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Abstract: Ballast water management systems (BWMSs) using active substances (AS) have been
subjected to land-based tests with artificially increased dissolved organic matter (DOM) and cultured
species according to the International Maritime Organization G9 guidelines before the BWMS Code
revision. Therefore, data on the environment risk assessment (ERA) of disinfection by-products
(DBPs) for actual port DOM and natural species are limited. This study was conducted using
seawater from Jangmok Bay, South Korea, during a phytoplankton bloom. In treated water with a
high biological content (Group A), the DBPs concentration increased as the initial AS concentration
increased. However, in treated water with a low biological content (Group B), the DBPs concentration
did not increase as the initial AS concentrations. The higher the residual AS concentration on day 5, the
more the DBPs concentration increased, and the composition ratio of the DBPs was also affected. The
ERA to individual DBP was evaluated as low given <1 for the ratio of the predicted environmental
concentration to the predicted no-effect concentration in port environments exposed to DBPs in
discharged ballast water. This result may suggest that the ERA of IMO G9 performed with cultured
species and additives could substitute the outcome obtained with natural plankton assemblages.

Keywords: ballast water; ballast water management system; risk assessment; disinfection by-products;
active substances

1. Introduction

Research on disinfection by-products (DBPs) in drinking water treated with active
substances (AS) has been conducted since the 1970s; however, interest in AS in seawater
has increased since the 2000s because of developments in seawater desalination and ship
ballast water management systems (BWMSs) [1–3]. In particular, a ship’s ballast water
is a pathway for the transfer of invasive species, which led the International Maritime
Organization (IMO) to establish the Ballast Water Management Convention in 2004. With
its enforcement, all ships traveling in international waters have been required to install
BWMSs from 2017 for new ships and from 2019 to 2024 for existing ships to treat and
discharge their ballast water.

To verify the biological efficacy of the BWMSs, both land-based and shipboard tests
must be passed per the BWMS Code of the IMO or the environmental technology verifi-
cation (ETV) protocol of the United States Coast Guard (USCG) to obtain type approval
by the government. BWMSs employ various technologies (e.g., electrolysis, UV, ozone,
heat treatment, and filtration), with an emphasis on devices utilizing AS [4]. BWMS that
utilize AS must undergo an analysis of relevant chemicals and whole effluent toxicity
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(WET) tests following IMO G9 regulations in line with the methodology for information
gathering and the conduct of work by the Group of Experts on the Scientific Aspects of
Marine Environmental Protection (GESAMP)-Ballast Water Working Group (BWWG) to
assess their environmental impact. Equipment using UV does not form DBPs, so it does
not undergo G9. The GESAMP-BWWG developed the Methodology for the basic and final
approval of these BWMS [5]. The range of total residual oxidants (TRO) in type-approved
BWMS using AS varies from 2.0 to 20 mg/L, but most are in the range of 6–10 mg/L.
According to IMO G9 regulations, ballast water treated with AS is neutralized to a TRO
concentration of less than 0.1 mg/L when discharged [1,6].

According to previous studies, the generation of disinfection by-products (DBPs) by
sterilization devices using AS is influenced by the form and concentration of oxidants,
contact time, organic matter concentration and characteristics, and water quality conditions
such as salinity, pH, and temperature [7–12]. Shah et al. reported that trihalomethanes
(THMs) and haloacetic acids (HAAs) are influenced by the degree of salinity (especially the
bromide concentration), the concentration and form of the dissolved organic matter (DOM),
and the type/dose of oxidants [8]. Kim et al. also reported that the high concentration of
bromide and iodide ions in seawater could make DBP toxicity a serious issue in marine
environments, with water temperature and pH having a notable impact [2]. Woo et al.
reviewed 209 types of DBPs formed in drinking water treatment systems, and Gonsior
reported the detection of 462 distinct brominated DBPs in seawater [13,14]. The types of
DBPs formed can vary depending on the characteristics of DOM, and the toxicity of these
DBPs can vary depending on the individual substances. Generally, the toxicity of Br-DBPs
is higher than that of C-DBPs, and among Br-DBPs, Br-halonitromethanes (Br-HANs) are
highly toxic even at low concentrations [1,3,7,8,14–17]. Therefore, environmental hazards
could increase when ballast water is treated with BWMS using AS in seawater with high
bromide concentrations. In addition, the efficiency of BWMS using electrolytic devices
is influenced by factors such as the salinity, pH, and water temperature of ship ballast
water [3,8,11,17]. Cha et al. reported that when the pH drops to around 6, the proportion
of HOCl or HOBr increases by about 7%, and these compounds have stronger sterilizing
powers than OCl- and/or OBr- [10]. Therefore, lowering the pH of ship ballast water could
be a way to enhance biocidal effectiveness at lower TRO concentrations.

Phytoplankton blooms correspond to the highest concentration of organic matter in the
marine environment. In particular, the concentration of organic matter increases during the
growth and death of phytoplankton [18–21]. The characteristics of the DOM produced vary
depending on the type of phytoplankton and the growth stage. Most international ports are
located along estuaries and rivers. Where water flow is weak and nutrient concentrations
are high, making these areas prone to frequent massive outbreaks of phytoplankton [22–24].

After 2024, all international vessels operating in ports will be required to treat ballast
water; thus, the use of AS for this purpose is expected to increase. Therefore, BWMS using
AS must undergo environmental risk assessments according to IMO G9 [25]. Currently,
most of them have been tested under the 2008 G8 guidelines [26] with artificially increased
DOM using additives (e.g., glucose or lignin) and cultured species (e.g., Tetraselmis sp.) for
land-based tests. The 2008 IMO G8 revised the BWMS Code [27], and the U.S. government
also recommended operating only BWMSs validated through the ETV protocol of 2016.
Consequently, the biological efficacy testing of most BWMSs was also conducted using
wild phytoplankton species following the BWMS Code and ETV protocol. However,
environmental risk assessments were not reevaluated and were acknowledged by the
GESAMP without further assessment. Since 2008, the IMO G8 has only considered tests
conducted in two salinities (seawater and brackish water) as well as land-based tests for
biological efficacy in freshwater for the environmental risk assessment of BWMS using AS.
Therefore, the information on DBPs generated when treating wild phytoplankton species
with AS in saltwater is limited.

Therefore, this study aimed to identify the characteristics of DBPs based on TRO
concentrations when treating seawater during phytoplankton blooms in the natural marine



J. Mar. Sci. Eng. 2024, 12, 238 3 of 16

environment. The focus was on understanding how DBPs are influenced by naturally oc-
curring DOM concentrations. This work is expected to provide relevant data for evaluating
the environmental impact of DBPs, which could become an important issue as the use of
AS for BWMS in ports is expected to intensify starting in 2024. Additionally, we sought to
examine the effect of pH changes on DBP formation to improve the treatment efficiency of
BWMS and DBP formation.

2. Materials and Methods
2.1. Testing Method

Seawater was collected from Jangmok Bay, South Korea, during a massive phytoplank-
ton bloom in November 2016 (Figure 1). The study focused on the formation of DBPs
according to the concentration of AS and DOM. The total population of phytoplankton in
the test water was 3010 cells/mL, and the dinoflagellate Akashiwo sanguinea was predomi-
nant at 2160 cells/mL (Table 1). In this, we simulated the BWMS by direct injection of an
AS, which was not produced by a BWMS. Seawater was treated by directly injecting AS into
a Nalgene 10 L bottle. The experiment was conducted with eight water samples divided
into three groups. Group A had different concentrations of AS in the raw water (5 mg/L
(TH5), 10 mg/L (TH10), and 15 mg/L (TH15)). In Group B, the raw water was diluted
five times and the TRO concentration was adjusted at 5 mg/L (TL5), 10 mg/L (TL10), and
15 mg/L (TL15). In Group C, the pH was adjusted with CO2 gas, and then 10 mg/L of
TRO was injected into the raw water (TH10-pH) and diluted water (TL10-pH). The TRO
concentration was adjusted by injecting a certain amount of sodium dichloroisocyanurate
(NaDCC) into the test water. The treated samples were kept in an incubator at 20 ◦C
in the dark. This study was conducted once each with gradients of phytoplankton and
NaDCC concentrations.
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Figure 1. Seawater collection location: Jangmok Bay, Republic of Korea.
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Table 1. List of phytoplankton species in the test water sampled from Jangmok Bay.

Raw Water
(Cells/mL)

Diluted Water
(Cells/mL)

Bacillariophyceae

Pseudo-nitzschia spp. 20 0

Rhizosolenia spp. 10 0

Thalassiosira spp. 10 0

Dinophyceae

Akashiwo sanguinea 2160 420

Alexandrium spp. 50 0

Unidentified dinoflagellate 10 10

Euglenophyceae

Eutreptiella gymnastica 30 10

Small flagellates (<5 µm) 720 70

<20 µm Ciliates 30 10

2.2. Environmental Analysis

General environmental parameters, such as the water temperature, salinity, and turbid-
ity, were measured using an YSI Exo II Sonde (YSI Co., Yellow Springs, OH, USA). Samples
for measuring dissolved organic nitrogen (DON) were filtered through a glass microfiber
filter paper (GF/F, Whatman Co., Maidstone, UK), stored in a freezer below −20 ◦C, and
analyzed within 28 days. DON was calculated by subtracting the dissolved inorganic
nitrogen (DIN) from the total dissolved nitrogen (TDN) measured using a nutrient analyzer
(QuAAtro, Seal Analytical Co, King’s Lynn, UK). TRO measurements were conducted
using the DPD (N,N′-diethyl-p-phenylenediamine) method, which involves measuring the
absorbance of a red solution, using a Pocket ColorimeterTMII (Hach Co., Loveland, CO,
USA). Samples for measuring dissolved organic carbon (DOC) were gravity-filtered using a
GF/F filter baked at 450 ◦C and a glass syringe and then acidified to 1 ≤ pH ≤ 2 by adding
50% phosphoric acid (H3PO4). After acidification, the samples were stored in a freezer
below −20 ◦C and analyzed within 28 days. DOC analysis was performed using a TOC
analyzer (TOC-VCPH, Shimadzu Co., Kyoto, Japan). Samples for chlorophyll a and active
chlorophyll a were stored in a dark room for more than 10 min before measurement with a
PHYTO-PAM (Walz Co., Heinz, Germany). The analysis in the laboratory, excluding field
measurements, was performed in triplicate.

2.3. Analysis and Risk Assessment of Disinfection By-Products

In this study, 41 potential DBPs associated with BWMS, as outlined in the Marine
Environment Protection Committee (MEPC) document MEPC 67/INF.17 of the IMO, were
analyzed (Table 2) [28]. The concentrations of trihalomethanes (THMs) were measured
utilizing a headspace (HS) method coupled with gas chromatography (GC) and a mass spec-
trometry (MS), per the United States Environmental Protection Agency (USEPA) method
8260C (Agilent Inc., Santa Clara, CA, USA). The concentrations of HAAs and HANs were
assessed using a GC system equipped with an electron-capture detector, following the
guidelines of US EPA 552.2:2003 and US EPA 551.1:1995. For THM analysis, a DB-624
column (60 m length, 0.25 mm inner diameter, 14 µm stationary phase) was employed,
whereas for HAAs, a DB-1701 column (30 m length, 0.32 mm inner diameter, 0.25 µm
stationary phase) was used, and for HANs, a DB-5 column (30 m length, 0.25 mm inner
diameter, 0.25 µm stationary phase) was used. The standard solutions for THMs, HAAs,
and HANs were obtained from AccuStandard (New Haven, CT, USA). The samples were
quantified using calibration standards, adhering to protocols for both external and internal
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calibration methods or as otherwise detailed in the specific method. All extraction reagents
were of high-performance liquid chromatography (HPLC) grade or superior. The method
detection limit (MDL = t × sd, where sd represents the standard deviation of the dataset
and t is the critical value from a Student’s t-test with n − 1 degrees of freedom at a 95%
confidence interval) and the method quantification limit (MQL = 10 × sd) were determined
using the lower-concentration spiked samples. The relative standard deviations (RSDs) of
the laboratory control samples (LCSs) used for constructing the calibration curves complied
with the criterion |RSD| < 15%.

Table 2. Abbreviations of the relevant chemicals.

Compounds Abbreviations Compounds Abbreviations

Active substance AS Tribromoacetic acid TBAA
Total residual oxidants TRO Dibromoacetic acid DBAA

Dissolved organic matter DOM Monobromoacetic acid MBAA
Dissolved organic carbon DOC Trichloroacetic acid TCAA

Dissolved organic nitrogen DON Dichloroacetic acid DCAA
Trihalomethanes THMs Monochloroacetic acid MCAA
Haloacetic acids HAAs Dibromochloroacetic acid DBCAA
Haloacetonitriles HANs Dichlorobromoacetic acid DCBAA

Bromoform TBM Bromochloroacetic acid BCAA
Dibromomethane DBM Dibromoacetonitrile DBAN

Chloroform TCM Monobromoacetonitrile MBAN
Dichloromethane DCM Dichloroacetonitrile DCAN

Dibromochloromethane DBCM Monochloroacetonitrile MCAN
Dichlorobromomethane DCBM Tribromoacetic acid BCAN
Bromodichloromethane BDCM

2.4. Environmental Risk Assessment

The Marine Anti-Foulant Model to Predict Environmental Concentrations (MAMPEC)
was used to calculate the predicted environmental concentrations (PECs) of relevant chemi-
cals in GESAMP-BWWG Model Harbors (MAMPEC-BW Model 3.1.0.3). This model can
be modified to calculate the concentrations of substances released into water by specific
processes, such as ballast water treatment, making it a useful tool for environmental impact
studies. In calculating the PECs using the MAMPEC-BW model, the worst-case scenario
was assumed, in which 100,000 m3 of ballast water is discharged and the chemicals in this
discharge do not subsequently decay in the water of the harbor. The PECs under general
conditions for all of the relevant chemicals were taken to be the highest concentration (i.e.,
the maximum discharge) observed on Days 1 and 5 of water treatment after neutralization.
The PECs were calculated for fresh, brackish, and marine water. The predicted no-effect
concentration (PNEC) values are normally derived from acute and/or chronic aquatic
toxicity results for relevant aquatic species by dividing the lowest available effect concen-
tration with an appropriate assessment factor [5]. The values of the assessment factors
(AF) depend on the composition of the ecotoxicity data for the PNEC derivation. If the
ecotoxicity dataset is properly constructed considering the tropic level, the lower value of
AF is considered; otherwise, the higher value of AF is considered. The factors are inversely
proportional to the availability and quality of toxicity data. Due to their simplicity and min-
imal data requirements, methods that use AFs are globally used in preliminary ecological
risk assessments [29]. For the predicted no-effect concentration (PNEC), we used the values
provided by IMO’s Global Integrated Shipping Information System (GISIS) to establish the
ecotoxicity for each chemical (https://gisis.imo.org, assessed on 11 November 2023). If the
PEC/PNEC ratio under general conditions was 1 or higher for those DBPs present above
the detection limit, then they were considered potentially harmful to the environment.

https://gisis.imo.org
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3. Results
3.1. Environmental Parameters

One day after treatment with AS, Group A showed TRO concentrations ranging from
0.30 to 2.50 mg/L, whereas Group B displayed higher concentrations ranging from 1.40 to
9.30 mg/L (Figure 2a). The initial DOC concentration of the test water was 4.32 mg/L, and
after treatment with AS (Day 1), it ranged from 3.92 to 17.0 mg/L, with an increase in the
initial DOC concentration observed in all test groups (Table 3). The DOC concentrations
in Groups A and B increased with an increasing TRO concentration (Figure 2b). Group
C exhibited similar or higher values compared to the TH10 and TL10 samples under the
same biological and TRO conditions (Table 3). On Day 5, the DOC concentration in Group
A decreased, whereas Groups B and C showed an increase (Table 3), except for the TL15
sample. Initially, the pHs of Group A and Group B were 8.10 and 7.80, respectively. After
exposure to AS, the concentration of chlorophyll a tended to decrease after 60 min, but in
the case of TH05, the concentration of chlorophyll a remained high even after that period
and continued to show high values on Day 5 (Figure 2c). However, the concentration
of active chlorophyll decreased to <0.01 µg/L within 10 min after treatment with AS,
suggesting that almost all phytoplankton were killed after the treatment. However, on Day
5, a somewhat lower value of active chlorophyll a was detected in Group A, particularly
in TH05, indicating the possibility of phytoplankton regrowth (Table S1). On Day 1, the
pH of Group A ranged from 8.01 to 8.29 and that of Group B from 7.82 to 7.90. Within the
same group, the pH was lower when the TRO concentration was higher (Table 3). In both
Groups A and B, the pH decreased on Day 5, and Group A exhibited a greater decrease in
pH than Group B (Figure 2d). The decrease in pH was particularly notable in TH05 and
TH10. Nevertheless, the pH of the test waters treated with CO2 injection did not show any
significant differences between Days 1 and 5.
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according to the TRO concentration in Groups A and B. (1) TH5; raw water + 5 mg/L as Cl2, (2) TH10;
raw water + 10 mg/L as Cl2, (3) TH15; raw water + 15 mg/L as Cl2, (4) TL5; diluted water + 5 mg/L as
Cl2, (5) TL10; diluted water + 10 mg/L as Cl2, (6) TL15; diluted water + 15 mg/L as Cl2, (7) TH10-pH;
raw water + 10 mg/L as Cl2 + CO2 gas, (8) TL10-pH; diluted water + 10 mg/L as Cl2 + CO2 gas.

Table 3. Conditions of the test waters on Day 0 and environmental parameters measured for the test
waters of Groups A, B, and C on Days 1 and 5. (1) TH5; raw water + 5 mg/L as Cl2, (2) TH10; raw
water + 10 mg/L as Cl2, (3) TH15; raw water + 15 mg/L as Cl2, (4) TL5; diluted water + 5 mg/L as
Cl2, (5) TL10; diluted water + 10 mg/L as Cl2, (6) TL15; diluted water + 15 mg/L as Cl2, (7) TH10-pH;
raw water + 10 mg/L as Cl2 + CO2 gas, (8) TL10-pH; diluted water + 10 mg/L as Cl2 + CO2 gas.

Conditions of the Test
Water on Day 0

Conditions of the Treated
Water on Day 1

Conditions of the Treated
Water on Day 5

Group Biomass TRO pH A. Chl a (1) DOC TRO pH DOC DON TRO pH DOC DON
(cells/mL) (mg/L) (µg/L) (mg/L) (mg/L) (mg/L) (µM) (mg/L) (mg/L) (µM)

A
TH05

3100
5

8.1 30.2 4.32
0.30 8.29 8.89 27.94 0.00 7.40 7.12 27.27

TH10 10 0.90 8.17 12.4 30.77 0.00 7.36 9.17 21.75
TH15 15 2.50 8.01 17.0 36.42 0.28 7.87 15.4 36.64

B
TL5

510
5

7.8 6.1 0.86
1.40 7.90 3.92 12.92 0.00 7.79 5.05 15.9

TL10 10 5.50 7.86 5.22 18.68 2.70 7.69 7.59 15.3
TL15 15 9.30 7.82 10.3 9.63 6.10 7.64 9.31 22.7

C
TH10-pH (2) 3100 10 8.1 30.2 4.32 5.60 6.10 12.7 21.31 2.80 6.16 17.5 46.7

TL10-pH 500 10 7.8 6.1 0.86 7.10 6.19 8.44 16.53 6.20 6.27 11.2 21.3

(1) Active chlorophyll a. (2) CO2 injection to control pH.

3.2. Changes of the DBP Concentration on Day 1 and Day 5

The concentrations of individual and total DBPs for each group on Day 1 are presented
in Figure 3. The concentration of total DBPs in Group A tended to increase as the TRO
concentration increased, with this trend being particularly evident in the main DBP groups
(THMs and HAAs) (Figure 3). By contrast, in Group B, although the DOC concentration
increased with the increase in TRO, there were no significant differences in the concen-
trations of the total DBPs in the test waters (Figure 2b). The concentration of HANs also
showed an increasing trend in groups with a higher TRO (Figure 3). In Groups A and B,
the highest values were observed in the TL10, whereas in Group C, the TH10-pH sample
exhibited the highest values. The test waters with high HAN concentrations were TH15,
TL10, and TH10-pH. When looking at the composition ratio of DBPs in each group, Group
A showed THM, HAA, and HAN ratios of 71.4%, 27.6%, and 1.0%, respectively; Group
B showed 62.9%, 32.6%, and 4.6%, respectively; and Group C showed 54.6%, 37.7%, and
7.7%, respectively (Figure S1). The predominant types of DBPs were similar among the
groups: TBM among THMs, DBAA and TBAA among HAAs, and MBAN among HANs.

On Day 5, the concentrations of individual and total DBPs were analyzed only in Group
A (Figure 4). The total DBP concentration decreased by 12% in TH05 but increased by 40%
and 28% in TH10 and TH15, respectively. The increased total DBP concentrations in TH15
and TH10 were similar, at 156.7% and 155.6%, respectively. However, while the increase in
THM concentration was more marked in TH15, the increase in HAA concentration was
more pronounced in TH10. From the perspective of the composition ratio of DBPs, TH05
showed a 13.8% increase in THMs but a 56.6% decrease in HAAs, whereas TH10 exhibited
a 0.5% increase in THMs and a 176% increase in HAAs, and TH15 showed a 21% increase
in THMs and a 51.1% increase in HAAs. When the TRO concentration was high, the
composition ratio and concentration of THMs increased, and when the TRO concentration
was low, the concentration and composition ratio of HAAs increased, which was similar to
the results of TH15 and TH05 on Day 1.

When comparing the test waters of Groups A and B under the same biological and
TRO conditions as those of Group C (TH10 vs. TH10-pH, TL10 vs. TL10-pH), we observed
that the total DBP concentration was higher in the test waters of Group C. The concentration
of HAAs and HANs in TH10-pH was higher as the biological content was higher (TH10 vs.
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TH10-pH) while maintaining a similar THM concentration (Figure 3). In the test water with
a lower biological content (TL10 vs. TL10-pH), the THM concentration decreased, whereas
HAAs increased and HANs remained similar.
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3.3. MEPC Results of Type Approved BWMSs by Applying 2008 G8 Guideline

The TRO range for BWMSs using AS with type approval (34 BWMSs) varies from
1 to 20 mg/L, with equipment with a target TRO of 8–10 mg/L accounting for the highest
proportion (15 BWMSs) [30]. The environmental information for BWMSs approved by the
MEPC with a maximum allowable concentration of AS of 9–11 mg/L is summarized in
Table 4. The land-based tests submitted to MEPC used the cultured species Tetraselmis sp.
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to represent phytoplankton sized ≥10 and <50 µm, and most used glucose to increase the
DOM in the test water. The phytoplankton content was between 1195 and 2691 cells/mL
(an average of 1803 cells/mL). The DOC concentration ranged from 1.99 to 3.34 mg/L. The
types of DBPs detected in the G9 tests ranged from 12 to 16 (an average of 13). To compare
the DBP concentrations from type-approved BWMSs with those from the TH10 in this
study, the DBP concentrations were divided by the initial DOC concentrations and then
visualized (Figure 4, Table S2 and S3).

Table 4. This table summarizes the test water conditions for equipment using active substances
reported by the International Maritime Organization, Marine Environment Protection Committee
(IMO MEPC), with a maximum dose of active substances between 9 and 11 ppm (Types of BWMS:
C, chemical injection; D, directed injection on the main pipe; S, side-stream injection on the main
pipe); DOM and Abundance are initial test water conditions.

Type of BWMS Temp. TRO TRO on
Day 5

Predominant
Species (2) Abundance DOM DOM Type Number of

DBPs (D1/D5)

C
This study (1) 20 10 0.00 Akashiwo sanguinea 3010 4.31 Natural 13/15

C2 (1) N.I. 10 N.I. Tetraselmis sp. (3) N.I. N.I. Methylcellulose N.I/13
C3 (1) 16 9.5 1.12 Tetraselmis sp. 2393 3.34 Glucose 9/9

D
D1 18.6 11 4.23 Tetraselmis sp. 1195 2.81 Glucose 11/12
D2 20 10 3.40 Tetraselmis sp. 1550 3.04 Glucose 15/12

S
S1 19.4 10 3.15 N.I. (4) N.I. 2.42 N.I. 16/17
S2 14.1 9.5 1.88 Tetraselmis sp. 2691 2.87 Glucose 13/11
S3 14.8 9 4.33 Tetraselmis sp. 1727 1.99 Glucose 15/15

(1) Test using NaDCC as the active substance. (2) The species represent more than 90% of the total. (3) Tetraselmis
sp. are all cultured species. (4) N.I: no information.

4. Discussion
4.1. Changes of Organic Matter Concentration According to Environmental Conditions

Within the same group, the higher the initial TRO concentration, the higher the TRO
concentration, indicating that the biological content plays a major role in the consumption
of TRO (Figure 2a). Also, the higher the TRO concentration, the lower the chlorophyll
concentration, indicating that the degree of cell destruction varies depending on the initial
TRO intensity, which affects the amount of DOM released from the cells (Figure 2b,c). This
is also reflected in DON, which shows a similar trend, indicating an increase in DOM and
DON when biological mortality occurs (Table 3). Additionally, Group C showed TRO con-
centrations of 2.80 mg/L (TH10-pH) and 6.20 mg/L (TL10-pH), which were approximately
5-fold higher, and a higher DOC concentration than the test water of the other groups
under the same conditions of TRO concentration and phytoplankton abundance (Table 3).
This implies that biological mortality increased as a result of the pH adjustment.

The DOC concentration in ballast water may increase due to the input of new DOM
because of the enhanced organic matter decomposition by the TRO, or it may decrease as a
carbon source for the growth of heterotrophic bacteria. Furthermore, when the TRO is high,
the growth of heterotrophic bacteria is inhibited, which means that a decrease in DOM
concentration by microbial consumption is inhibited [3,31,32]. Therefore, we speculate that,
in Group A, the consumption of DOC by heterotrophic bacteria was high on Day 1 because
of the lower TRO concentration compared to Group B. On the other hand, in Group B,
except for TL15, new DOM continued to be supplied due to the higher TRO concentration.
In TL15, despite the high TRO concentration, the DOC concentration did not increase, but
the decrease was less marked than in Group A. In addition, Group C also had a continued
DOM supply because of the high TRO concentration, particularly in TH10-pH, where
the highest amount of DOM was released as a result of the high organic matter content.
Consequently, in waters with a high TRO concentration, DOM supply continues, whereas
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in cases with low TRO, consumption by heterotrophic bacteria predominates, leading to a
decrease in the DOM concentration.

4.2. Changes in the DBP Characteristics According to the Organic Matter Concentration

Generally, the decrease in TRO can be due to consumption by the DOM and the
organisms, as well as environmental factors such as the water temperature [1,8]. But,
as only the biological content and TRO concentration varied in this study, the biological
content was considered to be the only different factor in the TRO consumption among
the test waters. On day 1, in Groups A, as the initial TRO concentration increased, the
DOM concentration also increased. This phenomenon is associated with the decrease in the
chlorophyll concentration as the TRO concentration increases (Figure 2b). In other words, a
higher TRO concentration suggests greater biological mortality, leading to an increase in
DOM derived from the organisms. Assuming that the consumed TRO concentrations for
biological decay are the same in Group A, the higher the concentration of TRO, the higher
the concentration of total DBPs resulting from the reaction with DOM, a precursor of DBPs.
However, in Group B, despite the increase in both initial TRO and DOC concentrations,
the total concentration of DBPs did not increase. This is because not all the formed DOC
reacts with the AS; instead, only a portion of the DOC reacts with the AS to form DBPs [30].
Therefore, Group A, which had a higher biological content, exhibited an increase in the
precursors of DBPs with the increase in TRO concentration. By contrast, in Group B, despite
the increase in TRO concentration, the increase in DBP precursors was limited because of
the lower biological content.

THMs are formed in greater quantities compared to HAAs, which can be attributed
to the structural propensity of DOM precursors to more readily bond with THMs and
their more stable formation in reactions with oxidants. Studies on BWMS using AS also
predominantly showed that the predominant compounds were in the order of THMs >
HAAs > HANs [3,7,15,17]. The proportion of HAAs tended to increase with higher average
TRO concentrations in each group (Figure S1). Shah et al. reported that TBM and TBAA are
formed from similar DOM pools, whereas DBAA is likely from a different DOM pool [8].
Our results suggest that, in cases where TBM and TBAA compete in the same DOM pool,
the concentration and proportion of TBAA increase when the TRO concentration is high, as
seen in the TH10-pH sample (Figure S1). The HAN concentrations also tended to increase
with higher TRO concentrations in each group (Table 3). Although TL15 showed the highest
TRO concentration among all test groups and the highest DOM concentration in Group B,
it had the lowest DON concentration among all test groups. This shows that when the
DON and TRO concentrations are high, the concentration of the precursor of N-DBPs can
also be high [1,33].

Various factors (e.g., water temperature, DOM characteristics, pH, and amount of
oxidant) determine the group-specific concentration of DBPs while ballast water is stored
in tanks [12,34]. Especially, the TRO concentration during storage can lead to changes in
the concentration and composition of DBPs in ballast water because of the regeneration of
DOM and the introduction of new DOM. The results of this study on Day 5 suggest that
when the remaining TRO concentration is high, DOM acting as a precursor to DBPs rapidly
forms THMs, and when the oxidizing power is weak, the formation of HAAs is prioritized
(Figure 4). Therefore, considering various ballasting and de-ballasting scenarios, the
composition and concentration of DBPs in discharged ballast water can change, highlighting
the need for further research to monitor DBPs in ports.

Following type approval, the BWMS are only checked for compliance with biological
discharge standards through commissioning tests required by the IMO [35], whereas DBPs
are monitored only to the extent of total THMs and HAAs according to the Vessel General
Permit (VGP) in USCG. Our study shows that the total DBP concentration and composition
ratio can be affected depending on the biological content and TRO concentration. BWMSs
using AS have specific operating ranges (maximum and minimum doses) for TRO, but they
do not adjust TRO concentrations based on biological contents or organic matter quantities
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because a target TRO is set for operation. Therefore, if the organic matter and biological
content can be checked before ballasting or obtained through port monitoring, the total
concentration of DBPs discharged to the port can be controlled by managing the target
TRO differently depending on the biological content and DOM concentration in the port.
This could help regulate the total DBP concentration discharged into the harbor. However,
implementing such methods may face issues related to sensor accuracy and maintenance,
the costs of port monitoring, and the increased potential for ecological disturbances due
to invasive species. After September 2024, when all international ships will have BWMSs
installed and operational, more DBPs could be introduced into ports, potentially increasing
the environmental risk. Currently, the focus is on the invasion of non-indigenous species,
but as the use of AS for ballast water treatment increases, environmental concerns related
to DBPs may become more prominent.

Overall, when the pH decreases in seawater, THMs tend to decrease and HAAs and
HANs tend to increase (Figure 3). Kim et al. reported that in the seawater desalination
process, the higher the pH, the more THMs tend to increase [2,36]. Hansen et al. reported
that in the chlorination of swimming pool water, a decrease in pH leads to a decrease
in THMs but an increase in HANs and no effect on HAAs [36]. Cha et al. reported that
increasing the pH to enhance the efficiency of ballast water treatment systems in brackish
water leads to a 2- to 3-fold increase in THMs and HAAs but a decrease in HANs [10]. In
a review paper on the chlorination of fresh water, Kali et al. mentioned that a high pH
is conducive to the formation of THMs, whereas a low pH is conducive to the formation
of HAAs [34]. Zhang et al. reported that an increase in pH generally leads to an increase
in THMs and a decrease in HAAs, although the outcome varies according to the types of
DBPs [37]. Although lowering the pH of ballast water in ships can enhance the efficiency
of BWMS in terms of biological decay, this may lead to an increase in the total DBP
concentration with a higher proportion of toxic HAAs and HANs, which could potentially
raise the environmental risk in the port.

4.3. Comparison with MEPC Results

On Day 1, most types of DBPs were within the range of MEPC, but the concentrations
of DBAA, BCAA, and MCAN were higher than the median values of MEPC. However,
on Day 5, although individual DBP concentrations were within MEPC ranges, most were
higher than the median values of MEPCs (Tables S2 and S3). This could be due to differences
in the internal and external DOM concentrations and composition ratios as a result of the
size differences between the cultured species Tetraselmis sp. and A. sanguinea. Considering
the larger size of A. sanguinea (50–60 µm) compared to Tetraselmis sp. (10–20 µm), the
concentration of DOM available for binding with DBPs is expected to be higher than that
of Tetraselims sp. [38,39]. Furthermore, while the TRO concentration on Day 5 in the MEPC
cases was >1 mg/L, it was completely depleted in this study. This suggests that higher
levels of DBPs might occur in actual ports during phytoplankton bloom events compared
to type-approval land-based tests.

Dibromoacetonitrile (DBAN) is an AS known to be highly toxic even at low concentra-
tions; hence, its monitoring in ports is necessary [1,40]. Jang et al. reported that DBAN was
detected in test waters (full-scale) injected with glucose to match the DOM test conditions,
but it was not detected in test waters (lab-scale) using algal organic matter (AOM) [3]. Fur-
thermore, although DBAN was detected in all test groups using glucose as per the MEPC,
it was not detected in this study using wild phytoplankton species. N-DBPs are more
likely formed from low SUVA (Specific UV absorbance), and N-rich precursors [41–43].
Because glucose has a lower SUVA value than DOM derived from wild phytoplankton
species, conditions for the formation of DBAN could be more favorable in land-based
tests. Therefore, when ballasting is performed in actual ports, there may not be a need for
monitoring the DBAN, although the occurrence of DBPs from BWMSs using AS still needs
to be monitored.
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4.4. Environmental Risk Assessment on DBPs among Groups

No individual DBP exceeded a PEC/PNEC ratio of 1, suggesting a low environmental
risk for the individual substances (Tables 5 and 6). Even if natural organisms are used
and CO2 is added to lower pH, the PEC/PNEC ratio of individual DBP is less than 1
under “general” conditions, indicating that the potential risk of individual DBP in the port
environment is low. In addition, IMO G9 before the revision of the BWMS Code, which was
evaluated for potential environmental risk by testing with a single culture species rather
than natural assemblages of plankton, is also considered to be valid.

However, the sum of PEC/PNEC in discharged water exceeded 1 in the TH15 and
TH10-pH samples on Day 1, and in the TH10 and TH15 samples on Day 5 under “near-
ship” conditions, indicating potential risk (Tables 5 and 6). These were the test waters
with high total DBP concentrations, particularly high concentrations of TBM and MCAA.
Moreover, the number of substances with PEC/PNEC values > 0.1 increased on Day 5
(Table 6), suggesting that the risk may increase when ballast water is stored for a longer
period. Among these substances, TBM and MCAA exhibited fairly high PEC/PNEC values.
Although the concentration of MCAA was low in this study, the PEC/PNEC ratio was high
because of the low PNEC value. The PNEC in GISIS is quite low when there is a lack of
toxicity data for specific biological groups. MCAA might also exhibit a low PNEC because
of the limited toxicity data, indicating the need for further toxicity assessment in the future.

Table 5. PEC/PNEC ratio of THMs, HAAs, and HANs detected on Day 1 of the test waters. Predictive
environmental concentration (PEC) for the general and near-ship (NS) conditions on Day 1, calculated
using MAMPEC 3.1. To obtain the PEC, the predictive no-effect concentration (PNEC) was calculated
using the lowest toxicity data and the assessment factor (AF) from the IMO, GISIS.

TH5 TH10 TH15 TL5 TL10 TL15 TH10-pH TL10-pH
DBPs General NS General NS General NS General NS General NS General NS General NS General NS

DCBM 2.6 ×
10−4

5.3 ×
10−³

2.7 ×
10−4

5.4 ×
10−³

2.6 ×
10−4

5.3 ×
10−³

DBCM 6.9 ×
10−³

3.0 ×
10−³

2.4 ×
10−2

1.0 ×
10−2

3.4 ×
10−2

1.5 ×
10−2

1.3 ×
10−2

5.5 ×
10−³

1.6 ×
10−2

6.9 ×
10−³

1.7 ×
10−2

7.5 ×
10−³

3.2 ×
10−2

1.4 ×
10−2

1.3 ×
10−2

5.5 ×
10−³

TBM 1.2 ×
10−2

2.0 ×
10−1

3.6 ×
10−2

6.1 ×
10−1

4.7 ×
10−2

8.0 ×
10−1

2.0 ×
10−2

3.4 ×
10−1

2.7 ×
10−2

4.6 ×
10−1

2.6 ×
10−2

4.4 ×
10−1

3.4 ×
10−2

5.9 ×
10−1

1.8 ×
10−2

3.0 ×
10−1

MCAA 3.0 ×
10−2

3.7 ×
10−1

3.2 ×
10−2

3.9 ×
10−1

5.1 ×
10−2

6.2 ×
10−1

2.8 ×
10−2

3.5 ×
10−1

MBAA 1.5 ×
10−³

1.8 ×
10−2

1.6 ×
10−³

1.9 ×
10−2

2.6 ×
10−³

3.2 ×
10−2

1.2 ×
10−3

1.4 ×
10−2

1.7 ×
10−³

2.1 ×
10−2

2.3 ×
10−³

2.8 ×
10−2

5.2 ×
10−³

6.4 ×
10−2

4.6 ×
10−³

5.6 ×
10−2

TCAA 9.6 ×
10−6

1.2 ×
10−4

2.5 ×
10−5

3.1 ×
10−4

2.7 ×
10−5

3.3 ×
10−4

2.2 ×
10−5

2.7 ×
10−4

2.1 ×
10−5

2.6 ×
10−4

1.7 ×
10−5

2.1 ×
10−4

4.4 ×
10−5

5.4 ×
10−4

2.3 ×
10−5

2.8 ×
10−4

BCAA 5.0 ×
10−³

6.2 ×
10d2

4.9 ×
10−³

6.0 ×
10−2

8.1 ×
10−³

9.9 ×
10−2

9.6 ×
10−³

1.2 ×
10−1

5.7 ×
10−³

6.9 ×
10−2

6.4 ×
10−³

7.9 ×
10−2

7.3 ×
10−³

9.0 ×
10−2

7.1 ×
10−³

8.7 ×
10−2

DBCAA 2.1 ×
10−5

2.5 ×
10−4

2.7 ×
10−5

3.3 ×
10−4

3.0 ×
10−5

3.7 ×
10d4

7.8 ×
10−5

9.5 ×
10−4

4.9 ×
10−5

6.0 ×
10d4

5.4 ×
10−5

6.6 ×
10−4

5.8 ×
10−5

7.1 ×
10−4

4.5 ×
10−5

5.5 ×
10−4

DBAA 9.8 ×
10−5

1.2 ×
10−³

1.5 ×
10−4

1.9 ×
10−³

2.5 ×
10−4

3.1 ×
10−³

2.3 ×
10−4

2.8 ×
10−³

1.4 ×
10−4

1.7 ×
10−³

1.2 ×
10−4

1.5 ×
10−³

2.6 ×
10−4

3.2 ×
10−³

1.8 ×
10−4

2.2 ×
10−³

DCBAA 3.0 ×
10−4

2.2 ×
10−³

5.3 ×
10−4

3.9 ×
10−³

1.3 ×
10−³

9.4 ×
10−³

1.8 ×
10−³

1.3 ×
10−2

7.0 ×
10−4

5.1 ×
10−³

7.4 ×
10−4

5.5 ×
10−³

4.6 ×
10−³

3.4 ×
10−2

1.4 ×
10−³

1.0 ×
10−2

TBAA 9.1 ×
10−6

7.1 ×
10−5

1.4 ×
10−5

1.1 ×
10−4

3.3 ×
10−5

2.6 ×
10−4

4.4 ×
10−5

3.4 ×
10−4

2.4 ×
10−5

1.9 ×
10−4

2.3 ×
10−5

1.8 ×
10−4

1.1 ×
10−4

8.4 ×
10−4

3.7 ×
10−5

2.9 ×
10−4

MCAN 1.7 ×
10−2

3.4 ×
10−2

2.8 ×
10−2

5.5 ×
10−2

3.7 ×
10−2

7.3 ×
10−2

4.0 ×
10−2

7.8 ×
10−2

8.1 ×
10−³

1.6 ×
10−2

4.3 ×
10−2

8.4 ×
10−2

4.0 ×
10−2

7.9 ×
10−2

DCAN 7.3 ×
10−4

8.9 ×
10−4

MBAN 1.6 ×
10−4

2.0 ×
10−4

1.1 ×
10−³

1.4 ×
10−³

4.9 ×
10−³

6.1 ×
10−³

6.9 ×
10−³

8.5 ×
10−³

1.8 ×
10−2

2.2 ×
10−2

5.7 ×
10−³

7.1 ×
10−³

4.0 ×
10−2

4.9 ×
10−2

1.7 ×
10−2

2.1 ×
10−2

BCAN 5.1 ×
10−³

1.4 ×
10−2

8.2 ×
10−³

2.2 ×
10−2

8.3 ×
10−³

2.3 ×
10−2

5.6 ×
10−³

1.5 ×
10−2

4.6 ×
10−2

1.3 ×
10−1

7.8 ×
10−³

2.1 ×
10−2

DCM 1.1 ×
10−5

1.6 ×
10−³

1.4 ×
10−5

2.2 ×
10−³

1.2 ×
10−5

1.8 ×
10−³

8.2 ×
10−6

1.3 ×
10−³

7.7 ×
10−6

1.2 ×
10−³

SUM 0.06 0.67 0.09 0.75 0.13 1.02 0.13 0.99 0.12 0.69 0.07 0.60 0.26 1.69 0.14 0.93
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Table 6. PEC/PNEC ratio of THMs, HAAs, and HANs detected on Day 5 of the test waters. Predictive
environmental concentration (PEC) for the general and near-ship (NS) conditions on Day 1, calculated
using MAMPEC 3.1. To obtain the PEC, the predictive no-effect concentration (PNEC) was calculated
using the lowest toxicity data and the assessment factor (AF) from the IMO, GISIS.

TH5 TH10 TH15
DBPs General NS General NS General NS

DCBM 3.6 × 10−4 5.5 × 10−3 2.9 × 10−4 5.9 × 10−3 3.6 × 10−4 7.1 × 10−3

DBCM 7.4 × 10−3 3.2 × 10−3 2.6 × 10−2 1.1 × 10−2 5.4 × 10−2 2.3 × 10−2

TBM 1.4 × 10−2 2.3 × 10−1 3.6 × 10−2 6.2 × 10−1 5.6 × 10−2 9.6 × 10−1

MCAA 3.0 × 10−2 3.7 × 10−1 7.9 × 10−2 9.7 × 10−1 3.6 × 10−2 4.3 × 10−1

MBAA 1.5 × 10−3 1.8 × 10−2 8.8 × 10−3 1.1 × 10−1 6.6 × 10−3 8.1 × 10−2

TCAA 9.6 × 10−6 1.2 × 10−4 2.5 × 10−5 3.1 × 10−4 2.7 × 10−5 3.3 × 10−4

BCAA 5.6 × 10−3 6.8 × 10−2 1.1 × 10−2 1.4 × 10−1 1.6 × 10−2 1.9 × 10−1

DBCAA 5.0 × 10−5 6.2 × 10−4 2.3 × 10−3 2.9 × 10−2 6.9 × 10−5 8.5 × 10−4

DBAA 9.8 × 10−5 1.2 × 10−3 2.6 × 10−4 3.2 × 10−3 3.3 × 10−4 4.1 × 10−3

DCBAA 4.3 × 10−5 3.1 × 10−3 2.2 × 10−4 1.6 × 10−2 2.2 × 10−4 1.6 × 10−2

TBAA 1.0 × 10−5 8.0 × 10−5 5.9 × 10−5 4.6 × 10−4 6.2 × 10−5 4.9 × 10−4

MCAN 0.0 0.0 6.0 × 10−2 1.2 × 10−1 9.8 × 10−2 1.9 × 10−1

DCAN 1.9 × 10−5 8.6 × 10−4 9.5 × 10−6 4.4 × 10−4 1.6 × 10−5 7.2 × 10−4

MBAN 1.6 × 10−4 2.0 × 10−4 6.7 × 10−3 8.3 × 10−3 4.9 × 10−3 6.1 × 10−3

BCAN 5.6 × 10−3 1.5 × 10−2 1.0 × 10−2 2.8 × 10−2 0.0 0.0
DCM 1.1 × 10−5 1.6 × 10−3 1.4 × 10−5 2.2 × 10−3 1.2 × 10−5 1.8 × 10−3

SUM 0.06 0.72 0.24 2.06 0.27 1.92

5. Conclusions

In ports where phytoplankton blooms occur frequently, BWMSs using AS can form
more DBPs, and the environmental risk due to DBPs may increase with TRO concentrations.
While preventing the invasion of alien species is important, efforts to reduce the environ-
mental risk of DBPs are necessary because all international ships will install and operate
BWMS after September 2024. The following conclusions can be drawn from this study:

1. When ballasting with BWMS using AS during massive phytoplankton blooms, the
concentration of DBPs can increase, potentially raising the environmental risk in ports.

2. The environmental risk assessment of IMO G9 performed with cultured species may
substitute the outcome with a natural plankton community.

3. DBAN, which can be problematic because of its high toxicity in land-based tests,
might be affected by the addition of glucose to artificially increase the dissolved
organic matter.

4. According to the results of the environmental risk assessment, MCAA may cause
toxicity in ports, thus necessitating port monitoring.

5. The initial TRO concentration and final TRO concentration play a crucial role in
determining the concentration and composition ratio of DBPs.

6. By obtaining information on the biological quantity and DOM concentration using a
calibrated sensor in ports before ballasting, it is possible to treat ballast water with an
appropriate TRO concentration to increase the energy efficiency of BWMS operations
and reduce the environmental risk of DBPs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jmse12020238/s1, Table S1: Active chlorophyll a in the test water of Groups A, B, and C,
Table S2: The table summarizes the DBP concentrations of treated water on Day 1 for equipment with
a maximum dose of active substances of 9–11 ppm among those reported in IMO MEPC (types of
BWMS: C, chemical injection; D, directed injection on the main pipe; S, side-stream injection on the
main pipe); Table S3: The table summarizes the DBP concentrations of treated water on Day 5 for
equipment with a maximum dose of active substances of 9–11 ppm among those reported in IMO
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MEPC (types of BWMS: C: chemical injection; D, directed injection on the main pipe; S, side-stream
injection on the main pipe), Figure S1: Composition percentages of (a) THMs, (b) HAAs, (c) HANs,
and (d) total DBPs on Day 1 for Groups A, B, and C.
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