, 6, 7, and 8 L) were used to vary
the sample volume ratios (50%, 60%, 70%, and 80%). Water level was measured by a gauge
to evaluate the effects of WVR on the shield inside the main chamber. Each experiment was

conducted in triplicate.

Figure 4.1 Water treatment apparatus setup. Water is pumped into liquid-film-forming
chamber through a small nozzle that allows pressure control. Pressurized gas is also pumped
into main chamber. A highly pressurized water stream is introduced in main chamber such

that it collides with a bubble-generating shield that promotes gas diffusion in the water.
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Figure 4.1 Representative pictures of liquid film formation with various nozzle diameters

at a normal pressure in the pipeline.

4.2.4 Inactivation kinetics assessment

The inactivation rate for Enterococcus sp. was estimated by the following equation for

a conventional first-order inactivation or linearized model (Erkmen ef al. 2001).

logy = Kt (4.1)

N, 2303

Here, N is number of colonies at time # (CFU mL™"), Ny is the number of colonies at time
zero (CFU mL™), £ is an inactivation rate constant (min~!) calculated from the slope (= -
k/2.303) of the reduction curve, and ¢ is the exposure time (min); The decimal reduction time
(D-value) is the exposure time required for a 1-log reduction in the bacterial load. The D-
value was obtained as the negative reciprocal slope of the logio (V/No) versus time and was

thus calculated by
2.303
D=

— (4.2)
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4.2.5 Statistical analysis

Statistical analysis was done using the statistical computer program R (version 3.2.2,
available at http://cran.R-project.org). Linearity regression was performed to evaluate
statistically significant variables of the system using significance level 0.05. Predicted values
of inactivation efficacy were based on the first order model

Yi=PBo+LBix (4.3)
where y; represents the predicted responses, x; is a parameter, Bo is the model intercept, and

B; is the linear coefficient.
4.3 Results and discussion
4.3.1 Effect of pressure cycling on bacterial inactivation

4.3.1.1 Effect of pressure cycling on Enterococcus sp. inactivation

To investigate the effect of pressure cycling on the inactivation efficiency of
pressurized COz, two pumps (0.20 and 0.75 kW), a variety of nozzle diameters (4-15 mm)
were used to change the flow rate of the input. Here, disinfecting was done with 0.7 MPa of
pressurized CO, 20 £ 0.5°C, and 70% WVR within 25 min (Figure 4.3). As shown in Figure
4.3Db, a larger nozzle diameter increased the cycle number but decreased AP. For every nozzle
diameter, stronger pumping power enhanced not only the frequency but also the magnitude
of pressure cycling. Operation with a 0.75-kW power pump increased the disinfecting
efficiency over that with a 0.20-kW power pump, for every nozzle diameter (Figure 4.3a).

Pressure cycling raises inactivation efficacy by providing a driving force for mass
transfer penetration of CO; into the cell membrane (Dillow ef al. 1999; Zhang et al. 2006).
Hence, it is hypothesized that an increase in cycle number augments bactericidal efficiency.
However, our results indicate a lower disinfection efficacy associated with number of
circulations (Figure 4.3). For 0.20 kW pumping power, inactivation efficacy significantly
decreased from 5.2 to 0.9 log reduction (Figure 4.3a), corresponding to an increase of
circulation number from 53 to 74 cycles, respectively (Figure 4.3b). A similar association
between the frequency of pressure cycling and bacterial inactivation was found in the case
of 0.75 kW pumping power. The reduction in bacterial load decreased from 5.0 to 2.4 log

with increase of circulation number between 75 and 96 cycles, respectively. These data
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indicate that the inactivation effect of pressure cycling could not be simply attributed to the
cycle number alone.

In contrast, Enferococcus sp. inactivation dramatically dropped from 5.0 log to 0.9 log
reduction with decrease of AP from 0.25 to 0.05 MPa, respectively (Figure 4.3). A plausible
explanation of weakened disinfection by more frequent pressure cycling is related to a
synergistic reduction of AP corresponding to increasing nozzle diameter (Figure 4.3). This
suggests that bactericidal performance of pressure cycling does not simply depend on the

cycle number but also on AP.

Pump power 0.20 kW% Pump power 0.75 KW
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Figure 4.3 Effects of pressure cycling on inactivating Enterococcus sp. in seawater. (a)
Effect of various nozzle diameters and pump powers on inactivation of pressurized COz. (b)
Influence of nozzle diameter and pump power on pressure difference AP (dotted line)

between pump and main chamber interior, along with circulation number (solid lines)
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required for disinfection. Operating conditions: 0.7 MPa, 20 + 0.5°C, salinity 3.4%, initial
bacterial concentration 5-6 logio CFU mL™!, 70% WVR within 25 min of treatment.
Remarkably, for the same AP, an increase in the number of pressure cycling improved

Enterococcus sp. inactivation. For example, at the same AP of (.12 MPa (generated by a 5-
mm nozzle and 0.20 kW pump, and 7-mm nozzle and 0.75 kW pump), the disinfection effect
had a significant increase from 3.6 log (after 66 cycles) to 5.1 log (after 91 cycles) (Figure
4.3). A similar tendency was found at AP = 0.10 MPa; about a 3.8-log reduction was attained
after 70 cycles (6-mm nozzle and 0.20 kW pump), whereas an approximate 4.6-log reduction
was achieved after 92 cycles (8-mm nozzle and 0.75 kW pump). The findings affirm the
influence of pressure cycling on the inactivation of Enterococcus sp.

Based on Pearson matrix correlation, four components, nozzle diameter, AP, pump
power, and number of circulations were identified as significantly affecting inactivation
efficiency of pressure cycling (Table 4.1). The strongest positive relationship (» = 0.85, p-
value <0.001) was obtained between the cycle number and inactivation efficiency, followed
by AP (r = 0.39, p-value < 0.001). Pump power showed weak correlation with inactivation
efficiency (» = 0.23, p-value = 0.005). Pearson regression tests indicated an inverse
correlation (r =—0.20) between nozzle diameter and disinfection efficiency (p-value <0.05).
Taken together, these data indicate that operation with a high-power pump, high AP, larger
circulation number, and small nozzle diameter produced effective inactivation (p-value <
0.05). Nevertheless, regarding the use of small nozzle diameter toward effective inactivation,
it was found that the requirement for operating at high AP and low flow rate may be much
more complex and less interesting from an economic standpoint. More than 5.0-log reduction
of Enterococcus sp. was achieved within 25 min using the 7-mm nozzle and 0.75 kW pump;
disinfection efficiency was nearly equal to that using smaller nozzles (Figure 4.2). Hence,
that nozzle diameter and pump power were used for subsequent experiments, because a
greater processing capacity is of greater commercial interest.

Table 4.1. Coefficient of correlation of operating parameters on inactivation efficiency

Factor Unit r R? p_value
Nozzle diameter mm -0.20 0.04 0.017"
Pressure difference AP MPa 0.39 0.15 6.191e-07"
Pump power kW 0.23 0.05 0.005"
Number of circulation Cycles 0.85 0.76 <2.2e-16"

‘v _value <0.05 (significant for 95% confidence level)
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4.3.1.2 Effect of pressure cycling on E. coli inactivation

The effect of pressure cycling on E. coli inactivation was investigated by using various
nozzle diameters (4—8 mm) (a treatment without a nozzle was also tested, where the diameter
of the pipeline inlet was 15 mm) and two pump powers (0.20 and 0.75 kW) to change both
the flow rate and AP of the input. The disinfection experiments were conducted under 0.7
MPa of pressurized CO- at 20 + 1°C with a WVR of 70% for a duration of 25 min (Figure
4.4). In general, larger nozzle diameters led to higher flow rates (Figure 4.4¢) and faster fluid
recycling in the treatment system (Figure 4.4d). In contrast, increases in the nozzle diameter
reduced the pressure difference AP (Figure 4.4c). Furthermore, at the same nozzle diameter,
stronger pumping powers improved not only the flow rate, but also the pressure difference
AP of'the input (Figure 4.4c). At every nozzle diameter, operation of the pump with 0.75 kW
of power (Figure 4.4b) yielded greater inactivation efficiencies than those with 0.20 kW of
power (Figure 4.4a).

It is hypothesized that pressure cycling enhances the inactivation efficiency by
facilitating the mass transfer of CO2 into bacterial cell membranes (Dillow et al. 1999; Zhang
et al. 2006). Thus, an increase in water flow rate can be expected to improve the E. coli
inactivation. However, our results show that the E. coli inactivation efficiency did not
increase with higher flow rates or faster recirculation. When 0.20 kW of pumping power was
used (Figure 4.4a), the length of treatment periods required for complete inactivation of the
E. coli load by more than 5.0 log increased with the greater nozzle sizes (i.e., 10 min with
the 4 mm nozzle, 15 min with the 5 to 6 mm nozzles, and 20 min with the 7 mm nozzle,
which corresponded to flow rates of 14, 17-19, and 19 L min"!, respectively). Furthermore,
the reduction in E. coli load was only 3.0 log after 25 min when the device was operated
without a nozzle (flow rate = 20 L min™"). A similar finding was found when the pump was
operated at 0.75 kW of power (Figure 4.4 b); at the higher power, more than a 5.0 log
reduction was achieved within 5 min with the 5 mm nozzle (flow rate = 21 L min™"), whereas
only a 4.0 log reduction was obtained after 25 min in the treatment lacking a nozzle (flow
rate = 26 L min'). These results indicate that the bactericidal performance of pressurized
COz associated with pressure cycling can probably not be attributed to the flow rate alone.

On the other hand, the disinfection efficiency substantially increased with the higher
AP (Figure 4.4). A 5.4 log reduction in E. coli load was achieved within 5 min by the
treatment with a AP of 0.25 MPa, whereas only a 3.0 log reduction was attained after 25 min

by the treatment with a AP of 0.05 MPa. When operating the device with the same pump
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power, as noted above, a larger nozzle diameter resulted in higher water flow rates but
weaker AP values. Hence, the reduction of AP may be considered as a key reason for the
phenomenon of low inactivation efficiency at high flow rates. This suggests that the
disinfection effect of pressure cycling might be influenced by not only by the frequency of
circulation, but also by the AP.
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Figure 4.4 Effect of pressure cycling on the inactivation of E. coli in seawater. Effect of (a)
0.20 kW pump power and (b) 0.75 kW pump power along with various nozzle diameters on
the inactivation with pressurized CO». Influence of different pump powers and nozzle
diameters on the (c) flow rate and pressure difference AP and (d) the circulation number.
Operating conditions: 0.7 MPa, 20 + 1°C, and a working volume ratio (WVR) of 70% within

a duration of 25 min.

Noticeably, at the same AP value, a faster frequency of circulation substantially

augmented the E. coli inactivation efficiency (Figure 4.4). For instance, at the same AP of
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0.12 MPa (generated by a 5 mm nozzle and 0.20 kW pump, and a 7 mm nozzle and 0.75 kW
pump), the periods required for complete inactivation of E. coli were reduced from 15 to 5
min when the frequency of pressure cycling was raised from 67 cycles/25 min to 92 cycles/25
min, respectively. A similar association between the disinfection efficiency and frequency
of pressure cycling was found at AP = 0.10 MPa (generated by a 6 mm nozzle and 0.20 kW
pump, and a 8 mm nozzle and 0.75 kW pump); the associated treatment periods were 15 min
and 10 min for the recycle numbers corresponding to 71 cycles/25 min and 95 cycles/25 min,
respectively. These results affirm the effect of pressure cycling on E. coli inactivation during

pressurized CO; treatment.

Table 4.2 summarizes the coefficients of correlation for the inactivation efficiency and
parameters associated with pressure cycling, including the nozzle diameter (x1), pressure
difference AP (x2), flow rate (x3), and recycle number (x4). Based on the Pearson matrix
correlation results, E. coli inactivation efficiencies were correlated with AP values (r=0.63,
p <0.0001) and recycle numbers (r = 0.66, p <0.0001). The flow rate showed a weak
correlation with the inactivation efficiency (r = 0.09, p = 0.3). Meanwhile, an inverse
correlation (r =-0.35, p = 0.0004) was found between the nozzle diameter and disinfection
efficiency. These data indicate that operations with a high flow rate, high AP value, large

recycle number, and small nozzle diameter will yield greater inactivation efficiencies.

Regression coefficients, 7-values, and p-values were analyzed for the four factors as
shown in Table 4.3. The outcome of the multicollinearity regression model analysis (R? =
0.77, p <0.001) suggests that the model can explain 77% of the inactivation efficiency of E.
coli. With bootstrap analysis, the results of multivariate regression analyses were validated.
The variables of x1, x2, x3, and x4 that were found to be associated with pressure cycling in
the original analyses were significantly associated with pressure cycling in approximately
8%, 28%, 3%, and 37%, respectively, of the 1000 iterations of the multivariate analyses.
Taken together, these findings suggest that the frequency of recirculation (x4) and the AP

magnitude of the input (x2) were key factors that drove the effectiveness pressure cycling.

Although the use of small nozzle diameters was associated with effective inactivation,
operating conditions at high AP values and low flow rates may be more complex and of
lesser economical interest. The highest inactivation efficiency was observed when 5 to 7 mm

nozzle diameters and the 0.75 kW pump were used (Figure 4.4b). Since a large processing
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capacity is of great commercial interest, the 7 mm nozzle and 0.75 kW pump were used for

subsequent experiments.

Table 4.2 Correlation coefficients among various operating parameters associated with

pressure cycling and the E. coli inactivation efficiency.

Factor Symbol code Unit r t-statistic p-value
Nozzle diameter X1 mm -0.35 -3.64 0.0004"
rsssure difference X Pa 0.63 8.08  1.69-12°
Flow rate X3 L min™! 0.09 1.05 0.30
Recycle number X4 cycles 0.66 8.73 6.928e-14"

“p <0.05 (significant at the 95% confidence level); df = 98.

Table 4.3 Regression results showing the influence of operating parameters associated with
pressure cycling on the inactivation efficiency (at 20 + 1°C, system pressure = 0.7 MPa, and

working volume ratio (WVR) = 70%).

Source Coefficient t-statistic p-value
Intercept -0.63 -0.99 0.33

X1 -0.13 -3.59 0.0005*
X2 0.01 7.32 7.8e-11*
X3 0.10 3.40 0.001*
X4 0.05 11.29 <2e-16*

*Significant at the 95% confidence level; multiple R? = 0.77; adjusted R? = 0.76.
F-statistic = 78.77 with 4 and 95 degrees of freedom, p <2.2e-16.
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4.3.2 Effect of pressure on disinfection of Enterococcus sp. in seawater using

pressurized CO; with various content rates

Enterococcus sp. was disinfected in four pressure conditions (0.3, 0.5, 0.7, and 0.9
MPa) at 20°C and 70% WVR during 25 min of treatment (Figure 4.5a). Here, four inert gases
of 100% COa, (50% COz2+ 50% N2), (25% CO2 + 75% N>), and 100% N> were used as
disinfectants to investigate bactericidal performance. Overall, Enferococcus sp. inactivation
was significantly increased with increasing pressure and COz concentration (Figure 4.5a),
whereas the solubilization of CO; in seawater was strongly affected by pressure and the
percentage of CO; content in the gases (Figure 4.5b).

As shown in Figure 4.5b, COz solubilization in artificial seawater rose with increasing
pressure from 0.3 to 0.9 MPa. Accordingly, CO2 concentrations in water were 1607-2020
mg L' for pure CO», 1040—1747 mg L™ for (50% COz + 50% N>), and 795—1507 mg L™!
for (25% CO2 + 75% N3). The data also indicate that a large percentage of CO; content
facilitated high solubility of CO: in seawater.

Noticeably, at every operating pressure, using gas with a high percentage of CO»
greatly enhanced bactericidal performance (Figure 4.5a). The reduction in bacterial load
caused by 100% COzranked first with 3.7-5.5 log, followed by (50% COz + 50% N2) with
1.1-3.3 log, and (25% COz + 75% N2) with 0.9—1.8 log. Conversely, pure pressurized N
treatment yielded the poorest bactericidal performance at every pressure, with 0.1-0.8 log
reduction. The Enterococcus sp. inactivation by pressurized CO; also greatly increased with
pressure from 0.3 to 0.9 MPa (Figure 4.5a). Remarkably, the greatest reduction of bacterial
load was for pressure application at 0.9 MPa. An approximate 1.8-log and 3.3-log reduction
was obtained after 25 min using (25% CO2 + 75% N3) and (50% COx + 50% N3), respectively,
whereas a more than 5.0-log reduction resulted in complete inactivation within 20 min when
100% CO» was used. Hence, a pressure of 0.9 MPa was chosen for subsequent experiments.

As shown in Figure 4.5¢, although sample pH remained near 8.0 for pure N> treatment,
pressurized CO2 with various content rates (25%—100%) acidified the treated water after the
first minute of exposure. Accordingly, pH dropped from 8.2 to 5.1-5.0 via 100% CO>
application, whereas the end-point pH caused by (25% CO2 + 75% N2) and (50% CO2+ 50%
N2) was 5.4 to 5.1, corresponding to pressures of 0.3 to 0.9 MPa, respectively.

One theory suggests that low external pH caused by pressurized CO2 reduces bacterial
resistance to achieve inactivation (Hutkins et al. 1993; Hong et al. 1999; Vo et al. 2013,

2015). Compared with the Na-treated sample (pH 8.0), the low acidity caused by CO»
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treatment was probably a major cause of the bactericidal effect, as suggested by Vo et al.
(2013). Nevertheless, the data showed that despite the same reduction of pH (pH 5.1 at 0.9
MPa; Figure 4.5¢), a higher percentage of CO» content in the gases led to a stronger
inactivation effect. An approximate 5.0-log reduction was achieved within 20 min by CO>
(100% purity), whereas about 3.3- and 1.8-log reductions were obtained within 25 min by
(50% CO2 + 50% N32) and (25% COz + 75% N>), respectively (Figure 4.5a). This suggests
that the low external pH alone is not the main reason for the bactericidal effect. Probably,
with the simultaneous presence of pressure and CO> concentration, the low external acidity
helped cells become more permeable, facilitating cellular penetration by COx.

The low inactivation efficacy caused by N: treatment affirmed that N> has poor
solubility in water, and that pressurized N> of 0.3—0.9 MPa by itself was insufficient for
inhibiting Enterococcus sp. In contrast, CO2 is hydrophilic and lipophilic in nature
(Isenschmid et al. 1995; Kim et al. 2007, 2008; Vo et al. 2015). Hence, CO; easily penetrated
the phospholipid bilayer of the cell membrane, and accumulated there (Isenschmid et al.
1995). In our study, the fluid was mixed well by a counter-current agitated (mixed by fluid
recirculation) to enable high solubility of CO in water. Thus, operating at high pressure
promoted highly dissolved CO- in water and may have enhanced its diffusion into the cells.
As soon as too much CO; penetrates the phospholipid layer, it can damage cell membrane,
such as disordering of cell cytoplasm (Kim ef al. 2007, 2008), leakage of intracellular
substance, or modification of the membrane surface (Vo et al. 2013). Other theory assumes
that a large number of CO> molecules penetrating the membrane can reduce intracellular pH
so as to exceed the buffering capacity of cytoplasm, killing cells (Hong and Pyun 1999;
Garcia-Gonzalez et al. 2007; Vo et al. 2015).
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Figure 4.5 Effect of various pressure conditions (0.3—0.9 MPa) on (a) Enterococcus sp.
inactivation, (b) COx concentration, and (c) pH of seawater (3.4%) in response to pressurized
inert gases of 100% COz, (50% COz + 50% N2), (25% CO2+ 75% N2) and 100% N at 20 =
1.0°C and 70% WYVR, within 25 min. Asterisk (*) indicates bacterial load was completely

inactivated after 20 min. Initial bacterial concentration at start of experiment was 5—6 logio
CFU mL™.
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4.3.3 Effect of working volume ratio on bacterial inactivation

4.3.3.1 Effect of working volume ratio on Enterococcus sp. inactivation

The effect of WVR was investigated using four ratios (50%, 60%, 70%, and 80%) and
four pressurized gases (100% CO2; 50% CO2+ 50% Na2; 25% CO2 + 75% Na; and 100% N»)
at 0.9 MPa and 20 + 1.0°C, with flow rates 24-26 L min~! for 25 min (Figure 4.6). Overall,
Enterococcus sp. inactivation increased with decreasing WVR. Moreover, increasing WVR
from 50% to 80% reduced pressure cycling (124 to 76 cycles, respectively) and increased
the water level (11 to 22 cm, respectively) (Figure 4.6e).

Remarkably, although most gases showed weaker Enterococcus sp. inactivation at 80%
WVR, the disinfection efficacy of pressurized CO: against Enterococcus sp. greatly
increased with further decrease of WVR from 70% to 50% (Figure 4.6). At every WVR, a
high CO> content rate improved inactivation efficacy (Figures 4.6a, b and c), while N> had
little inactivation effect (Figure 4.6d). When 100% CO> was used, the bacterial load was
reduced by ~5.0 log within 20 min with 50% to 70% WVR, whereas only a 3.5-log reduction
was attained at 80% WVR within 25 min (Figure 4.6a). Bactericidal performance of (50%
CO> + 50% N>») ranked second with a 3.0- to 3.9-log reduction (Figure 4.6b), followed by
(25% CO2 + 75% N2) with a 0.8- to 3.0-log reduction within 25 min, corresponding to WVRs
of 80% to 50%, respectively (Figure 4.6c¢).

It is hypothesized that operation at a smaller WVR enhances the mass transfer rate of
CO», producing a greater inactivation efficacy (Lin et al. 1993; Hong et al. 1997; Garcia-
Gonzalez et al. 2009). In our study, most gases showed weak inactivation when 80% WVR
was used, suggesting that CO» mass transfer was limited at that WVR. The low disinfection
efficacy with large WVR may be related to a reduction of circulation number (76 cycles/25
min) and increase in water level (20 to 22 cm; Figure 4.6¢). In particular, a high water level
(20 to 22 cm at 80% WVR) submerged the shield inside the apparatus, which might have
reduced bubble formation via shield interaction and limitation of CO; mass transfer. In
contrast, smaller WVRs (70% to 50%) led to faster pressure cycling (87 to 124 cycles within
25 min, respectively) but no change of AP (0.14 MPa). The higher-frequency pressure
cycling facilitated the solubilization of CO and probably promoted its penetration into the
cells, thereby accelerating Enterococcus sp. inactivation, as discussed in the previous section.

Regarding the effect of pressure cycling as a function of WVR, Pearson regression

tests showed strong correlation between circulation number and disinfection efficiency (p-
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value <0.001). Coefficients of correlation were 0.97, 0.92 and 0.94, corresponding to (25%
COz + 75% N2), (50% CO2 + 50% N2) and pure COa, respectively. Moreover, according to
regression analysis (Table 4.1), the experimental results fit the first-order model as shown

by the following equations.

y, = —0.04 + 0.02 X x (4.4)
y, = 0.33 + 0.04 X x (4.5)
y; = 0.40 + 0.07 X x (4.6)

Here, x is the pressure cycling number (cycles); y1,y2, and ys are reduction ratios (—log N/No)
of Enterococcus sp. caused by (25% CO2 + 75% N>), (50% CO; + 50% N2) and CO2 (100%
purity), respectively.

As shown in Table 4.4, the #-statistic of the regression model was 19.89 for (25% CO2 + 75%
N»), 12.63 for (50% CO2 + 50% Nz) and 14.02 for 100% CO», with p-value < 0.001 in all
cases, indicating that the model result was significant (p < 0.05). The coefficient of
determination (R?> = 0.93, 0.85, 0.89; p <0.001) revealed that pressure cycling alone
contributed 93%, 85% and 89% of the inactivation efficacy of (25% CO» + 75% N>), (50%
COz + 50% N2), and 100% COa, respectively. Predicted values of inactivation efficacy were
calculated based on Equations 4.4, 4.5 and 4.6 and are given in Table 4.5, along with
experimental results. The predicted values were close to the experimental results, suggesting
that the model had a strong correlation with the bactericidal performance of pressure cycling
(p <0.05). Taken together, the results indicate that at constant AP, more frequent pressure
cycling greatly accelerated inactivation efficiency. These findings suggest that pressure
cycling with low-pressurized CO» (0.9 MPa) and without CO» leakage is a useful method to
raise inactivation efficiency, overcoming problems associated with high-pressure CO> and

its leakage shown by previous research.
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Figure 4.6 Effect of WVR (50%—80%) on inactivating Enterococcus sp. in seawater by
pressurized gases: (a) 100% COz; (b) 50% CO2+ 50% N2; (¢) 25% CO2 + 75% Na2; (d) 100%
Nz at 0.9 MPa and 20 + 1°C with flow rates 24—26 L min', and initial bacterial concentration
5-6 logio CFU mL™!. (e) Influence of WVR on water level in main chamber and frequency

of pressure cycling required for disinfection.
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Table 4.4 Regression results showing influence of pressure cycling on Enterococcus sp.
inactivation efficiency (at 20 = 1°C, working pressure = 0.9 MPa, AP = 0.14 MPa, water

flow rates = 24—26 L min~!, and initial bacterial concentration = 5—6 logio CFU mL™).

Source Coefficients ) Standard t-
Estimate _ p-value R?
Error Statistic

25% CO2 +75% N2 Intercept —0.04 0.060 —0.62  0.548

Cycle number 0.02 0.001 19.89  <0.001" 0.93
50% CO2+ 50% N2 Intercept 0.33 0.156 2.10 0.045"

Cycle number 0.04 0.003 12.63  <0.001" 0.85
100% CO» Intercept 0.40 0.206 1.94 0.064

Cycle number 0.07 0.004 14.02 <0.001" 0.88

* 95% confidence level

Table 4.5 Validation of model regression of pressure cycling response to Enterococcus sp.
inactivation efficiency as function of WVR (at 20 + 1°C, pressure = 0.9 MPa, AP = 0.14
MPa, water flow rates = 24—26 L min~!, and initial bacterial concentration = 5-6 logio CFU

mL™).

Variables Responses
Xi: yit
Gas Pressure Reduction ratio,
WVR, %
cycling, —log(N/Ny)
cycles Experiment  Predicted
25% CO2 + 75% N> 50 1244 3.0+03 2.7°
25% CO2 +75% N2 60 106 ¢ 20+0.5 232
25% CO2 + 75% N2 70 874 1.8+ 0.7 192
50% CO2+ 50% N> 50 124 ¢ 39+0.8 49°
50% CO2+ 50% N2 60 106 ¢ 34+05 42°b
50% CO2+ 50% N> 70 874 33+04 3.5b
100% CO» 50 99 ¢ 55+0.0 69°¢
100% CO» 60 86° 55+0.0 6.0°
100% CO» 70 70¢ 52+0.0 50¢

a5 ¢ predicted values calculated based on Equations 4.4, 4.5 and 4.6, respectively.
d Treatment time = 25 min.
¢ Exposure time was 20 minutes, when bacteria were completely inactivated.
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4.3.3.2 Effect of working volume ratio on E. coli inactivation

The effect of WVR was investigated at four ratios (50%, 60%, 70%, and 80%) by
applying a pressure of 0.7 MPa at a temperature of 20 + 1°C and two flow rates (14 L min™!
and 25 L min™!) for 25 min (Figure 4.7). As shown in Figure 4.7¢, decreasing WVR from
80% to 50% resulted in a decrease in the water level (22 to 11 cm) and a faster frequency of
pressure cycling. In regard to pressure cycling, the circulation number increased from 44 to
72 cycles with the flow rate of 14 L min’!, and from 78 to 125 cycles with the flow rate of
25 L min™.

E. coli inactivation efficacy of pressurized CO; significantly increased with decreases
in the WVR (Figure 4.7). Besides, at every WVR, operations with a high flow rate greatly
enhanced the disinfection efficiency. When operating the device with a flow rate of 14 L
min’!, an approximate 5.7 log reduction of E. coli was achieved within 15 min at 80% WVR,
whereas only 5 min was required at 50% WYVR to reduce the E. coli load to a similar extent
(Figure 4.7a). A similar tendency was found in the case of the 25 L min"! flow rate (Figure
4.7b). The durations required for complete inactivation of E. coli were 10 min at 80%, 5 min

at 60%—70%, and 3 min at 50%.

Pressure cycling boosts the inactivation efficiency by providing a driving force for CO2
transfer efficiency (Hong et al. 1997; Hong and Pyun 1999; Dillow et al 1999; Zhang et al.
2006; Silva et al. 2013). Recall that at the same flow rate and AP, a decrease in WVR
increased the frequency of pressure cycling. Hence, it is hypothesized that a smaller WVR
may have stimulated the CO; transfer across cell membranes and thus improved the
bactericidal performance of pressurized CO, (Hong ef al. 1997; Lin et al. 1993; Garcia-
Gonzalez et al. 2009). In this study, the low inactivation efficiency with a large WVR (i.e.
80%) may be related to the high water level (2022 cm; Figure 4.7c), which led to
submergence of the shield inside the device; this may have in turn decreased bubble
formation via shield interactions. In contrast, the operations with smaller WVRs helped not
only to promote a greater efficiency for CO2 bubble generation, but also increased the speed
of the pressure cycling. Consequently, CO2 supported by the high pressure and high
efficiency of interactions in the apparatus easily penetrated into the cell membranes, thereby

accelerating the E. coli inactivation efficiency.
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Figure 4.7 Effect of the working volume ratio (WVR) on the inactivation of E. coli in
seawater by pressurized CO> at 0.7 MPa and 20 + 1°C with (a) a flow rate of 14 L min™!' and
(b) a flow rate of 25 L min’!. (¢) Influence of the WVR on the circulation number and water

level in the main chamber.

Regarding the effect of WVR in pressure cycling treatments, Pearson regression tests
showed that E. coli inactivation efficiency was strongly correlated with the recycle number
(r = 0.95, p <0.001). The regression coefficient, f~value, and p-value were analyzed with
regard to the recycle number at various WVRs and flow rates (Table 4.6). According to the
regression analysis, the experimental results fit the linear model shown in the following

equation:

¥4 = 0.736 + 0.285 X x, 4.7)

Here, x4 is the recycle number (cycles), and yy is reduction ratio (-log N/No) of E. coli

caused by pressurized COo.

As shown in Table 4.6, the 7-values of the regression model were positive and

significant (p <0.05), thus indicating that the model result was significant. The outcome of
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the linear regression model analysis (R*>=0.91, p <0.001) suggests that 91% of the variation
in the E. coli inactivation efficiency was explained by the frequency of pressure cycling (AP
= (0.12 MPa, flow rate = 14-25 L min™!). Predicted values of E. coli reduction ratios were
calculated based on Equation 4.7, and the data are summarized in Table 4.7 along with the
experimental results. The predicted values were fairly similar to the experimental results,
thus suggesting that the model could adequately describe the strong relationship between
pressure cycling and bactericidal activity (p <0.05). Taken together, these findings affirm
that at the same AP, faster pressure cycling can achieve a greater E. coli inactivation

efficiency.

Dillow et al. (1999) reported that an increase of pressure cycling from three to six
cycles using supercritical CO2 (at 20.5 MPa and 34°C) within 0.6 h increased the inactivation
from 3 to 9 log reductions. Silva et al. (2013) found that an 8.0 log reduction could be
achieved with pressure cycling (five cycles/140 min) and supercritical CO; at § MPa,
whereas a 5.0 log reduction was observed with one cycle/28 min and 8 MPa. However, high
pressure and CO; discharge are not interesting from both economic and practical viewpoints.
As demonstrated in the present study where CO: discharge was eliminated during the
treatment process, pressure cycling at a low pressure (0.7 MPa) is a promising method to

enhance the bactericidal activity of pressurized COx.

Table 4.6 Regression results showing the influence of pressure cycling on E. coli
inactivation efficiency (at 20 + 1°C, system pressure = 0.7 MPa, AP = 0.12 MPa, flow rate

=14 to 25 L min™!, and initial bacterial concentration = 5—6 logjo CFU mL™).

Coefficients Estimate Standard error f-statistic  p-value R2
Intercept 0.736 0.195 3.77 0.0009"
X4 0.285 0.019 15.30 7.2e-14" 091

*95% confidence level.
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Table 4.7 Validation of model regression for E. coli inactivation efficiency responses to
pressure cycling as a function of various working volume ratios (WVRs) and flow rates (at
20 + 1°C, system pressure = 0.7 MPa, AP = 0.12 MPa, and initial bacterial concentration =
5-6 logio CFU mL™"). HRT, hydraulic retention time.

Responses

Variables v+ Reduction ratio, -log(N,/Ny)
Elfnvivnrite’ }rlrffl} WVR, % X, cycles Experimental Predicted
2582 0.20 50 15¢ 52+02 5.0"
252 0.24 60 214 55+0.0 6.4"
25° 0.28 70 18¢ 53+0.2 5.8
14° 0.36 50 144 57+0.1 4.7"
14° 0.43 60 19¢ 57+0.0 6.17
14° 0.50 70 20! 57+0.2 6.5"

*Predicted values calculated based on Equation 4.7.
abGenerated by a 7 mm nozzle and 0.75 kW pump, and a 5 mm nozzle and 0.20 kW pump, respectively.

ed.efExposure times were 3, 5, 8, and 10 min, respectively, when bacteria were completely inactivated.

4.3.4 Kinetic evaluation of inactivation of Enterococcus sp. with pressurized CO>

Enterococcus sp. inactivation by pressurized CO: treatment followed a first-order
kinetic model with large correlation coefficient (R?>> 0.90 in all cases; Table 4.8). The
inactivation kinetic rate constant £ increased with pressure from 0.3 to 0.9 MPa under
treatment conditions (20 + 1°C and 70% WVR within 25 min). Accordingly, high system
pressure led to small D-values (Table 4.8).

Despite constant pressure, D-values significantly decreased with increasing CO»
percentage (p <0.01; Table 4.8). These values were 30.77 to 13.28 min for (25% CO2 + 75%
N>) application and 23.58 to 6.93 min for (50% CO2 + 50% N3) treatment, corresponding to
pressures of 0.3 to 0.9 MPa, respectively. Interestingly, the smallest D-values were induced
by CO2 (100% purity) and were obtained at 6.35 to 3.85 min (R?> 0.95). This suggests that
the increase in pressure and CO> concentration enhanced disinfection efficiency, producing
smaller D-values. Silva ef al. (2013) reported that 5.35 min was required for 1-log reduction

of E. coli load with supercritical COz at 8 MPa. Despite lower pressurized CO2 (0.9 MPa of
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pure CO2), the D-value obtained in the present study (3.85 min) was smaller than that
obtained by Silva ef al. (2013). Gram-positive bacterial strains such as Enterococcus sp. are
more resistant to pressurized CO than gram-negative E. coli (Zhang et al. 2006). These

findings affirm the superior performance of pressurized CO; treatment.

Table 4.8 Effect of pressure (0.3—0.9 MPa) on inactivation constant and decimal reduction
time D, obtained by pressurized CO; with variable content rates (25%—100%) against

Enterococcus sp. in seawater at 20 + 1°C.

Gas Pressure _k(min‘l) _D (min) e
(MPa) X + SD X  +SD

25% CO2+ 75% N» 0.3 0.0748  0.0079 30.77 3.16 0.92
0.5 0.1142 0.0183 20.16 3.43 0.92
0.7 0.1112 0.0138 2070  2.57 0.93
0.9 0.1734  0.0647 13.28 5.67 0.98

50% CO2+ 50% N2 0.3 0.0976  0.0211 23.58 5.35 0.92
0.5 0.1310 0.0335 17.57 4.67 0.96
0.7 0.1886 0.2720 1221 194 0.94
0.9 0.3326 0.0574 6.93 1.31 0.91

100% CO» 0.3 0.3625 0.0054 6.35 0.09 0.95
0.5 0.4917 0.0418 4.68 0.37 0.99
0.7 0.4873 0.0158 4.73 0.15 0.99
09 0.5988 0.0184 3.85 0.12 0.95

X = means, SD = standard error from at least two determinations, and R’ = regression coefficient.

4.4 Conclusions

This study successfully enhanced bactericidal performance of pressurized CO» via
pressure cycling, which was conducted at low pressure (0.9 MPa) with no CO: discharge
during treatment. The bacterial inactivation was concomitantly influenced by two key
elements associated with the frequency and magnitude of pressure cycling. At constant AP,
faster pressure cycling improved disinfection efficiency (p-value <0.001). In addition,
disinfection substantially increased with increased pressure (0.3 to 0.9 MPa) and CO- content
rate (0% to 100%). The first-order death kinetics model described the Enterococcus sp.

inactivation rate of pressurized CO>, with a large correlation coefficient (R = 0.91 to 0.99).
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The smallest D-values were produced at 0.9 MPa, and were 3.85, 6.93, and 13.28 min for
100% COa2, (50% CO2 + 50% N2), and (25% CO2+ 75% N») treatments, respectively. We
succeeded in inactivating Enterococcus sp. by 5.2 log in seawater within 20 min, using
sequences involving pressure cycling (AP = 0.14 MPa, 70 cycles) and pressurized CO> (100%
purity) at 0.9 MPa, 20 + 1°C, and 70% WVR. Under identical treatment conditions (0.7 MPa,
20°C, 25 L min’!, and 50% WVR), more than 5.0 log reductions in the load of E. coli were
achieved after treatments for 3 min by using pressure cycling (AP = 0.12 MPa, 15 cycles).
The findings suggest that disinfection by pressurized CO> could be helpful in inhibiting

waterborne pathogens.
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CHAPTER V

SYNERGISTIC EFFECT OF PRESSURIZED CARBON DIOXIDE AND SODIUM
HYPOCHLORITE ON THE INACTIVATION OF BACTERIA IN SEAWATER

5.1 Introduction

Ballast water is used to improve the manoeuvrability and stability of ships during a
voyage when ships are not laden with cargo or during cargo loading operations. Annually,
about 3-5 billion tons of ballast water containing aquatic species is transferred among the
world’s oceans (GloBallast 2016), and if these organisms are released into new ecosystems
that support their growth, they can become invasive species (Ruiz ef al. 1997; David &
Gollasch 2015). Invasive species pose threats to ecosystems and can even increase risks to
human health (Ruiz ef al. 1997). To avoid these problems, the International Maritime
Organization (IMO) developed regulations for the control and management of ballast water
(IMO 2004). The regulations require that the number of viable organisms in ballast water
must be less than the level set in the D-2 ballast water performance standard when the water
is discharged into the ocean (IMO 2004).

So far, several technologies have been developed for ballast water treatment. Chlorine
has been commonly used for water disinfection owing to its wide antimicrobial range, rapid
bactericidal effect, low costs, and simplicity of use (Fukuzaki 2006; Gregg et al. 2009).
Chlorine can be added to water as sodium hypochlorite (NaOCI), or it can be directly
generated on board via electrolysis reactions in seawater. The majority of ballast water
treatment systems that employ chlorine disinfection use a dose of about 10 mg L-! of chlorine
(David and Gollasch 2015). Unfortunately, the chemical reactions between chlorine and the
organic and inorganic compounds in seawater generate potentially carcinogenic agents such
as trihalomethanes (THMs), halogenic acetic acids (HAAs), and bromate (Fabbricino and
Korshin 2005; Werschkun ef al. 2012). Although high chlorine doses may yield greater
disinfection efficiency, they can also exacerbate the formation of those toxic disinfection by-
products (DBPs) (Fabbricino and Korshin 2005; Tsolaki and Diamadopoulos 2010).
Therefore, advanced technologies that do not produce DPBs or that minimise the amount of
DPBs produced are highly desirable. Ozonation, for example, is effective in treating water,
but it has some disadvantages including high costs, special operation requirements, and the
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formation of bromate as a by-product in waters containing bromide (Von Gunten 2003;
Werschkun et al. 2012). Although ultraviolet (UV) radiation disinfection does not generate
toxic by-products (Werschkun ef al. 2012), this method requires large amounts of energy
and frequent equipment maintenance including the replacement of UV lamps (Lloyd’s
Register, 2012). Additionally, the disinfection efficiencies of UV light and chlorination are
relatively low in waters with high turbidity (Tsolaki and Diamadopoulos 2010). De-
oxygenation by the injection of an inert gas (i.e. N2, CO») is a cost effective disinfection
method and can reduce corrosion of ballast tanks (Gregg et al. 2009). However, this method
may not be appropriate if the journey of the ship is short because it usually takes 1 to 4 days
to reach acceptable discharge standards and asphyxiate organisms (Lloyd’s Register 2012).
Besides, some organisms such as phytoplankton, cysts and spores, and anaerobic bacteria
may adapt to such hypoxia, which makes the treatment more challenging (Gregg ef al. 2009;
David and Gollasch 2015). Heat treatments and ultrasound or electric pulse technology can
also be applied to inactivate many organisms, but these methods require large amounts of
energy and have high operational costs (Tsolaki and Diamadopoulos 2010).

Large volumes of ballast water need to be treated according to the D-2 standard (IMO
2004); however, the space on a ship for such operations is typically limited. Ideally, a
shipboard treatment method should be highly efficient at removing target organisms, quick
to implement, and free of problems related to residual toxicity (Tsolaki and Diamadopoulos
2010). Thus, it would be desirable to develop new technologies for ballast water disinfection
in a manner that exploits the advantages of current technology while minimising the
disadvantages of the conventional methods. This study investigates the synergistic benefits
of combined treatment methods that employ pressurized carbon dioxide (PCD) and NaOCI
for seawater disinfection.

Pressurized carbon dioxide has been used as a non-thermal sterilization technique in
the food preservation industry (Garcia-Gonzalez et al. 2007), and it could potentially be
useful in many other applications. The PCD method has shown great potential for inhibiting
various pathogens present in both non-aqueous products (i.e. solid foodstuff, biomaterials,
cotton, medical devices) and aqueous products (i.e. liquid foods, broth, water) (Isenschmid
et al. 1995; Hong and Pyun 1999; Zhang et al. 2006; Kim et al. 2008). However, high-
pressures (4—50 MPa) are required to inactivate the pathogens effectively and the demands
associated with this requirement (i.e. heavy-duty pressure equipment, substantial power
consumption) make PCD not desirable from both economic and implementation viewpoints.
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In recent years, PCD has been investigated as an innovative disinfection technology
for water and wastewater treatment because of its inactivation efficiency, safety, and lack of
problems associated with residual toxicity (Kobayashi e al. 2007, 2009; Cheng et al. 2011;
Vo et al. 2013, 2015). Kobayashi et al. (2007) reported that a 13.3 min CO2 microbubble
treatment is sufficient for eradicating E. coli and coliform bacteria in drinking water;
however, this treatment required supercritical conditions (at 10 MPa and 35°C) for efficient
disinfection. Vo et al. (2013) found that PCD treatments at 0.7 MPa could reduce (4.7-5.2
log reductions) E. coli in distilled water within 25 min, and they claimed that the low pH
caused by the PCD treatment is probably the major factor responsible for the bactericidal
effect. Dang et al. (2016a) boosted the bactericidal performance of PCD by using sequences
involving pressure cycling and succeeded in eradicating Enterococcus sp. in seawater within
20 min; the treatment conditions included PCD at 0.9 MPa (20 + 1°C, 70% working volume
ratio) and pressure cycling (at AP = 0.14 MPa, 70 cycles). It is not clear from the existing
research literature whether PCD (0.2—0.9 MPa) combined with other treatment methods such
as chlorination would be able enhance the disinfection efficacy and reduce the treatment time.

Chlorine hydrolyses in water to become free chlorine, which exists mainly in two forms,
hypochlorous acid (HOCI) and hypochlorite ions ("OCI). The proportion of these forms
depends on the pH of the solution. HOCI predominantly exists at low pH levels of 46, while
‘OCI exists at pH levels of 8.5-10 (Fukuzaki 2006). In seawater, HOCI rapidly oxidizes
bromide ions to form hypobromous acid (HOBr) and/or hypobromite ions (“OBr) (IMO
2010). It is hypothesised that a reduction of pH caused by CO (Vo et al. 2013) may help
increase the proportion of HOCI and HOBr in the water. The bactericidal activity of HOCI
is stronger than that of “OCI (Fukuzaki 2006); therefore, by combining CO; and chlorine, the
disinfection efficacy might be increased (Cha et al. 2015). Cha et al. (2015) reported that an
approximate 1.8-log reduction of Artemia franciscana in seawater was achieved after a 5-
day post-treatment incubation with a combination of electro-chlorination at 6 mg L' and
CO; addition. Without COa, only a 1.2-log reduction was obtained at 6 mg L' of total
residual oxidants (TRO). Hence, the incorporation of CO; into electro-chlorination shows
promising results for inhibiting zooplankton in ballast water; however, high concentrations
of DPBs such as THMs (9.12 mg L') and HAAs (36.2 mg L!) generated in the 6 mg L' +
CO; treated brackish water (Cha er al. 2015) are undesirable from an environmental

perspective.
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This study investigated the use of PCD combined (0.2—0.9 MPa) with a low-dosage of
chlorine (low dosage was defined as less than the normal dosage required for sufficient
inactivation by chlorine alone) for seawater disinfection applications such as ballast water
treatment. The sensitivity of bacteria to the combined PCD/chlorine treatment was examined
under various conditions of chlorine dosages, pressures, and CO: supply rates. The
bactericidal effects of PCD and chlorine both as the combination and as two individual
treatments were evaluated and compared. Relationships of the disinfection efficiency with
the chlorine dosage, dissolved CO» concentrations, and pH were also elucidated. The overall
aims of this study were to evaluate whether the combinations of PCD (<1.0 MPa) and low-
dosage chlorine could yield synergistic benefits and to assess the potential application of this

method for ballast water treatment.
5.2 Materials and methods
5.2.1 Microorganism preparation and enumeration

5.2.1.1 Microorganism preparation

The bacterial inoculums for E. coli (ATCC 11303), V. alginolyticus (ATCC 17749)
and Enterococcus sp. (ATCC 202155) from stock cultures (American Type Culture
Collection, Manassas, VA, USA) were prepared by inoculation of 100 pL of bacterial
glycerol stock into 100 mL of Luria-Bertani (LB) broth (Wako, Japan), marine broth (Wako,
Japan) and brain heart infusion (BHI) broth (Wako, Japan), respectively. Both LB and BHI
broths were supplemented with sodium chloride to obtain a final concentration of 30 g L™'.
The bacterial cultures were incubated for 24 hours at 37°C with continuous shaking at 150
rpm. The permanent stock was preserved in 20% glycerol and -80°C.

For each disinfection experiment, 100 pL of bacterial glycerol stock was transferred
into 100 mL of the broths. The inoculum was incubated at 37°C and shaken at 150 rpm for
24 h. Cells were then harvested and rinsed with 0.9% (w/v) saline solution three times
followed by centrifugation (10 min at 10,000 rpm at 4°C) in a refrigerated centrifuge (H-
15FR, Kokusan Co. Ltd., Japan). The pellet was re-suspended in 100 mL saline solution.

5.2.1.2 Microorganism enumeration

In regard to the artificial seawater disinfection tests, the colonies of the Enterococcus

sp. were enumerated using the plate count technique. Specifically, a series of ten-fold
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dilutions was performed by using autoclaved artificial seawater at 3.4% salinity. One
hundred micro litre of a diluted or an undiluted sample was spread out on BHI agar (Wako,
Japan) plates. After incubating the plates for 24 h at 37°C, the number of colonies was
counted on each plate containing 30—300 CFUs. For samples with a low number of viable
cells (below 30 CFUs/plate, in case of the undiluted sample), 1 mL of the undiluted sample
was poured into the agar maintained at 45°C. The CFUs on each plate were counted after

incubating the plates for 24 h at 37°C. Each sample was analysed in triplicates.

In regard to the natural seawater disinfection tests, both E. coli and enterococci were
enumerated by using the membrane filtration technique. Specifically, the concentrations of
E. coli and enterococci were measured by membrane filtration following the U.S.
Environmental Protection Agency (USEPA) methods 1603 and 1600, respectively. Briefly,
100 mL of either a diluted (with phosphate buffered saline water) or undiluted sample was
passed through a 0.45 um cellulose acetate membrane filter (Advantec Toyo Roshi Kaisha
Ltd., Tokyo, Japan). Then, for E. coli enumeration, the membrane filters were placed on M-
TEC HiCrome agar (Sigma-Aldrich Chemie GmbH. Industriestrasse, Buchs, Switzerland)
and the plates were incubated at 35°C for 2 h followed by 44.5°C for 22-24 h. As for
enterococci enumeration, the membrane filters were placed on modified Enterococcus (M
Enterococcus) agar plates (Sigma-Aldrich, Switzerland) and incubated at 41°C for 48 h; after
the incubations, the filters were transferred to Esculin Iron agar plates and incubated for a
further 20 min at 41°C. Colonies were counted on plates that contained 20—60 colonies on
the membrane surface (i.e., to select the most accurate dilution for the analyses), and data

were reported as CFU 100 mL-'. Each sample was analysed in triplicate.

The cell concentrations of vibrios and heterotrophic bacteria were determined by
plating 100 pL of either a diluted or undiluted sample onto TCBS agar (Wako, Japan) plates
and marine agar (Wako, Japan) plates, respectively. The CFUs on each plate were counted
after incubating the plates overnight at 37°C, and data were reported as CFU mL"!. Each

sample was analysed in triplicate.
5.2.2 Seawater sample preparation

5.2.2.1 Artificial seawater sample preparation

Artificial seawater was prepared by adding artificial sea salt (UMIJIO, Kamihata Fish
Industries Ltd., Hokkaido, Japan) to distilled water to obtain a final salinity of 3.4% and pH
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of 8.3. For all experiments, the prepared Enterococcus sp. culture was added into the
seawater to obtain a bacterial concentration of 5—6 logio CFU mL"!, which represents the
initial concentration. The salinity was measured with a salinity meter (YK-31SA, Lutron
Electronic Enterprice Co. Ltd., Taiwan). The pH and temperature of the samples were
measured with a pH meter (Horiba D-51, Japan). The concentration of CO; in seawater was

measured by a CO2 meter (CGP-31, TOA-DKK, Japan).

5.2.2.2 Natural seawater sampling and analysis

Seawater was collected from the port of Ube in the Yamaguchi prefecture, Japan
(longitude: 131° 14” 25” E and latitude: 33° 56°18” N) (Figure 5.1). The seawater samples
were collected on September 10-19, 2014 and on August 6-22, 2016. The pH and
temperature of the samples were measured with a pH meter (D-51 Horiba), salinity was
measured with a salinity meter (YK—31 SA, Lutron), and conductivity was measured with a
conductivity meter ES-14 (Horiba). Seawater samples were analysed for such parameters as
TSS, NOs-N, NO2-N, NHs-N, PO4-P, TN, and TP. Analyses were performed by using the
standard methods described by the APHA (1999). In these samples, the bacterial
concentrations (i.e. E. coli, vibrios, enterococci, and heterotrophic bacteria) were also

determined.

5.2.2.3 Natural seawater sample preparation

The seawater collected at Ube harbour was immediately used for disinfection
experiments. In these seawater samples, the concentrations of E. coli and enterococci, and
vibrios were relatively low (10'-10° CFU 100 mL'; and 10> CFU mL-!, respectively). In
order to establish the biological efficacy of the disinfection method, tests had to be conducted
with water containing a high concentration of microorganisms. Therefore, microorganisms
from the prepared bacterial cultures of E. coli (ATCC 11303), Enterococcus sp., and V.
alginolyticus were added into the natural seawater to obtain an initial concentration of E. coli
and enterococci in the range of 10°~10° CFU 100 mL-!, and an initial concentration of vibrios

in the range of 10*~105 CFU mL".
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Figure 5.1 Sampling points of seawater at the port of Ube (Suo-nada Sea) in the

Yamaguchi prefecture, Japan.

5.2.3 Experimental design for seawater disinfection by chlorination

A sodium hypochlorite solution (NaOCI with 5.0% available chlorine content; Wako,
Japan) was used for testing the bactericidal effect of chlorine. The stock solution was diluted
in chlorine-demand-free water to attain various chlorine concentrations for disinfection
experiments. Quantitative amounts of NaOCI were then added into beakers containing 1000
mL of seawater inoculated with Enterococcus sp. (56 logio CFU mL") and the initial
concentration of chlorine was immediately measured. The beakers were wrapped with
aluminium foil to avoid photo-degradation and the solution was magnetically stirred at
ambient temperature (20 £+ 1°C) for 25 min. After a certain exposure time, two samples were
taken from the solution, one of which was used to determine residual chlorine and the other
was used to analyse bacterial viability. The concentrations of chlorine (as mg Cl» L) were
immediately determined by the N,N-diethyl-p-phenylenediamine (DPD; Sansyo Co. Ltd.,
Japan) colorimetric method with an ion-specific meter (SCH400, Sansyo Co. Ltd., Romania).
For determining the number of viable bacteria, residual chlorine was quenched immediately
with a 0.02 M solution of sodium thiosulfate pentahydrate (Na2S203-5H20; Wako, Japan) at
a ratio of 5 moles of NaxS>03-5H>0 for every 8 moles of NaOCl in the samples and bacterial
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concentrations were enumerated as described above. Each experiment was conducted in

triplicate.

5.2.4 Apparatus and procedure for PCD and PCD/chlorine disinfection experiments

The reactor for disinfection was designed based on highly dissolved gas water
technology as described previously. Briefly, a solid stream nozzle and shield was setup inside
the device to generate bubbles under various pressure conditions. During the treatment
process, the fluid was mixed well by counter-current agitation to facilitate gas diffusion into
water (Figure 5.2). In PCD disinfection experiments, 7 L of seawater was pumped in one
shot into the device as influent, and the gas was then fed into the main chamber. The pressure
inside the device was adjusted by a gas regulator and an exhaust valve. Following the first
influx of water, the fluid was circulated inside the system at a flow rate of 25 L min™! by
using a pump (0.75 kW, 32 X 32 mm SUP-324 M, Toshiba, Japan). The sensitivity of
bacteria to PCD treatment was determined at various pressures (0.2—0.9 MPa) and CO»
supply rates (0%, 25%, 50%, and 100%), which were applied for 25 min. At different time
steps (0, 1,2, 3,4,5,8,10, 12, 15, 20, and 25 min), the treated water was collected from the
bottom valve of the reactor.

In combined PCD/chlorine treatments, the appropriate chlorine dosage was added to
the seawater before the PCD. The seawater was mixed well and immediately pumped in one
shot into the device as influent. The rest of the experiments followed the PCD method
described above. The PCD treatments were started after chlorination (~30 s) to capitalize on
the benefits of mixing by the circulation pump, which likely accelerated the contact between
disinfectants and bacterial cells and might have enhanced synergistic disinfection effects. At
different time steps (0, 1, 2, 3, 4, 5, 8, 10, 12, 15, 20, and 25 min), two samples were
collected; one was used to determine residual chlorine concentrations and the other was used
to analyse bacterial viability (viability was assessed on quenched samples). Each experiment
was conducted in triplicate.

To investigate the effect of pH, the synergy effect of the PCD/chlorine treatment (at
pH 8.3) was compared with that of pressurized nitrogen (PN)/chlorine treatments at two pH
levels (5.0 and 8.3). The pH 5.0 seawater was adjusted with hydrochloric acid 0.1 M (HCI;
Wako, Japan) prior to the PN/chlorine and PN treatments.
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Figure 5.2 Setup of the water treatment apparatus.

5.2.5 Presentation of results and statistical analysis

Disinfection efficiency was evaluated by the logio of the reduction ratio from the
number of colonies before and after treatments. The synergistic disinfection effect of the
combined PCD/chlorine treatment was calculated by the following equation (Koivunen &
Heinonen-Tanski 2005):

Synergy value (log units) = Reduction ratio caused by combined PCD/chlorine — (Reduction
ratio caused by chlorine alone + Reduction ratio caused by PCD alone).
According to this equation, a positive value means that the efficiency of the combined
PCD/chlorine treatment is greater than the sum of the two individual treatments, i.e. a
synergistic benefit exists. Meanwhile, a negative value reveals an antagonistic interaction. A
value of zero indicates that the disinfection efficiency of the combination treatment is equal
to the summed efficiency of the two individual treatments, i.e. the combined treatment was
not synergistic.

Statistical analyses were performed by using the computing environment R (version

3.2.2, available at http://cran.R-project.org). Pearson’s correlation coefficients were used to
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assess the relationships between synergy values and other variables such as pressure and CO»

concentrations at a 5% significance level (p <0.05).
5.3 Results and discussion

5.3.1 Synergistic effect of PCD and chlorine on the inactivation of Enterococcus sp. in

artificial seawater

5.3.1.1 Bactericidal effect of chlorine

The disinfection activity of the chlorine treatment alone against Enferococcus sp. in
artificial seawater was studied at various dosages (0.1 to 0.8 mg L") (Figure 5.3). In general,
bacterial inactivation significantly increased with the chlorine dosage (R?>=0.97, p = 0.002).

As shown in Figure 5.3a, a 0.43 mg L™ chlorine dosage for a treatment period of 25 min
was sufficient to reduce approximately 5.1 log of the bacterial load, whereas only 15 min of
a 0.51 mg L' chlorine dosage was required to reduce the bacterial load to a similar extent.
Since 0.43 mg L' was deemed a reasonable chlorine dosage for Enterococcus sp.
inactivation, lower chlorine levels (i.e. 0.1 to 0.3 mg L) were used to determine the

synergistic effect of the combined PCD and chlorine disinfection treatment.

Figure 5.3 Bactericidal effect of chlorine with different dosages (0.1-0.8 mg L) for
treatment of Enterococcus sp. in artificial seawater (pH = 8.3, salinity = 3.4%) at 20 £ 1 °C
for 25 min. The initial bacterial concentration was 5—6 logio CFU mL-'. Asterisks (*) indicate

that no colonies were detected. The error bars represent the standard deviation from the mean.
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5.3.1.2 Effect of pressure on Enterococcus sp. inactivation of the combined

PCD/chlorine treatment

The effect of pressure was investigated at five pressure conditions (0.2, 0.3, 0.5, 0.7,
and 0.9 MPa) (Figure 5.4); here, PCD (25% CO2 + 75% N2) and chlorine (0.20 mg L) were
used to promote bactericidal activity in both individual and combination treatments. In
general, bactericidal activity of the combined treatments significantly increased with
increasing pressure, and higher pressures required shorter exposure times to reach the same
log reduction values for Enterococcus sp. (Figure 5.4b). At every operating pressure, the
Enterococcus sp. inactivation efficiency associated with the combined PCD/chlorine
treatment was greater than that of the PCD treatment alone. Specifically, the reduction of the
bacterial load was 3.6—5.4 log for the former treatment (Figure 5.4b) and 0.6—1.8 log for the
latter treatment (Figure 5.4a) in the pressure range of 0.2 to 0.9 MPa.

Remarkably, higher pressures with the combined PCD/chlorine treatment required
shorter treatment times for inhibiting Enterococcus sp. (Figure 5.4b). For instance, an
approximate 3.6 log reduction was achieved with 0.2 MPa within 25 min, and bacterial
inactivation further increased to 5.3—5.2 log reductions with pressures between 0.3—0.5 MPa
within 25 min; conversely, only 8 and 3 min at 0.7 and 0.9 MPa, respectively, were required
to reduce the bacterial load to a similar extent. These data demonstrate the superior
bactericidal activity of the combined PCD/chlorine treatment and suggest that combination
treatments involving PCD in the range of 0.3 to 0.9 MPa and low-dosage chlorine (~47% of
a normal dosage) could be used to inhibit Enterococcus sp. in seawater effectively.

It is noteworthy that most synergistic assessment values resulting from the combined
PCD/chlorine treatment were positive, which is indicative of synergy, i.e. the benefits of the
combined PCD/chlorine disinfection treatment were greater than those of the sum of the two
individual treatments. Pearson correlation tests revealed a positive correlation (» = 0.62, p
<0.001) between pressure and synergy values. Pressures of 0.2, 0.3, and 0.5 MPa during a
treatment period of 25 min were required to produce approximately 1.2, 2.6, and 2.2 log
synergistic values, respectively, whereas a 3.9 log synergistic value was attained with a
pressure of 0.7 MPa within 8 min. In particular, the highest synergy values reached 4.9 log
within 3 min with 0.9 MPa during the combined PCD/chlorine disinfection treatment. These
results suggest that higher pressures resulted in greater synergistic values and shorter

treatment times for sufficient Enterococcus sp. inactivation.
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Figure 5.4 Effect of various pressure conditions (0.2-0.9 MPa) on Enterococcus sp.
inactivation by (a) pressurized carbon dioxide (PCD) (25% CO2 + 75% N2) alone and (b) the
combined PCD (25% COx + 75% N2)/chlorine (0.20 mg L!) treatment. The initial bacterial
concentration was 5—6 logio CFU mL-!. Operating temperature: 20 + 1.0 °C. Asterisks (*)
indicate that no colonies were detected. The error bars represent the standard deviation from

the mean.

5.3.1.3 Effect of pH

The relationship between the Enterococcus sp. inactivation and pH was investigated at
two pH levels of 8.3 (Figure 5.5a and ¢) and 5.0 (Figure 5.5b and d) and at 0.9 MPa, 20 +
1.0°C. Here, PCD (25% CO; + 75% N»), PN (100% N>), and chlorine (0.20 mg L") were
used to compare bactericidal effect in both individual and combination treatments. In general,
the synergy effect of the combined PCD/chlorine treatment was always greater than that of
the combined PN/chlorine and combined PN/chlorine/HCI] treatments. The bacterial
inactivation efficiency of the combined PN and chlorine treatment at pH 5.0 was higher (~3.4
times) than that at pH 8.3.

Sample pH was unchanged during pure N> treatment, while PCD (25% CO> + 75% N>)
acidified the treated seawater (Figure 5.5a and d). The pH remained near 8.3 and 5.0 for the
PN and PN/HCI treatments, respectively. Meanwhile, the pH of PCD-treated samples
dropped from 8.3 to 5.1 after the first few minutes of exposure time (Figure 5.5¢).

At any pH level, PN alone yielded the lowest Enterococcus sp. inactivation, i.e.
approximately 0.5 and 0.6 log reductions were achieved within 25 min at pH 8.3 (Figure
5.5a) and pH 5.0 (Figure 5.5b), respectively. The PCD treatment alone reduced the bacterial
load by approximately 1.8 log within 25 min, which was 3 times higher than the effect caused
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by PN. These data suggest that neither pH (range 5.0-8.3) nor PN of 0.9 MPa by itself was
sufficient to inhibit Enterococcus sp. Perhaps the concomitant presence of CO; and pressure
prompted the bacterial cells to become more susceptible to the PCD (25% CO2 + 75% Na)
treatment.

In contrast, bactericidal activity of the combined PN/chlorine treatment significantly
increased with decreases in the solution pH. An approximately 4.4 log reduction was
achieved within 25 min at pH 5.0 (Figure 5.5b), whereas only a 1.3 log reduction was
achieved at pH 8.3 (Figure 5.5a). Recall that the bactericidal activity of chlorine depends on
the proportion of HOCI, which is the predominant form at low pH levels (Fukuzaki 2006).
Thus, the increasing bactericidal activity at pH 5.0 may be attributed to the increase in the
proportion of HOCI and HOBTr.

Remarkably, despite the same end-point pH of the treated water (pH =5.0+ 0.1 at 0.9
MPa), the synergy effect of the combined PCD/chlorine treatment (Figure 5.5a) was greater
than that of the combined PN/chlorine/HCI treatment (Figure 5.5b). An approximate 5.2 log
reduction was achieved within 3 min by the former, whereas a 4.4 log reduction was achieved
within 25 min by the latter. Accordingly, the average synergy value reached 4.9 and 2.0 log
for the PCD/chlorine and PN/chlorine/HCI treatments, respectively. This suggests that the
synergy effect of the combined PCD/chlorine treatment does not simply depend on the
predominant of HOCI and HOBr at pH 5.0 but also on the dissolved CO> in seawater.
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Figure 5.5 Enterococcus sp. inactivation in seawater at (a) pH 8.3 and (b) pH 5.0. The pH
changes during the treatment period are shown for the treatments that started with initial
pH values of (¢) 8.3 and (d) 5.0. Chlorine dosage = 0.20 mg L"!. Operating conditions: 0.9
MPa, 20 £ 1.0 °C, and 5-6 logio CFU mL-!. Asterisk (*) indicates that no colonies were

detected. The error bars represent the standard deviation from the mean.

5.3.1.4 Enterococcus sp. inactivation of the combined PCD (with different supply

rates)/chlorine treatments

The Enterococcus sp. inactivation tests with the combination PCD (different supply
rates: 25% CO:z + 75% N2, 50% COz + 50% N3, and 100% CO2) and low-dosage chlorine
(0.20 mg L") treatments were conducted at two pressures (0.3 and 0.9 MPa) and 20 + 1.0°C.
In general, Enterococcus sp. inactivation by both the combined PCD/chlorine treatment and

PCD alone significantly increased with increases in the CO2 supply rate (Figure 5.6a, b);
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COz concentrations in seawater were strongly affected by the pressure and CO> supply rates
(Figure 5.6c¢).

As shown in Figure 5.6c¢, the higher pressure promoted higher CO; solubilization in
artificial seawater (3.4% salinity, pH 8.3). The data also show that the larger CO- percentages
resulted in greater CO: concentrations dissolved in seawater. The measured CO»
concentrations were 706—1462 mg L' for 25% CO» + 75% Na, 852-1609 mg L' for 50%
CO; + 50% Na, and 1587-2020 mg L' for 100% CO,, with the ranges corresponding to
pressures from 0.3 to 0.9 MPa, respectively.

As for PCD alone, Enterococcus sp. inactivation greatly increased with the higher
pressure and higher CO; supply rate (Figure 5.6a, b). Pearson correlation tests revealed a
positive correlation between the disinfection efficiency and CO; concentration in seawater
(r=0.61, p<0.001). These findings affirm both the influence of dissolved CO> and pressure
on the Enterococcus sp. inactivation as mentioned in the previous section.

Noticeably, Enterococcus sp. inactivation of the combined PCD/chlorine treatment
was concomitantly influenced by both the pressure and CO: supply rate (Figure 5.6a, b).
Synergy values were correlated with CO> concentrations (» = 0.64, p <0.001). When
treatments proceeded at 0.3 MPa, use of gas with higher CO» percentages required shorter
exposure times for efficient disinfection (Figure 5.6a). For instance, 25 min with 25% CO»
+ 75% No/chlorine was required to completely inactivate the approximately 5.3 log initial
bacterial load, whereas only 20 and 4 min of 50% CO: + 50% Na/chlorine and 100%
COq/chlorine, respectively, were required to reduce the bacterial load to a similar extent.
Accordingly, 2.6, 3.1, and 4.6 log average synergy values were obtained for the 25% CO; +
75% Na/chlorine, 50% CO2 + 50% Na/chlorine, and 100% COx/chlorine treatments,
respectively (Table 5.1). Meanwhile, the highest inactivation efficiency and synergistic
benefits were observed for the pressure application at 0.9 MPa (Figure 5.6b). Nevertheless,
the Enterococcus sp. inactivation efficiency of PCD/chlorine at 0.9 MPa was not
significantly increased by the CO: percentages (i.e. 25%, 75%, and 100%). Accordingly, the
treatment period could be reduced to 3 min (Figure 5.6b), and average synergy values were
attained in the range of 4.4 to 5.2 log (Table 5.1). Taken together, these findings suggest that
CO: concentrations around and above 1500 mg L' (Figure 5.6¢) are probably optimal to
achieve the synergistic disinfection effect; higher CO> supply rates with lower pressures or

lower CO; supply rates with higher pressures could also be chosen.
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Figure 5.6 Enterococcus sp. inactivation by pressurized carbon dioxide (PCD) (CO2: 025%,
A 50%, and 0 100%) alone and by the combined PCD (COz: ® 25%, A 50%, and =m
100%)/chlorine (0.20 mg L) treatment at (a) 0.3 MPa and (b) 0.9 MPa. (¢) CO>
concentrations in the pressurized treatments consisting of 25% COz + 75% Na, 50% CO» +
50% N2, and 100% CO2 in seawater at two pressure levels 0.3 and 0.9 MPa. Operating
conditions: 20 + 1.0 °C and 5-6 logio CFU mL-!. Asterisks (*) indicate that no colonies were

detected. The error bars represent the standard deviation from the mean.

The potential mechanisms for synergistic disinfection with PCD/chlorine technology
remain to be elucidated; nevertheless, there are several reasonable hypotheses (Figure 5.7).
COsz is both hydrophilic and lipophilic in nature; it can easily penetrate the phospholipid
bilayer of cell membranes (Isenschmid et al. 1995). In addition, low pH caused by CO; could
facilitate the predominance of the HOCI form of chlorine. HOCI can also penetrate the lipid

bilayer, whereby it will attack cells from outside and inside the cellular environment
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(Fukuzaki 2006). In this study, the contact efficiency between disinfectant and bacterial cells
may have been improved by fluid recirculation in the liquid-film-forming apparatus, thus
enabling HOCI and CO- to efficiently penetrate into the cells. The mechanism of the
bactericidal activity of HOCI may be related to its ability to inhibit enzyme activity, cause
damage to cell membranes and DNA, and impair the transport capacity of cell membranes
(Fukuzaki 2006). Besides, once large numbers of CO2 molecules penetrate the phospholipid
layer, this can disorder the cell cytoplasm (Kim ez al. 2008) and lead to releases of
intracellular materials (Vo et al. 2013; Dang et al. in press); intracellular pH may even be
reduced if the influx exceeds the buffering capacity of the cytoplasm, which will lead to cell
death (Hong & Pyun 1999; Garcia-Gonzalez et al. 2007; Vo et al. 2015). Probably, with the
simultaneous effects of pressure, CO» concentrations, low pH caused by the CO», and HOCI
presence, cells of Enterococcus sp. become much more susceptible to the combined

PCD/chlorine treatment, thereby enhancing the synergy effect.

HOCI

Figure 5.7 A model illustrating mechanisms of synergistic inactivation.
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5.3.1.5 Effect of chlorine dosage on Enterococcus sp. inactivation of the combined

PCD/chlorine disinfection

Enterococcus sp. disinfection was evaluated at various dosages of chlorine (0.11, 0.16,
0.22, 0.33, and 0.39 mg L!) and PCD (100% purity, 0.3 MPa) in both the two individual
treatments (Figure 5.8a) and the combined treatment (Figure 5.8b) at 20 + 1.0°C for 25 min.
In general, Enterococcus sp. inactivation was achieved by both the combined PCD/FC
treatment and chlorine alone, whereby inactivation increased with increasing chlorine
dosages in both treatments, and the inactivation efficiency caused by the combined
PCD/chlorine treatment was higher than that of the two individual treatments. When 0.11 to
0.39 mg L' chlorine dosages were used, the combined PCD/chlorine treatment caused 5.0
to 5.6 log reductions, respectively, in terms of the bacterial load. Noticeably, the greatest log
reduction occurred during a treatment period of 3—5 min (Figure 5.8b).

The bactericidal activity of the combined PCD/chlorine disinfection treatment
significantly increased with increases in the chlorine dosage (0.11-0.39 mg L*!; Figure 5.8b).
The Enterococcus sp. load was reduced by a 5.0 log reduction within 25 min by chlorine
(0.11 mg L1)/PCD, whereas 15 min with chlorine (0.16 mg L)/PCD was required to reduce
the load by a 5.4 log reduction. The treatment period could be reduced to 4 min with chlorine
dosages between 0.22-0.39 mg L' to achieve 5.3-5.6 log reductions. However,
Enterococcus sp. inactivation efficiency was not significantly enhanced by the chlorine
dosages exceeding 0.22 mg L' (Figure 5.8b). These data indicate that ~0.20-0.22 mg L' is
probably the optimal chlorine dosage for the combined PCD/chlorine treatment.

In addition, there existed a synergistic effect in the combined PCD/chlorine
disinfection with any chlorine dosage (0.11-0.39 mg L-"). For example, 0.2 and 2.6 log
synergy values were obtained by 25 min with chlorine (0.11 mg L-")/PCD and by 15 min
with chlorine (0.16 mg L1)/PCD, respectively. Average synergy values reached 4.6, 3.7, and
4.0 log within 4 min with chlorine dosages of 0.22, 0.33, and 0.39 mg L', respectively.
Taken together, these results suggest that higher chlorine dosages with shorter exposure
times or lower chlorine dosages with longer treatment times could be applied to enhance the
bactericidal activity of PCD.

Moreover, at any chlorine dosage (0.11-0.39 mg L-!), the combined PDC/chlorine
treatment resulted in residual chlorine concentrations below the detection limit (0.05 mg L
1 after the first min, while chlorine residues were evident at ~0.08—0.28 mg L-!, respectively,

after 25 min with the chlorine alone treatment. David & Gollasch (2015) reported that most
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chlorination systems used a dose of about 10 mg L' chlorine for ballast water disinfection,
and free excess chlorine needs to be neutralized to less than 0.2 mg L residual chlorine by
an obligatory neutralization process before discharging ballast water. As demonstrated in the
present study by the low-dosage of chlorine (~0.20-0.22 mg L") used and the lack of residual
chlorine in the treated water, the problem of by-products may be minimized in the combined
PCD/chlorine treatment. Nevertheless, further research on potential problems related to the
by-products during treatment is needed.
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Figure 5.8 Bactericidal effect of chlorine (dosage: 0.11-0.39 mg L") and pressurized carbon
dioxide (PCD) (100% CO», 0.3 MPa) on Enterococcus sp. in seawater; results shown are for
(a) the two individual treatments and (b) the combined treatment. Operating conditions: 20
+ 1.0°C and 5-6 logio CFU mL-!. Asterisks (*) indicate that no colonies were detected. The
error bars represent the standard deviation from the mean.

Table 5.1 summarizes the average synergy values obtained by the combined
PCD/chlorine treatments under various conditions of pressure, CO; supply rate, and chlorine
dosage. Synergistic benefits were observed with all the tested samples. Spilimbergo et al.
(2003) reported that a 7 log reduction of E. coli in glycerol solution could be achieved by
pretreatment with a pulsed electric field (10 pulses at 25 KV em™!) followed by a supercritical
CO; treatment (20 MPa, 34°C) within 10 min. Fijan ef al. (2011) observed that 25 min of a
combined treatment with hydrogen peroxide (10%) and PCD (6 MPa, 20°C) led to 4.6 and
3.1 log reductions of Enterobacter aerogemes and Enterococcus faecium, respectively.
Despite the lower pressure of PCD, the exposure time in the present study (i.e. 3 to 4 min,

Table 5.1) was shorter than that of Spilimbergo ef al. (2003) and Fijan ez al. (2011). These
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findings affirm the synergistic benefits of the combined PCD/chlorine treatment and suggest

that this method could potentially be useful for ballast water treatment.

Table 5.1 Average synergy values obtained in the combined pressurized carbon dioxide
(PCD)/chlorine treatments for various pressures (0.2—0.9 MPa), CO- supply rates (25%—
100%), and chlorine dosages (0.11-0.39 mg L") at 20 + 1°C.

Experimental conditions Logio reductions caused by Synergy
PCD Chlorine  Exposure PCD Chlorine  Combined values,
Gas Pressure, dosage,  time, alone® alone® PCD/chlorine®  log?
MPa mg L} min
25% CO2+75% N, 0.2 0.20 25 0.6+0.2 1.8+0.5 3.6=0.2 1.2
25% CO,+75% N, 0.3 0.20 250 09+0.1 1.8+0.5 53=+0.1° 2.6
25% CO,+ 75% N, 0.5 0.20 250 1.2+04 1.8+0.5 52=£0.1° 2.2
25% CO> +75% N, 0.7 0.20 8 09+0.0 05+04 54+0.0° 3.9
25% CO,+ 75% N, 0.9 0.20 32 02+0.1 02+£0.1 52=+0.1° 4.9
50% CO; + 50% N, 0.3 0.20 20° 09+0.1 13+02 53+0.1° 3.1
50% CO>+50% N> 0.9 0.20 32 03+0.0 02+£0.1 57=£0.1° 5.2
100% CO> 0.3 0.20 42 03+£0.1 03+£02 52=+0.1° 4.6
100% CO» 0.9 0.20 32 0.7+04 02+0.1 52+04° 4.4
100% CO» 0.3 0.11 25 37+03 1.0+£0.0 50+0.1 0.2
100% CO» 0.3 0.16 15 1.9+0.0 09+03 54+03° 2.6
100% CO» 0.3 0.22 42 03+0.1 06+02 55+0.0° 4.6
100% CO» 0.3 0.33 42 03+0.1 13+£03 53+04° 3.7
100% CO» 0.3 0.39 42 03+0.1 12+£01 56=+0.1° 4.1

2The treatment period when no viable bacteria were detected after disinfection by the combined PCD/chlorine treatment.
YLogio reductions (average =+ standard deviation) of Enterococcus sp. detected after the treatment period. The results are
based on three parallel experiments.

*Enterococcus sp. load was completely inactivated.

dAverage synergy values = log reduction by combined PCD/chlorine disinfection — (log reduction by PCD disinfection +

log reduction by chlorine disinfection).

Table 5.2 compares the disinfection efficacy of several different ballast water treatment
methods such as de-oxygenation, and electro-chlorination plus CO2, as previously reported
by several researchers (Husain et al. 2004; Tamburri and Ruiz 2005; NEI marine 2016; Cha
et al. 2015), and the combined PCD/chlorine treatment, as reported in this study. Husain et
al. (2004) observed that de-oxygenation induced with mixed gases (2% O> + 12% CO; + 86%
N>) eliminated more than 95% of zooplankton within 48 h, whereas only a 2 log reduction

of Vibrio cholerae was achieved after 24 h of treatment. De-oxygenation induced with the
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Venturi Oxygen Stripping™ system was capable of eliminating 100% of zooplankton after
120 of treatment, whereas approximate 2.0 and 1.3 log reductions of E. coli and enterococci
were achieved after 24 h of treatment, respectively (Tamburri and Ruiz 2005; NEI marine
2016). Meanwhile, PCD (at 0.7 MPa, 20°C, and 50% working volume ratio (WVR)) could
completely inactivate E. coli and Enterococcus petroleum in seawater within 5 min and 20
min, respectively (Dang ez al. 2016b). Also, PCD (at 0.9 MPa, 20°C, and 70% WVR)
resulted in complete inactivation of the Enterococcus sp. following a 5.2 log reduction within
20 min. These findings demonstrate the excellent bactericidal effect of PCD. Recently, some
ballast water treatment systems (BWTS) that use a combination of de-oxygenation with other
methods have been shown to be effective in treating ballast water (Gregg et al. 2009; Lloyd’s
Register 2012). For example, the Oceansaver® BWTS system uses a combination of
treatments including filtration, cavitation, electrochemical disinfection, and de-oxygenation,
and it has received basic and final approval from the IMO (Lloyd’s Register, 2012). The
Coldharbour GLD™ (gas lift diffusion) BWTS system of ColdHarbour Marine Ltd. uses a
combination of de-oxygenation, cavitation, and ultrasound to treat ballast water, and it has
received approval from the United Kingdom Maritime and Coastguard Agency — Lloyds
Register (IMO, 2016).

Remarkably, the combined PCD (0.3 MPa, 100% COs)/chlorine (0.20 mg L)
treatment resulted in complete inactivation of the Enterococcus sp. within 4 min. Despite the
lower pressure of PCD (0.3 MPa), with chlorine added at 47%—51% of a normal chlorine
dose, the exposure time of the combined treatment in the present study was 5 times shorter
than that of PCD (at 0.9 MPa) alone. Compared to the Enterococcus sp., E. coli was more
susceptible to PCD (Dang et al., 2016b); therefore, it is expected that the combined
PCD/chlorine treatment would be able to rapidly reduce the E. coli load to below the limit
value (<250 CFU 100 mL") of the D-2 standard.

In the present study, the apparatus was designed to include a solid stream nozzle and a
shield inside. In the apparatus, when water is introduced in the main chamber through a small
nozzle, the highly pressurized fluid stream strongly collides with the shield and may cause
physical damage to organisms. In this study, this process was repeated at high frequency and
this would have accelerated the physical damage to organisms. Tamburri et al. (2004)
observed that many larger zooplankton (mostly copepods) were damaged and killed under
the impacts of cavitation and turbulence posed by the Venturi injector. The combined
PCD/chorine treatment was probably capable of eliminating organisms larger than 10 pm.
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Because organisms vary greatly in their resistance to different levels of disinfectants and
pressures, further research on the applicability of this disinfection method to other organisms
is warranted. Further research is also needed to study the effects of the other factors present
in natural seawater (i.e. organic compounds, turbidity, and temperature) on this disinfection

method.

Table 5.2 Disinfection efficacies for several different organisms and microorganisms in
seawater with various disinfection methods compared to the combined pressurized carbon

dioxide (PCD)/chlorine treatments.

Treatment option Organism, Treatment conditions Efficacy Reference
microorganism
De-oxygenation Zooplankton nondetectable O, 48 h >95% mortality Husain et al.
(12% COs + 86% Vibio cholerae nondetectable Oz, 24 h 2.0 log reduction ~ (2004)
N2+ 2% O3)
De-oxygenation Zooplankton 0.27to <l mg L O,, 120 h 100% mortality Tamburri &
(Venturi Oxygen E. coli <lmgL'024h 2.0 log reduction®  Ruiz (2005);
Stripping™) Enterococci <lmgL'0,24h 1.3 log reduction® ~ NEI marine
(2016)
Electrolytic Artemia 6 mg L' TRO, CO» injection 1.8 log reduction  Cha et al.
chlorine + CO, franciscana rate at 100 mL min’!, 5 day (2015)
Heterotrophic 1.2-1.9 log
bacteria reduction®
PCD (100% CO,)  E. coli 0.7 MPa, 50% WVR, 5 min 5.7 log reduction®  Dang et al.

Enterococcus sp. 0.7 MPa, 50% WVR, 20 min 5.2 log reduction*  (2016b)
PCD (100% CO»)  Enterococcus sp. 0.9 MPa, 70% WVR, 20 min 5.2 log reduction®  Dang et al.
(2016a); This

study®
PCD (100% Enterococcus sp. 0.3 MPa, 0.20 mg L), 4 min 5.2 log reduction®*  This study®
COy)/chlorine
PCD (100% Enterococcus sp. 0.9 MPa, 0.20 mg L', 3min 5.2 log reduction®  This study®
CO,)/chlorine

PCD (50% CO>+  Enterococcus sp. 0.9 MPa, 0.20 mg L', 3min 5.7 log reduction®  This study®
50% Ny)/chlorine
PCD (25% CO,+  Enterococcus sp. 0.9 MPa, 0.20 mg L', 3min 5.2 logreduction®  This study®
75% N»)/chlorine

aBacterial load was completely inactivated.

®Values were calculated from 2.1-2.8 logio CFU mL! in the treated samples and initial bacterial concentrations of >4.0
logio CFU mL"! in the control samples.

“Values were calculated from approximately 8 CFU 100 mL™! after treatment for 24 h and >800 CFU 100 mL-! for the initial
concentration.

9Values were calculated from approximately 38 CFU 100 mL™! after treatment for 24 h and >800 CFU 100 mL-! for the
initial concentration.

°In the present study, all the disinfection experiments involving PCD and PCD/chlorine were conducted at a WVR of 70%.
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5.3.2 Synergistic effect of PCD and chlorine on the inactivation of pathogens in natural

seawater

5.3.2.1 Characteristics of seawater from Ube port

Analytical results for basic parameters of seawater collected from Ube port are shown
in Table 5.3. The concentrations of TN, TP, E. coli, enterococci, and vibrios in seawater
from Ube harbour were relatively low. Besides, the concentration of COD in the seawater

was in the range of 2 to 3 mg L' (Ube City 2015).

Table 5.3 Characteristics of seawater collected from Ube harbour.

Parameter Unit Range Mean + standard

deviation (n = 6)

Temperature °C 24.1-29.9 27.7+2.5
Salinity % 29-34 33+02
pH 8.0-84 8.2+0.1
Conductivity mS cm™ 46.2-49.6 479+ 14
TSS mg L™ 3-34 222+ 142
NOs-N mg L 0.04-0.16 0.09 + 0.04
NO>-N mg L 0.0 0.0+0.0
NH4-N mg L™ 0.20-0.56 0.35+0.14
PO4-P mg L' 0.10 0.10 £ 0.00
TN mg L 1.57-1.71 1.6 +0.1°
TP mg L 0.07-0.11 0.09 + 0.02°
E. coli CFU 100 mL"! 111-3,030 1,839 + 1,095
Enterococci CFU 100 mL"! 233 - 830 529 + 231
Vibrios CFU mL"! 2,440 — 5,200 4,027 + 1,426
Heterotrophic bacteria  CFU mL™ 5,120 - 18,400 7,583 + 3,999
‘n=3

5.3.2.2 Bactericidal effect of PCD against bacteria in natural seawater

Table 5.4 shows the averages and ranges of the relevant environmental variables during
tests with the PCD treatment. The bactericidal effect of PCD against E. coli, enterococci,
and vibrios in natural seawater was examined at 0.3 MPa, at ambient temperature 29 + 1.0°C,
and with different COx supply rates (25% COz + 75% N2, 100% COz; Figure 5.9). In general,

bacterial inactivation greatly increased with the higher CO> supply rate (Figure 5.9).
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Specifically, PCD reduced the E. coli, enterococci, and vibrios concentrations to below the
IMO D-2 and USCG discharge standards within 3 and 1 min, corresponding to 25% CO; +
75% Nz and 100% COs, respectively.

Moreover, higher PCD with higher CO; supply rate required shorter exposure time for
disinfection. For example, PCD (25% CO: + 75% N») completely inactivated E. coli (by
approximately 3.4 logjo CFU 100 mL™"), enterococci (by approximately 2.8 logio CFU 100
mL"), and vibrios (by approximately 3.6 logio CFU mL!) within 25, 20 and 3 min,
respectively; whereas only 20, 8 and 1 min of PCD (100% CO») were required to reduce
loads of E. coli, enterococci, and vibrios to a similar extent, respectively. These findings

affirm the bactericidal performance of PCD.

Table 5.4 Averages and ranges of relevant environmental variables during tests with the

pressurized carbon dioxide (PCD) treatment.

Variable Unit Range Mean =+ standard

deviation (n = 3)

Temperature °C 29.6-29.9 29.8+0.1
Salinity % 29-33 31+£03
pH 8.0-8.2 8.1+0.1
TSS mg L™ 32-34 33+ 14

E. coli CFU 100 mL™ 1,900 — 3,030° 2,397 + 429*
Enterococci CFU 100 mL" 490 — 830° 660 + 139°
Vibrios CFU mL"! 2,440 -5,200° 4,027 £ 1,426°

aConcentrations of the indicator microbes were detected from natural seawater (without the

addition of E. coli (ATCC 11303), Enterococcus sp., and V. alginolyticus).
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Figure 5.9 Bactericidal effect of pressurized carbon dioxide on (a) E. coli, (b) enterococci,

and (c) vibrios in natural seawater.
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5.3.2.3 Bactericidal effect of the combined PCD/chlorine treatments against bacteria in

natural seawater

Table 5.5 shows the averages and ranges of the relevant environmental variables during

tests with the combined PCD/chlorine treatments.

Table 5.5 Averages and ranges of relevant environmental variables during tests with the

combined PCD/chlorine treatments.

Variable Unit Range Mean + standard
deviation (n = 5)

Temperature °C 29.6-29.9 29.8+0.1

Salinity % 29-33 3.1+03

pH 8.0-82 8.1+0.1

TSS mg L' 32-34 33+ 1.4

E. coli CFU 100 mL"  1.9x10*-3.7x 10 2.8x 10*+8.1 x 10™

Enterococci CFU 100 mL"  6.8x10°-49x 10 1.8x 10°+ 1.8 x 10

Vibrios CFU mL" 46x10°-1.1 x10*  88x 10°+2.7x 10*

2Natural seawater was added to E. coli (ATCC 11303), V. alginolyticus, and Enterococcus sp.

Bacterial inactivation tests with the combination PCD (different supply rates: 25% CO»
+ 75% N2, 50% CO2 + 50% Na, 75% CO2 + 25% Na, and 100% CO») and low-dosage
chlorine (0.20 mg L) treatments were conducted at two pressures (0.3 and 0.9 MPa) and an
ambient temperature of 29 + 1.0°C (Figure 5.10). In general, the combined PCD/chlorine
treatment substantially reduced the viability microbes in seawater (Figure 5.10); and the
disinfection efficiency increased with increases in the pressure and CO» supply rate.

As shown in Figure 5.10a, E. coli inactivation substantially increased with the higher
CO: content. The combination of most gas concentrations (CO> content: 25% to 100%) and
chlorine reduced the number of viability E. coli to less than the IMO D-2 standard after a
duration of 1 min. Additionally, the method reduced the E. coli load to below the limit value
of the USCG standard within 1 and 3 min, depending on the CO> supply rates (i.e. 25%, 50%,
75%, and 100%). Noticeably, the combined 100% COo/chlorine treatment yielded the
greatest reduction of the E. coli load. Specifically, an approximate loading amounting to 5.0
logio CFU 100 mL"!" was completely eradicated within 10 min by the combined 100%
COz/chlorine treatment at 0.3 MPa. When a pressure of 0.9 MPa was used, the E. coli load

was reduced by approximately 5.3 logio CFU 100 mL-!' with a treatment period of 5 min.
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A similar relationship between the CO> supply rate and the disinfection efficacy was
observed with enterococci (Figure 5.10b). Disinfection results obtained at 0.3 MPa with
PCD/chlorine revealed that the number of viable enterococci were less than the permitted
limit according to the IMO D-2 standard, and the acceptable reductions were achieved within
8 min for the CO3 supply rates of (25% CO2 + 75% N) and (50% CO» + 50% N>»), and within
3 min for the CO; supply rate of (75% CO> + 25% N») and 100% CO> (Figure 5.11b).
Additionally, the method reduced the enterococci load to below the limit value of the USCG
standard within 10, 8, and 3 min for the CO; supply rates of 25%, (50% and 75%), and 100%,
respectively. Remarkably, the combined 100% COa/chlorine treatment at 0.3 MPa
completely inactivated enterococci (by 4.9 logio CFU 100 mL™!) in seawater within 10 min,
whereas only 5 min of the combined treatment at 0.9 MPa was required to reduce the
enterococci load by 5.6 logio CFU 100 mL™! (Figure 5.10b).

Vibrios were more susceptible to the combined PCD/chlorine treatments than E. coli
and enterococci. No viabile Vibrio species were detected within 3 and 1 min at 0.3 and 0.9
MPa, respectively (Figure 5.10c). Taken together, these findings affirm that the combined
PCD/chlorine treatment could successfully eliminate pathogens in seawater; furthermore,
use of gas with higher CO; contents and pressure required shorter exposure times for
efficient disinfection.

After disinfection and decompression, the combined PCD/chlorine treated samples
were placed at normal conditions to assess the viability of the remaining bacteria. After the
5-d holding period, the number of E. coli, enterococci, and vibrios in the treated samples had
not increased, i.e. no regrowth of bacteria was observed.

Pressurized CO» decreased the pH of the treated seawater to approximately 5.0. When
the PCD treated sample was placed at normal condition and ambient temperature, the pH
gradually increased from 5.0 to neutral pH 6.6 after 5 days. The pH would be recovered to
the initial pH value of 8.0 after 8 days.

In the present study, commercial compressed gases were used for the disinfection
experiments. If this disinfection method is applied to treat ballast water in tanks during the
ballast voyage, CO2 could be supplied from the emissions of fuel combustion. Before
discharging ballast water, the pH of the treated water can be raised to neutral levels by
diluting it with the receiving water in the harbour at least 5 times. The final discharged water

will have little effect on aquatic organisms.
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Figure 5.10 Bactericidal effect of the combined pressurized carbon dioxide (pressure: 0.3—
0.9 MPa, CO; content: 25%, 50%, 75%, and 100%)/chlorine (0.2 mg L") treatment on (a) E.

coli, (b) enterococci, and (c) vibrios in seawater. Asterisks (*) indicate that no colonies were

detected.
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5.3.3 Cost benefit analysis of the disinfection process

It is expected that the advancement ballast water treatment systems should be designed
in possible ways to improve treatment efficacy, to reduce treatment and system costs, and to

minimize disinfection by-products.

5.3.3.1. Identification of relevant costs and benefits of intervention

- Disinfection efficiency (in compared with the discharged standards of IMO D-2, USCQG,
and California (Jan. 1%, 2020));

- Disinfection time (which directly influence requirements of space, circulation
pumping);

- Disinfection by-products;

- Cost of energy consumption;

- Cost of chemical consumptions (i.e. compressed CO2 and N2, NaOC]l, neutralization for
the residual control stage);

- System costs (device, gas generator, pressure pipe, valves, and pumps);

- Other system operating parameters.

5.3.3.2. Valuation of costs and benefits

The operating costs include for energy (electricity), compressed CO2 and N2, NaOCl
solution. The cost estimates are based on unit energy cost of ¥18-20/kWh of electricity,

¥216/kg of compressed COz; ¥93/kg of compressed N2; and ¥631/L of NaOCI solution.

e Average cost for refilling a 30 kg cylinder COz (99.9% purity) is ¥6480, and 1kg CO2
=¥216.

e Average cost for refilling a 47L cylinder N2 (99.995% purity) is ¥3240, and 1kg N> =
¥93.

e Electricity price of 1kWh is ¥18-20 (http://www.energia.co.jp/).

e Sodium hypochlorite price of 1L NaOCI (with 6% available chlorine content) is ¥631
(http://flier.monotaro.com/69136/pageview/pageview.html#page num=44, assessed
14 December 2016).

The solubility of Nz in water follow Henry’s law ("the amount of air dissolved in a
fluid is proportional with the pressure of the system®). The dissolved gas concentration was

calculated by the following equation:
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Dissolved gas concentration (g/L) = Volume of gas dissolved in water (at 1atm and depend
on temperature, cm*/cm?) x Pressure (atm) x Molecular weight (g/mol)/22.4.
For example, at pressure of 0.9 MPa and temperature of 20°C, N> solubility in water is

approximately 0.18 g/L. (=0.016 x 8.88 x 28/22.4).

Table 5.6 shows the operation cost of the combined PCD/chlorine treatment process.
The cost estimates for the treatment of ballast water were calculated as cost per m? of water
treated. Highest operation costs are for power and CO2. The major contributor to energy
consumption cost was 23.4% of total, which was used for circulation pumping requirements.
Meanwhile, the chemical consumption costs were mainly attributed by compressed CO»

(72.3%), N2 (3.9%), and NaOC]l (0.5%). Operation cost was 436 ¥/m? ballast water.

However, in the present study, commercial compressed gases were used for the
disinfection experiments. If this disinfection method is applied to treat ballast water in tanks
during the ballast voyage, CO- could be supplied from the emissions of fuel combustion.
According to the Intergovernmental Panel on Climate Change (IPCC), when polluters
release COz into the atmosphere, emitters of CO2 pay a price in relation to the amount emitted.
Specifically, the emission fee was about $10/ton-CO> from 2015, $100/ton-CO2 from 2050,
and $1000/ton-CO2 from 2100 (IPCC, 2014). Hence, the price of CO2 from commercially
purchased in the future may be relatively low. At the same time, emitters of COx require for
COz capture and storage or pay for users that employ CO> for other purposes such as water
disinfection in this study. It means that the operation cost of the combined PCD/chlorine

treatment would be reduced.

Table 5.6 Operation cost of the combined pressurized carbon dioxide (25% CO2 + 75%
N>)/chlorine treatment (at 0.9 MPa, 1462 mg CO, L', 0.2 mg Cl, L', 3 min)
Unit operation CO; N2 Power NaOCl
(kg) (kg)  (kWh) L

Consumption per m® ballast water 1.46 0.18 5.36 0.003
Cost (¥/m’ ballast water) 315 17 102 2
Total cost (¥/m’ ballast water) 436

Electricity cost at 18-20 ¥/kWh, CO; cost at 216 ¥/kg, N, cost at 93 ¥/kg, sodium hypochlorite
(with 6% available chlorine content) cost at 631 ¥/L..
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Table 5.7 compares the operation cost between PCD/chlorine treatment and other
methods such as electrolyzing, and electro-chlorination + CO;. The operation cost of
PCD/chlorine treatment was relatively higher than that of electrolyzing and electro-
chlorination + CO». Nevertheless, the operation cost of PCD/chlorine treatment can continue
to reduce (i.e. ~104 ¥/m?) by using CO> from the emission of fuel combustion as mentioned
above. In addition, disinfection cannot be based on cost comparisons alone. While a
combination of electro-chlorination at 6 mg L' TRO and CO, addition reduced
approximately 1.2 to 1.9 log of heterotrophic bacteria, the treatment method produced high
concentrations of DPBs such as THMs (9.12 mg L!) and HAAs (36.2 mg L!) (Cha et al.
2015). The majority of ballast water treatment systems that employ chlorine disinfection use
a dose of about 10 mg L' of chlorine, and free excess chlorine needs to be neutralized to less
than 0.2 mg L' residual chlorine by an obligatory neutralization process before discharging
ballast water (David & Gollasch 2015). In the present study, lower levels of chlorine dosage
used, shorter treatment time, and no residual chlorine were the highlights of the combined

PCD/chlorine treatment, therefore, disinfection by-products would be less.

Table 5.7 Cost analysis of several disinfection methods compared to the combined

pressurized carbon dioxide (PCD)/chlorine treatments.

Treatment Treatment conditions  Efficacy Operation cost Reference
option (¥/m?)
Electro- 200 mg L' TRO%, 255  100% mortality of 163 ¥ + cost of Lacasa et
chlorination A/m*(~8.6 kWh/m?),  Artemia salina and E. chemical such as al. (2013)
45 min coli sodium thiosulfate
consumption per m’,
which was used for
the residual control
stage.
Electrolytic 6 mg L TRO"(~6.5 1.8 log reduction 124 ¥ + costof CO, Chaeral.
chlorine + CO,  kWh/m?), CO Artemia franciscana, — consumption per m®>  (2015)
injection rate at 100 ballast water treated
mL min™, 5 day 1.2-1.9 log reduction
heterotrophic bacteria
PCD/chlorine 0.9 MPa, 020 mg Cl2 5.2 log reduction 104¥ + cost of CO,  This study

L', 3 min

Enterococcus sp.

and N> consumption
per m’® ballast water
treated (332 ¥)

#Total residual oxidants (TRO)
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5.4 Conclusions

The combined disinfection treatment with PCD and low-levels of chlorine substantially
improved the disinfection efficiency and resulted in significant synergistic benefits (p <0.001)

in regard to bacterial inactivation in seawater. The main findings are as follows:

e  Disinfection substantially increased with increased pressures and COz supply rates.

. CO; concentrations around and above 1500 mg L' are probably optimal to achieve the
synergistic disinfection effect. Moreover, chlorine dosages of 0.20-0.22 mg L' are
probably optimal for the combined PCD/ chlorine treatment.

. This study succeeded in inactivating Enferococcus sp. by 5.2-5.5 log in artificial
seawater within 4 min by using the combined treatment with PCD (0.3 MPa of pure
CO») and chlorine (~47%—51% of the normal dosage) at 20 £+ 1.0°C.

. The concentrations of TN, TP, E. coli, enterococci and vibrios in seawater collected
from Ube harbour were relatively low. The initial concentration of E. coli, enterococci,
and vibrios in seawater were approximately 2.4 X 10* CFU 100 mL", 6.6 x 10> CFU
100 mL!, and 4.0 X 10> CFU mL"!, respectively. Hence, PCD (0.3 MPa, 100% CO3)
was capable of completely inactivating E. coli, enterococci, and vibrios within 20, 8
and 1 min, respectively. The PCD at 0.3 MPa reduced the concentrations of E. coli,
enterococci, and vibrios to below the IMO D-2 and USCG discharge standards within
3 and 1 min, corresponding to 25% COz + 75% N2z and 100% CO», respectively.

° When the initial concentrations of E. coli, enterococci, and vibrios in seawater were in
the range of 1.9 X 10*—3.7 x 10* CFU 100 mL™'", 6.8 x 10*-4.9 x 105 CFU 100 mL"!,
and 4.6 X 10*-1.1 x 103 CFU mL", respectively, the combined PCD (0.3 MPa of pure
COy)/chlorine (0.2 mg L") treatment was capable of completely inactivating E. coli,
enterococci, and vibrios within 10, 10, and 3 min, respectively. When a pressure of 0.9
MPa was used, the exposure time of the combined treatment was 2 times shorter than
that of the combined treatment at 0.3 MPa. The treatment reduced the number of viable

microbes to less than the IMO D-2 and USCG standards after a duration of 3 min.

Overall, the findings of this study highlight the synergistic benefits of combined
PCD/chlorine disinfection technology and suggest that this novel approach could provide a

promising method for ballast water disinfection. Further research is required to fully assess
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the disinfection efficacy of the combined PCD/chlorine treatment for other organisms (e.g.

zooplankton and phytoplankton).
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CHAPTER VI

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

Pressurized carbon dioxide (PCD) treatment can be used to eliminate pathogens from
seawater. Table 6.1 summarizes the log reduction obtained by the PCD and the combined
PCD/chlorine treatments under various conditions of pressure, WVR, CO; supply rate, and

chlorine dosage. The main findings are as follows:

e Disinfection substantially increased with increased pressure and temperature.
Conversely, the bactericidal efficiency increased with decreasing WVR. The gram-positive
bacterial species, Enterococcus sp., had lower susceptibility to PCD treatment than did the
gram-negative bacterial species, V. alginolyticus and E. coli.

e [nactivation mechanism of PCD involved multiple impacts of (1) turbulence caused
by the high-frequency recirculation of the fluid; (2) collisions of microorganisms on the
surface shield; (3) jets and shock waves formed by explosion of bubble; (4) CO» effectively
penetrating into cells. Specifically, PCD (0.7 MPa) cause the leakage of intracellular
materials during the treatment process. Comparative SEM images of untreated samples and
samples treated with PCD did not reveal dramatic changes in the cell shape of Enterococcus
sp.; however, some E. coli and V. alginolyticus cells that were treated with PCD did not
retain the original shape and appeared to be lysed.

e The results reveal strong correlation between pressure cycling of PCD and
inactivation efficiency (p-value <0.001). The bacterial inactivation was concomitantly
influenced by two key elements associated with the frequency and magnitude of pressure
cycling. At constant AP, faster pressure cycling improved disinfection efficiency (p <0.001).
Specifically, the outcome of linear regression model analysis suggests that the model can
explain 91% and 85%—-93% of the inactivation efficiency of E. coli and Enterococcus sp.,
respectively, with p-value <0.001 in all cases.

e Disinfection efficiency substantially increased with increased pressure and CO:
supply rate. The Enterococcus sp. inactivation rate of PCD was described by the first-order

death kinetics model (R? = 0.91 to 0.99), and the smallest D-values were produced at 0.9
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MPa. At constant pressure, the D-values significantly decreased with increasing CO» content
(p <0.01). Specifically, the exposure time required for 1-log reduction of Enterococcus sp.
load with PCD at 0.9 MPa were 13.28, 6.93, and 3.85 min, corresponding to (25% CO; +
75% N2), (50% CO2 + 50% N2) and 100% COa, respectively. PCD (at 0.9 MPa, 20°C, and
70% WYVR) resulted in complete inactivation of the Enterococcus sp. following a 5.2 log
reduction within 20 min.

e The combined disinfection treatment with PCD and low-levels of chlorine
substantially improved the disinfection efficiency and resulted in significant synergistic
benefits (p <0.001) for bacterial inactivation in seawater. Most synergy values resulting from
the combined PCD/chlorine treatment were positive. Disinfection substantially increased
with increased pressures and CO» supply rates. CO2 concentrations around and above 1,500
mg L-! are probably optimal to achieve the synergistic disinfection effect. Moreover, chlorine
dosages of 0.20-0.22 mg L-! are probably optimal for the combined PCD/chlorine treatment.
Remarkably, the combined PCD (0.3 MPa, 100% COz)/chlorine (0.20 mg L") treatment
inactivated Enterococcus sp. by 5.2-5.5 log in artificial seawater within 4 min. Despite the
lower pressure of PCD (0.3 MPa), with chlorine added at 47%—51% of a normal chlorine
dose, the exposure time of the combined treatment in the present study was 5 times shorter
than that of PCD (at 0.9 MPa) alone.

e The concentrations of TN, TP, COD, E. coli, enterococci, and vibrios in seawater
collected from Ube harbour were relatively low. The following values were detected: salinity
=33+02%, pH=82+0.1, TSS=222+142mgL!, TN=1.6+0.1 mgL", TP=0.09
+0.02 mg L', COD =2-3 mg L' (Ube City 2015), E. coli=1.1 X 10? t0 3.0 x 103 CFU 100
mL!, enterococci = 2.3 X 10° to 8.3 x 10> CFU 100 mL-', and vibrios = 2.4 x 10° to 5.2 X

10> CFU mL"'. Under treatment conditions (0.3 MPa and 28 £ 1.0°C), PCD reduced the
concentrations of E. coli, enterococci, and vibrios to below the IMO D-2 and USCG
discharge standards within 3 and 1 min, corresponding to 25% CO2 + 75% N> and 100%
COy, respectively.

e When the initial concentrations of E. coli, enterococci, and vibrios in seawater were
in the range of 1.9 X 10*-3.7 x 10* CFU 100 mL", 6.8 x 10°-4.9 x 103 CFU 100 mL"!, and
4.6 x 10°-1.1 x 10> CFU mL"!, respectively, the combined PCD (0.3 MPa of pure
CO»)/chlorine (0.2 mg L) treatment was capable of completely inactivating E. coli,
enterococci, and vibrios within 10, 10, and 3 min, respectively. When a pressure of 0.9 MPa

was used, the exposure time of the combined treatment was 2 times shorter than that of the
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combined treatment at 0.3 MPa. The treatment reduced the number of viable microbes to
less than the IMO D-2 and USCG standards after a duration of 3 min.

e When the PCD treated sample was placed at normal condition and ambient
temperature, the pH gradually increased from 5.0 to pH 6.6 after 5 days. The pH would be
recovered to the initial pH value of 8.0 after 8 days. Before discharging ballast water, the pH
of the treated water can be raised to neutral levels by diluting it with the receiving water in
the harbour at least 5 times. The final discharged water will have little effect on aquatic

organisms.

Overall, this study successfully enhanced the bactericidal performance of PCD via
pressure cycling. Also, the findings of this study highlight the synergistic benefits of
combined PCD/chlorine disinfection technology and suggest that this novel approach could

provide a promising method for ballast water disinfection.

6.2 Future works

o Further research is required to fully assess the disinfection efficacy of the PCD and
the combined PCD/chlorine treatments for other organisms (e.g. planktons, organisms <10
um, and viruses).

¢ By the low-dosage of chlorine (0.20 mg L") used, the problem of by-products may
be minimized in the combined PCD/chlorine treatment. Nevertheless, further research on
potential problems related to the by-products during treatment is needed.

e The shipping industry need to reduce emissions of COz and other gases such as NOx
and SOy according to the regulations of the Marine Pollution Convention (MARPOL) for
the prevention of air pollution from ships. In the present study, commercial compressed gases
were used for the disinfection experiments. If this disinfection method is applied to treat
ballast water in tanks during the ballast voyage, COz could be supplied from the emissions
of fuel combustion (other gases such as NOx and SOx need also to be removed prior).

e On the other hand, the method for forming highly dissolved CO» in water in the
present study could potentially be useful in other applications (i.e. aeroponics technology,

hydroponics technology).
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