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Ballast water-mediated transfer of aquatic invasive species is considered a major threat to marine biodiversity, marine indus-
try and human health. A ballast water treatment is needed to comply with International Maritime Organization (IMO) ballast
water discharge regulations. Didecyldimethylammonium chloride (DDAC) was tested for its applicability as a ballast water
treatment method. The treatment of the marine phytoplankton species Tetraselmis suecica, Isochrysis galbana and Chaeto-
ceros calcitrans showed that at 2.5 μL L−1 DDAC was able to inactivate photosystem II (PSII) efficiency and disintegrate
the cells after 5 days of dark incubation. The treatment of natural marine plankton communities with 2.5 μL L−1 DDAC did
not sufficiently decrease zooplankton abundance to comply with the IMO D-2 standard. Bivalve larvae showed the high-
est resistance to DDAC. PSII efficiency was inactivated within 5 days but phytoplankton cells remained intact. Regrowth
occurred within 2 days of incubation in the light. However, untreated phytoplankton exposed to residual DDAC showed
delayed cell growth and reduced PSII efficiency, indicating residual DDAC toxicity. Natural marine plankton communities
treated with 5 μL L−1 DDAC showed sufficient disinfection of zooplankton and inactivation of PSII efficiency. Phytoplank-
ton regrowth was not detected after 9 days of light incubation. Bacteria were initially reduced due to the DDAC treatment
but regrowth was observed within 5 days of dark incubation. Residual DDAC remained too high after 5 days to be safely
discharged. Two neutralization cycles of 50 mg L−1 bentonite were needed to inactivate residual DDAC upon discharge.
The inactivation of residual DDAC may seriously hamper the practical use of DDAC as a ballast water disinfectant.

Keywords: DDAC; ballast water treatment; IMO D-2 standard; zooplankton; phytoplankton

1. Introduction
The ongoing spread of aquatic invasive species through
ballast water poses major risks to global biodiversity
and may negatively impact marine industries and human
health.[1] Ballast water transport through shipping is con-
sidered a major vector in the spread of aquatic invasive
species.[2,3] To halt this spread, the International Maritime
Organization (IMO) adopted the international convention
for the control and management of ship’s ballast water and
sediments.[4] The convention limits the maximum num-
ber of viable organisms allowed to be discharged through
ballast water. These requirements are known as the D-2
Ballast Water Performance Standard (D-2 standard).[4] In
order to comply with the D-2 standard ship owners will
have to install ballast water treatment systems (BWTS)
aboard their ships to disinfect the ballast water prior to
discharge. In recent years, many companies have devel-
oped on-board treatment systems capable of disinfecting
ballast water.[5] In order for a BWTS to be appreciated as a
viable and effective system, the IMO has developed elabo-
rate testing procedures.[6–8] One of the major phases in the
approval process is the execution of a full-scale land-based
verification test. Prior to full-scale verification testing,

*Corresponding author. Email: ceesvanslooten@gmail.com

pilot experiments are usually performed. Here, the assess-
ment of didecyldimethylammonium chloride (DDAC) as a
potential ballast water treatment option is presented.

DDAC is a quaternary ammonium compound which is
commonly used as a general disinfectant for a wide range
of applications. It was registered by the US environmen-
tal protection agency in 1962. DDAC is used to disinfect
surface areas such as household, agricultural and medical
equipment. DDAC is also used as disinfectant in swim-
ming pools and as anti-sapstain agent in the wood industry.
It is estimated that a total of 396 commercial products
contain DDAC as an active ingredient.[9]

DDAC is a molecule with a positively charged cationic
head side (ammonium) and a hydrophobic carbon tail side.
Disinfection is achieved by binding of the hydrophobic
tail into the lipid bilayer of cell membranes while the
cationic head sticks out into the water phase. The binding
causes rearrangement of the lipid bilayer which disrupts
the cell membrane and leads to leakage of cell content and
eventually cell death.[10]

To test the efficacy of DDAC in the ballast water
treatment, results of experiments were checked for com-
pliance with the D-2 standard for organisms > 50 μm

© 2014 Taylor & Francis
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(limit: < 10 viable organisms m−3), commonly referred
to as zooplankton and 10–50 μm phytoplankton (limit:
< 10 viable organisms mL−1). In addition to zooplankton
and phytoplankton abundance, also photosystem II (PSII)
efficiency, bacterial abundance and DDAC concentrations
were monitored.

Experiments included laboratory-scale trials using
three phytoplankton monocultures to determine the appro-
priate DDAC dose needed for disinfection of marine
phytoplankton. During these experiments, phytoplankton
concentration and fitness was followed during exposure
to a range of DDAC concentrations. Three cubic metre
vessel trials (cube trials) were performed, using natural
seawater derived from a harbour adjacent to the institute.
The cube trials were intended first of all to determine the
DDAC dose needed for sufficient zooplankton and phyto-
plankton disinfection and then to test for any detrimental
effects of high total suspended solids (TSS) loads on the
efficacy of DDAC. The first and third cube trials were fol-
lowed by a laboratory-scale regrowth experiment to test the
potential for phytoplankton regrowth after treatment. Var-
ious BWTS do not physically disrupt cells immediately,
so the potential for regrowth can be a decisive factor in
the efficacy assessment of a potential BWTS.[11] Finally,
a full–scale 100 m3 tank trial was conducted using natural
seawater to test the neutralization system that was needed
to render the residual DDAC harmless upon discharge.

2. Materials and methods
2.1. Experimental design
2.1.1. Laboratory trial
Three phytoplankton species, obtained from the National
Centre for Marine Algae and Microbiota, were selected
for the laboratory trial. The prasinophyte Tetraselmis sue-
cica (CCMP 904), the prymnesiophyte Isochrysis galbana
(CCMP 1323) and the diatom Chaetoceros calcitrans
(CCMP 1315) were cultured in 500 mL polyethylene bot-
tles (Nalgene) in a mix of 1:1 F/2 medium [12] and
enriched artificial seawater medium [13] at 15°C and a 16:8
light:dark cycle of 50 μmol photons m−2 s−1 light inten-
sity. After reaching exponential growth phase, the cultures
were treated with 0, 2.5, 5, 7.5 and 10 μL L−1 DDAC using
an 8% DDAC working stock solution made by dissolving
1 mL Bardac

®
2280, containing 80% DDAC (Lonza Inc.),

in 9 mL milli-Q. Treated and control cultures were incu-
bated at 15°C in the dark. Samples of 50 mL were taken 24
h before and 1 h after the DDAC addition and subsequently
for 5 days to monitor the following variables: phytoplank-
ton abundance, PSII efficiency and DDAC concentration.

2.1.1.1. Cube trial 1. On 21 July 2010, natural seawa-
ter was pumped from the saltwater harbour adjacent to the
institute at high tide. A 300 m3 h−1 centrifugal pump was
used to take up water through a pipeline normally used for

filling 300 m3 subterranean tanks. A bleeding valve was
used to divert a side-stream to three opaque black polyethy-
lene cubic metre containers (cube vessels). A 1 L working
stock of 2.5 mL L−1 DDAC was made by mixing 6.25
mL Bardac

®
2240, containing 40% DDAC (Lonza Inc.),

in 993.75 mL milli-Q. The working stock was added to
the second cube vessel when the vessel was 75% filled
with seawater. After completely filling the cube vessel with
1000 L of seawater, a DDAC concentration of 2.5 μL L−1

was reached. The firstly and thirdly seawater filled cube
vessels were used as control. The cube vessels were stored
inside to shield them from direct sunlight to prevent excess
heating of the water in the vessels.

Before samples were taken from the cube vessels, the
content was stirred with a clean wooden paddle, which was
inserted through an opening on top of the vessel. Samples
for zooplankton abundance were taken on Days 0 and 5
from a tap at the base of the cube vessels. Zooplankton
abundance before treatment from the DDAC-treated vessel
was interpolated from the two adjacent control vessels. All
cube vessels were sampled for phytoplankton abundance,
PSII efficiency and DDAC concentration from a tap at the
base of the vessel for 5 days.

2.1.1.2. Regrowth experiment. One-litre dilutions were
made using treated water from Cube trial 1 at Day 5.
As dilution water, 1.2 μm filtered and autoclaved seawater
from the first cube vessel was used. Untreated water from
Cube trial 1 was used for the control incubation. Undi-
luted, 10 times and 100 times diluted treated and control
water was incubated at 15°C with a 16:8 h light:dark cycle
at 50 μmol m−2 s−1 light intensity. A similar second dilu-
tion series was made to which living organisms were added
by filtering 1 L of freshly collected seawater over a GF/F
filter (Whatman) and adding one filter to each incubation
bottle. Alongside the dilutions, a negative control (sterile
seawater) and a positive control (sterile seawater with a
freshly added filter containing living organisms) were incu-
bated. For 7–10 days, the phytoplankton abundance and
PSII efficiency were monitored.

2.1.1.3. Cube trial 2. Two days after the termination of
Cube trial 1, the second control vessel from Trial 1 was
treated with 5 μL L−1 DDAC. This test was performed to
determine the specific mortality of bivalve larvae which
survived the initial treatment of 2.5 μL L−1 DDAC of Cube
trial 1. A 1 L working stock of 5 mL L−1 DDAC was
made by mixing 12.5 mL Bardac

®
2240 in 987.5 mL milli-

Q. The working stock was added to the second control
vessel and thoroughly mixed with a wooden paddle to
reach a concentration of 5 μL L−1 DDAC. Samples for
zooplankton were taken at Days 0 and 5. Samples for
DDAC concentration were taken at Days 0, 1, 2, 5 and
6. As control for the zooplankton concentration, a 20 L
polycarbonate bottle (Nalgene) was filled with water from
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the second control vessel before the DDAC addition and
incubated in the dark alongside the cube vessel. At Day 5,
the 20 L bottle was completely analysed for zooplankton
abundance.

2.1.1.4. Cube trial 3. Natural sediment was obtained
from a saltwater bay adjacent to the institute. The sediment
was dried at 60°C for 3 days to remove the water frac-
tion. Three opaque black polyethylene cube vessels were
used to perform incubation in the dark. The first vessel
was used as control. To the second and third cube vessels,
respectively, 45 and 95 mg L−1 dried sediment was added,
to ensure high TSS loads. Two 1 L working stocks of 5
mL L−1 DDAC were made by mixing 12.5 mL Bardac

®

2240 in 987.5 mL milli-Q. On 27 May 2011, the three cube
vessels were filled with 1000 L seawater from the saltwa-
ter harbour adjacent to the institute at low tide. The tanks
were filled as in Cube trial 1. When the second and third
cube vessels were 75% filled, DDAC was added from the
working stocks to reach the final concentration of 5 μL L−1

DDAC.
In contrast to Cube trial 1, samples for zooplankton

were taken directly from the bleeding valve at the begin-
ning, middle and end of the hour it took to fill all three
cube vessels. The average zooplankton count of the three
samples was used as the zooplankton abundance on Day 0
before treatment for all cube vessels. Samples for DDAC-
treated zooplankton on Day 0 were taken from a tap at the
base of the cube vessels. At Day 5, all three cube vessels
were sampled for zooplankton abundance. Before samples
were taken from the cube vessels, the content was stirred
with a clean wooden paddle, which was inserted through
an opening on top of the vessel. Samples for phytoplank-
ton and bacterial abundance, PSII efficiency and DDAC
concentration were obtained from a tap at the base of the
vessel during 5 days.

2.1.1.5. Regrowth experiment. At Day 5, 500 mL water
from each cube vessel was incubated in polycarbonate bot-
tles (Nalgene) at 15°C with a 16:8 light dark cycle at a 50
μmol m−2 s−1 light intensity. After 9 days the bottles were
analysed for phytoplankton abundance and PSII efficiency.

2.1.2. Tank trial
On 16 September 2010, 100 m3 of natural seawater was
pumped into a 300 m3 subterranean concrete tank situated
onshore. The water was injected with DDAC (Bardac

®

2240) using a dosing pump into the main pipeline after the
pump to reach the final concentration of 5 μL L−1 DDAC.
A second concrete subterranean tank was filled as a con-
trol. After 5 days, the DDAC-treated water was transferred
to another tank. During the transfer, 50 mg L−1 of ben-
tonite (natural clay mineral) was injected into the water to
neutralize the residual DDAC. On Day 6, a second neutral-
ization step was carried out. At various moments during the

incubation, samples were taken for phytoplankton abun-
dance, PSII efficiency, DDAC concentration and bacterial
abundance using a tap at the base of the tank.

2.2. Analytical methods
2.2.1. Zooplankton enumeration
Zooplankton samples containing natural untreated seawa-
ter were obtained by filtering 20 L of seawater over a 50
μm sieve either directly from the hose used for filling the
cube vessels or from a tap at the base of the cube vessels.
Cube vessels containing DDAC-treated water were filtered
entirely over a 50 μm plankton net.

Organisms retained in a 50 μm net or sieve after sam-
pling were suspended in 100 mL 0.2 μm filtered seawater
and immediately stained with neutral red vitality stain.[14]
Stained samples were distributed in a Bogorov dish and
counted using a Zeiss microscope with a 20 times magni-
fication. Organisms were determined alive on the basis of
movement or whether they were stained by neutral red.

2.2.2. Enumeration of phytoplankton
Samples for phytoplankton abundance were analysed in
duplicate. Analyses were performed within 4 h after sam-
pling using a Coulter Epics XL-MCL flow cytometer
(Beckman Coulter). Phytoplankton cells were discrim-
inated from other particles by detecting the red auto-
fluorescence produced by chlorophyll when excited at 488
nm using the red fluorescence detector (620 ± 15 nm band
pass filter).[15] Phytoplankton cells were enumerated by
plotting red fluorescence against forward scatter. Subse-
quent data analysis was carried out using FCS Express 4
(De Novo Software). A selection gate was made based on
the cluster of untreated cells. DDAC-treated samples were
analysed using the same gate used for untreated samples.
Particles recorded outside of the gate were considered to
be background noise or cell debris.

2.2.3. Enumeration of bacteria
Two methods for the enumeration of bacteria were used.
In the first method, samples for total bacterial counts
were fixed with 1.8%/1% formalin/hexamine for 15 min at
4°C, snap frozen in liquid nitrogen and stored at − 80°C
until analysis. Prior to analysis, bacterial samples were
thawed at room temperature and stained with PicoGreen

®

(250 times commercial stock dilution) (Invitrogen) which
makes the genomic DNA green fluorescent.

The second method involved a live/dead determination.
Unfixed samples were double stained with SYBR

®
Green

(Invitrogen) and propidium iodide (Invitrogen). Cells with
intact membranes were considered alive and cells with per-
meable membranes were considered dead. SYBR® Green
(10,000 times commercial stock dilution) stains the DNA
of all cells green fluorescent. Propidium iodide (500 times



438 C. van Slooten et al.

commercial stock dilution) stains the DNA of cells with
permeable membranes red fluorescent. Bacteria were anal-
ysed in duplicate using a Coulter Epics XL-MCL flow
cytometer (Beckman Coulter) with a 488 nm excitation
laser. Bacterial counts were discriminated from other parti-
cles on the basis of green or red fluorescence intensity and
internal complexity using the green fluorescence detector
(525 ± 20 nm band pass filter), red fluorescence detector
(620 ± 15 nm band pass filter) and side scatter detector,
respectively.

2.2.4. PSII efficiency
Samples for PSII efficiency analysis were stored at 4°C
in the dark for 30 min to 4 h prior to analysis. The
PSII efficiency was measured in duplicate as Fv/Fm with
a pulse-amplitude modulation (PAM) fluorometer (Walz,
Germany).[16]

2.2.5. DDAC analysis
DDAC samples were analysed colorimetrically within 4
h after sampling according to HACH method 8337.[17]
Samples of the laboratory trial were analysed once. Sam-
ples of the cube trials, regrowth experiments and tank trial
were analysed in triplicate.

2.3. Statistical analysis
In all statistical analyses, the null hypothesis was that there
is no significant difference between treatment and control.
When samples were analysed in triplicate, the 95% confi-
dence intervals (CI) of the means were calculated using the
MS Excel 2010 function CONFIDENCE.T. A Student’s
t distribution was used instead of a normal distribution
because the former is more appropriate when dealing with
small sample sizes. When the 95% CI did not overlap,
the difference between means was considered significant
(p < .05).

T-tests were carried out using the MS Excel function
TTEST. A two-tailed distribution was assumed in all tests
and α = 0.05. Two types of t-tests were used depending
on the equality of variance of the two samples. An F-test
was performed to test for equality of variance using the
MS Excel function FTEST using α = 0.05 to decide which
type of t-test should be used.

Least squares linear regression models were calcu-
lated using SYSTAT 13. When data were nonlinearly
distributed, they were elog-transformed. To test whether
model coefficients were not significantly different from one
another, the 95% CI was calculated as: 95% CI = SE * t.
Whereby SE is the coefficient’s standard error calcu-
lated by SYSTAT 13 and t is the two-tailed t-value
corresponding with α = 0.05 and degrees of freedom
(df) = n − 1.

3. Results
3.1. Laboratory trial
3.1.1. Phytoplankton abundance
In the control, the cell abundance of C. calcitrans remained
between ∼ 626,000 and ∼ 713,000 cells mL−1 throughout
the 5-day dark incubation. The cell abundance of T. suecica
(t0 ≈ 36,000 cells mL−1) and I. galbana (t0 ≈ 464,000
cells mL−1) decreased 58% and 52%, respectively, after 24
h and fully or partly recovered, respectively, between 1 and
5 days of dark incubation (Figure 1(a)). When cell abun-
dance on Day 0 was compared with Day 6, only T. suecica
had not significantly changed (t-test: p = .24). Both the I.
galbana and C. calcitrans cultures changed significantly
between Days 0 and 6 (t-test: p = .03; both cultures).

Several factors could have contributed to the apparent
recovery in T. suecica and I. galbana cell abundance in the
control incubations. Clumping of T. suecica cells has been
observed in other studies,[18] so it could be hypothesized
that T. suecica cells were clumping at the start of the incu-
bation and that the successive shaking of the bottles prior
to sampling led to an apparent increase of cells over time.
Cell clumps were not detected during flow cytometer data
analysis; however, sometimes clumps or too large to enter
the flow cytometer uptake needle. Also, cell clumps can be
too rare to be picked up in the 92 μL sample volume anal-
ysed by the flow cytometer. It was deemed unlikely that
actual growth occurred during the incubations, since the
incubation was in the dark.

The patterns observed in the treated incubations were
markedly different. Both I. galbana and C. calcitrans
showed a significant decline (t-test: p < .05, all DDAC
concentrations) directly after the DDAC treatment at all
concentrations tested (Figure 1(b)–(e)). On Day 6, the cell
abundances of all DDAC-treated cultures combined were
on average (SD): 1091 (557); 6386 (1,845) and 35 (64)
cells mL−1 for I. galbana, C. calcitrans and T. suecica cul-
tures, respectively. This is equivalent to a 99.8%, 99.0%
and 99.9% decrease in cell abundance for treated I. gal-
bana, C. calcitrans and T. suecica cultures, respectively.
Based on the shape of the clusters observed during flow
cytometer data analysis, what appeared as intact cells in
DDAC-treated cultures on Day 6 could also consist out of
cell debris. However, no microscopic analysis was carried
out to confirm this hypothesis.

3.1.2. PSII efficiency
In the control incubations, the PSII efficiency remained
between 0.6 and 0.7 over the entire incubation time
(Figure 2). In the DDAC-treated incubations, a complete
inactivation of the PSII efficiency was observed in all three
species at all DDAC concentrations tested up until the
last incubation day. The PSII efficiency of T. suecica was
still detectable within hours after the DDAC addition, but
was below the detection limit after 24 h at all DDAC
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Figure 1. Laboratory trial. Normalized cell abundance of T. suecica, I. galbana and C. calcitrans after the addition of control (a), 2.5
(b), 5 (c), 7.5 (d) and 10 μL L−1 DDAC (e). DDAC was added 1 h prior to the sampling of t1, as indicated by the vertical dotted line.
Results are duplicates with the average represented by a continuous line.

concentrations tested. The PSII efficiency of I. galbana
remained detectable for 2–3 days after the DDAC addition.
The PSII efficiency of C. calcitrans decreased to below the
detection limit directly after the addition of DDAC at all
concentrations tested.

3.1.3. DDAC degradation
In most of the incubations, the observed concentration
of DDAC was lower than was actually added (Table 1).
Especially at higher DDAC concentrations, much less was
actually observed in the cultures. In all, except the 2.5 μL
L−1 DDAC incubation, the highest concentrations were
observed in the I. galbana samples. The concentration of
DDAC remained fairly constant during the incubation, as
indicated by the small standard deviation of the average
DDAC concentration over the 5-day incubation (Table 1).

3.2. Cube trial 1
3.2.1. Zooplankton abundance
Within hours after the addition of 2.5 μL L−1 DDAC,
the abundance of living zooplankton decreased 51% from

82,050 to 40,250 organisms m−3. After 5 days, the number
of living zooplankton was reduced 98% to 1500 organ-
isms m−3. All remaining zooplankton in the DDAC-treated
cube vessel were bivalve larvae. In the control cube vessel,
living zooplankton decreased 42% from 82,050 to 47,550
organisms m−3 during the 5-day incubation.

3.2.2. Phytoplankton abundance
Both the DDAC-treated and control cube vessels showed
a similar decrease in phytoplankton abundance during the
5-day incubation (Figure 3(a)). The decrease in phyto-
plankton abundance was logarithmic in both the control
and treated vessels. After 4 days the phytoplankton abun-
dance decreased to approximately 4000 cells mL−1 in the
DDAC-treated vessel which still exceeded the < 10 viable
cells mL−1 required by the IMO.

To test whether decrease rates were significantly dif-
ferent between treated and control incubations, an elog
transformation on the data was carried out. The linear
regression models for elog transformed data of control-
and DDAC-treated samples were: y = − 0.46x + 10.1
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duplicates with the average represented by a continuous line.

Table 1. Laboratory trial. Average DDAC concentration
during the 5-day incubation.

DDAC (μL L−1); average (SD)

Treatment T. suecica I. galbana C. calcitrans

Control 0.0 (0.1) 0.0 (0.1) 0.0 (0.1)
2.5 1.9 (0.2) 2.3 (0.2) 2.7 (0.1)
5 2.9 (0.3) 4.9 (0.1) 2.7 (0.3)
7.5 4.4 (0.3) 5.9 (0.3) 4.1 (0.3)
10 5.4 (0.3) 6.6 (0.2) 5.4 (0.3)

(Control) and y = − 0.37x + 10.0 ( + DDAC). The 95%
CI for the coefficient was calculated using: SE * t(df=17):
0.023 * 2.11 = 0.048. So for the Control, the coeffi-
cient ± 95% CI = − 0.46 ± 0.05. For the + DDAC, the
95% CI was 0.036 * 2.11 = 0.08. So the coefficient ±
95% CI = − 0.37 ± 0.08. The coefficients of both mod-
els overlap so it was concluded that the decline rate in

phytoplankton abundance was not significantly different
between the control and treated vessels.

3.2.3. PSII efficiency
In contrast to phytoplankton abundance, a clear difference
in PSII efficiency was observed between the control and
DDAC-treated vessels. The PSII efficiency measured in
samples from the control vessel resulted in yields associ-
ated with healthy phytoplankton (Figure 3(b)). Within 2 h,
the PSII efficiency was reduced to 0.1 in the DDAC-treated
vessel and remained below 0.1 during the entire incubation.

3.2.4. DDAC degradation
The DDAC concentration remained constant until Day
2 (Figure 3(c)). On Day 5, the DDAC concentration in
the treated vessel was not significantly different from the
control vessel due to relatively high variability in con-
trol measurements. However, the average concentration in
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Figure 3. Cube trial 1. Natural seawater treated with 2.5 μL L−1

DDAC. The phytoplankton abundance (a), the PSII efficiency (b)
and the DDAC concentration (c) in the cube vessels. Error bars
represent the 95% CI of triplicate measurements.

treated samples was still significantly different from zero
on Day 5 at 0.3 ± 0.1 μL L−1 DDAC (average ± 95%
CI).

3.3. Regrowth experiment
3.3.1. Phytoplankton abundance
In all incubations except the negative control, regrowth
was observed (Figure 4). The incubations of DDAC-treated
water showed a 1–2 days lag time before regrowth. The
control dilutions did not show this lag phase, except for the
100 times dilution which showed a 1 day lag phase. When
untreated phytoplankton was added to the DDAC-treated
water, the undiluted incubation showed a 1 day lag phase
before regrowth started (Figure 4(c)). The diluted incuba-
tions showed no lag phase prior to regrowth. Control water

with untreated phytoplankton added showed no lag phase
before regrowth.

3.3.2. PSII efficiency
In all incubations except the negative control, a strong
recovery of PSII efficiency was observed (Figure 5).
Notably, the PSII efficiency of undiluted DDAC-treated
water with fresh phytoplankton was much lower on Day
0 than the other dilutions (Figure 5(c)).

3.4. Cube trial 2
3.4.1. Zooplankton abundance
Zooplankton abundance declined 62% from 23,850 to
9000 organisms m−3 within hours after the addition of 5
μL L−1 DDAC. At Day 5, no zooplankton organisms were
observed in the treated cube vessel. So the zooplankton
disinfection was 100% after treatment at Day 5. The zoo-
plankton abundance in the control decreased by 82% from
23,850 at Day 0 to 4300 organisms m−3 at Day 5.

3.4.2. DDAC degradation
The observed concentration on Day 0 was 5.8 ± 0.3 μL
L−1 DDAC (average ± 95% CI). On Day 5, the DDAC
concentration observed in the treated vessel remained sig-
nificantly different from the control samples at 1.6 ± 0.4
μL L−1 DDAC (average ± 95% CI). On Day 6, the DDAC
concentration was not significantly different from Day 5
(t-test: p = .30), indicating that a plateau was reached in
the degradation process.

3.5. Cube trial 3
3.5.1. Zooplankton abundance
After 5 days, 85% of the zooplankton present in the control
vessel at Day 1 was still alive. In the DDAC-treated vessels
with extra sediment, virtually no organisms were left on
Day 5 except for a phyllodocidae larva and a nereididae
larva in the 45 mg L−1 TSS vessel (Table 2).

The dominant category of zooplankton organisms in the
vessels on Day 1 were bivalve larvae. The second most
abundant category was balanidae nauplia. Both these types
of zooplankton were considered as hard to kill by con-
ventional BWTS. The most difficult to kill zooplankton
category found in the Wadden sea are balanidae cyprid lar-
vae (personal communication with Frank Fuhr and Isabel
van der Star). These were however not present at the time
of testing.

3.5.2. Phytoplankton abundance
Just as observed in Cube trial 1, the phytoplankton abun-
dance trends in control and treated vessel were remarkably
similar (Figure 6(a)). The difference from Cube trial 1 was
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Table 2. Cube trial 3. Natural seawater treated with 5 μL L−1

DDAC and extra TSS.

Day

Zooplankton m−3

Extra TSS mg L−1

Control 45 95

0 14,733a 14,733 14,733
5 12,550a 2 0

aThe average zooplankton concentration at intake for all three
cube vessels.

that the decrease in phytoplankton abundance could be
described by a linear regression model. The phytoplank-
ton trends could be described by the following models:
y = − 773x + 4894 (Control); y = − 667x + 4421 (45
mg L−1 TSS); y = − 640x + 4591 (95 mg L−1 TSS).

It was tested whether the decrease rate of phytoplank-
ton was significantly different for the different treatments.
The 95% CI for the coefficients was calculated using: SE
* t(df;11). The 95% CI for the three decrease rates were:
47.2 * 2.201 = 104 (Control); 62.2 * 2.201 = 137 (45 mg
L−1 TSS) and 78.3 * 2.201 = 173 (95 mg L−1 TSS). The
coefficient ± 95% CI for the control and two treatments
were: − 773 ± 104 (Control); − 667 ± 137 (45 mg L−1

TSS) and − 640 ± 173 (95 mg L−1 TSS).

All the 95% CI overlapped with each other so the
decrease rates in phytoplankton were not significantly
different among the control and two treatments.

3.5.3. PSII efficiency
Similar to Cube trial 1, the PSII efficiency of the treated
vessels was reduced to below 0.1 within hours and
remained close to the detection limit for the duration of
the experiment (Figure 6(b)). The PSII efficiency observed
in the control samples were associated with healthy phyto-
plankton cells.

3.5.4. DDAC degradation
On Day 1, 70% of the added DDAC was measured in the
vessels (Figure 6(c)). Day 5 marked the first day that a sig-
nificant reduction in DDAC was observed in both vessels.
In none of the vessels, the DDAC concentration decreased
below the detection limit.

3.5.5. Bacterial abundance
In the control vessel, the majority of bacteria were alive
at Day 1. After Day 3, the bacterial abundance decreased
strongly in the control (Figure 7(a)). The bacterial abun-
dance in the DDAC-treated vessels was 30%–40% lower
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than that in the control vessels on Day 1 (Figure 7(b)
and (c)). Notably, the bacterial assembly in the treated
vessels consisted almost entirely of dead bacteria. During
the course of the incubation, bacteria started to regrow in
the DDAC-treated vessels. On Day 5, the bacterial abun-
dance in both DDAC-treated vessels exceeded the bacterial
abundance in the control vessel.

3.5.6. Regrowth experiment
After 9 days of light incubation, the control had increased
from ∼ 1000 to ∼ 8400 phytoplankton cells mL−1. So,
clear regrowth was observed in the control. The PSII effi-
ciency in the control had increased from 0.38 to 0.58 so
a recovery was also observed there. No regrowth or PSII
efficiency recovery was observed in DDAC-treated sam-
ples. On the contrary, the intact phytoplankton cells at Day
5 of the dark incubation had degraded after 9 days in the
light. Phytoplankton cell counts ranged from 0 to 7 cells
mL−1 for the 45 and 95 mg L L −1 TSS, respectively.

3.6. Tank trial
3.6.1. Phytoplankton abundance
In contrast to cube trials, phytoplankton abundance did
not decrease in the control tank. The control tank showed

no significant decline in phytoplankton abundance on Day
4 (t-test: p = .06) (Figure 8(a)). The 5 μL L−1 DDAC
treatment immediately led to a decrease of 75% in phyto-
plankton abundance. At Day 5, more than 500 cells mL−1

remained in the treated tank, which is 50 times higher than
the < 10 viable cells mL−1 allowed by the D-2 standard.[4]

3.6.2. PSII efficiency
Within hours after the DDAC treatment, the PSII effi-
ciency was reduced to 0.04 and remained below 0.1 for
the duration of the experiment (Figure 8(b)).

The strong decrease in phytoplankton numbers and
the inactivation of PSII indicate that 5 μL L−1 DDAC
was effective with respect to phytoplankton. However, a
regrowth experiment was not performed; therefore the via-
bility of the remaining 500 cells mL−1 at Day 5 could not
be determined.

3.6.3. DDAC neutralization
DDAC levels did not decrease significantly during the
5-day tank trial (t-test: p = .40) (Figure 8(c)). After
an initial neutralization with 50 mg L−1 bentonite, the
DDAC concentration decreased to 0.75 ± 0.04 μL L−1
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(average ± 95% CI) which was still significantly differ-
ent from zero. At Day 6, the neutralization procedure was
repeated which reduced the DDAC concentration to levels
indiscernible from zero.

3.6.4. Bacterial abundance
Bacterial abundance was initially reduced due to the
DDAC treatment. However, on Days 4 and 5 clear
regrowth of bacteria was observed (Figure 8(d)). So just
like in Cube trial 3 (Figure 7(c)), 5 μL L−1 DDAC was
unable to prevent bacterial regrowth for a 5-day period.
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3.7. Overview
Results were classified as insufficient, inconclusive and
sufficient with respect to compliance with IMO regulations
(Table 3). Bacterial disinfection efficacy was also included
in the summary despite the lack of IMO regulation of
most bacteria. The classification of sufficient or insufficient
disinfection was based on the assessment whether bacte-
ria were initially affected by the treatment and whether
regrowth occurred within the 5-day dark incubation.

4. Discussion
4.1. Establishing compliance with D-2
IMO-type approved BWTS should reduce the concen-
trations of certain groups of viable organism to below
standard (D-2) values as well as being environmentally
safe.[8] For systems using toxic compounds environmen-
tally safe means that the residual toxicity of discharged
water should be below a certain threshold. The residual
toxicity level can be reached by degradation of the toxic
compounds during the 5-day holding time, or if that is not
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Table 3. Overview of results classified as: insufficient ( − ), inconclusive ( ± ) or sufficient ( + ).

Variable

T. suecica; I. galbana; C. calcitrans Cube trials Tank trial

DDAC concentration (μL L−1)

2.5 5 7.5 10 2,5 5 5

Zooplankton disinfection − +
Phytoplankton disintegration ± ± ± a ± ± ± ± ± ± ± ± ± ± ± +
PSII inactivation + + + + + + + + + + + + + + +
Phyto. regrowth prevention − +
Bacterial disinfection + +
Bact. regrowth prevention − −
DDAC degradation − − − − − − − − − − − − ± − −
aThe three consecutive ‘ + ’, ‘ ± ’ or ‘ − ’ signs in the first four columns correspond with the results of T. suecica, I. galbana and C.
calcitrans, respectively.

sufficient, by adding a neutralizing agent. The merits and
caveats of DDAC in the ballast water treatment will be
discussed for three organism groups, zooplankton, phyto-
plankton and heterotrophic bacteria, their viability as well
as the environmental acceptability of DDAC.

4.1.1. Organism concentrations
The DDAC treatment affected the physical integrity of phy-
toplankton cells in monocultures and the tank trial. In the
cube vessels, phytoplankton abundance also decreased in
the control so no significant differences were observed.
Since no clear differences in abundance and PSII effi-
ciency were observed between 2.5 and 10 μL L−1 DDAC,
it appeared that 2.5 μL L−1 DDAC was sufficient to disin-
fect all three monocultures. However, in natural seawater,
zooplankton and phytoplankton showed resistance to 2.5

μL L−1 DDAC. Eventually, 5 μL L−1 DDAC proved suf-
ficient to disinfect natural seawater in compliance with
D-2. The rapid disappearance of cells after treatment is in
congruence with other active substances like Peraclean

®

Ocean,[19,20] chlorine [21] and chlorine dioxide,[22]
which tend to disrupt cells directly after treatment.

In Cube trials 1 and 3, the cause of the similar decrease
in phytoplankton abundance between treated and untreated
vessels remained unclear. It could be hypothesized that the
polyethylene cube vessels had adverse effects on phyto-
plankton survival. However, flocculation could also cause
an apparent decline in phytoplankton cells because of sed-
imentation of phytoplankton clumps and the inability to
count cell clumps as loose cells using a flow cytometer.[23]
Grazing was ruled out as a cause for phytoplankton decline
in the treated vessels, since zooplankton was almost com-
pletely eradicated by the DDAC treatment. On the other
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hand, the strong decline in phytoplankton abundance in the
treated tank in the full-scale tank experiment was a good
indicator that the DDAC treatment had been effective.

Although the 2.5 μL L−1 DDAC treatment in Cube trial
1 caused a reduction of 98% in living zooplankton, the
abundance after 5 days was still well above the limit of
< 10 organisms m−3 allowed by the IMO.[4] The appar-
ent resistance of bivalve larvae to DDAC could be caused
by the ability of bivalves to close their shells and thus
temporarily avoid adverse environmental conditions.[24]

In Cube trial 2, the complete eradication of zooplank-
ton organisms, including the bivalve larvae, indicated that
5 μL L−1 DDAC has sufficient zooplankton disinfection
capacity to comply with the IMO D-2 standard. The large
decrease in the control bottle indicated, however, that the
12-day presence of the seawater in the cube vessel and 20 L
polycarbonate bottle had negatively impacted the survival
rate of the zooplankton.

The successful eradication of all but two worm larvae
in the treated vessels of Cube trial 3 implied that the extra
TSS added did not impair the disinfection capacity of 5
μL L−1 DDAC with respect to zooplankton. In the absence
of the most challenging balanidae cyprid larvae, 5 μL L−1

DDAC was capable of eradicating virtually all zooplank-
ton organisms. So these results were considered promising
with respect to zooplankton disinfection efficacy of DDAC
at current concentrations to comply with the IMO D-2
standard.

The reduction in bacterial abundance in the control of
Cube trial 3 was probably the result of depletion of car-
bohydrates and continued grazing by microzooplankton.
Carbohydrates are produced by phytoplankton under light
conditions but in the dark no photosynthesis can take place.
Carbohydrates produced by phytoplankton are considered
an important organic carbon source for bacteria.[25,26]
Apart from three indicator microbes, bacterial abundance
is not regulated by the IMO, so the observed regrowth has
no implications for assessing DDAC as a suitable ballast
water treatment method.

4.1.2. Viability
The PSII efficiency results indicated that PSII of the phyto-
plankton in all experiments was severely damaged. When
PSII efficiency levels drop below the detection limit, no
photosynthesis can take place and hence no energy pro-
duction. The inactivation of PSII could indicate that the
phytoplankton cells were effectively killed by the DDAC
treatment. However, recovery of PSII efficiency after
removal of toxic compounds has been reported before.[27]

In the regrowth experiment of Cube trial 1, the decrease
in PSII efficiency observed in undiluted treated water with
untreated phytoplankton added could indicate that water
containing 0.3 μL L−1 DDAC still contained residual tox-
icity to phytoplankton. Nevertheless, despite the inactiva-
tion of PSII during the 5-day DDAC treatment, regrowth

and PSII recovery occurred within 3–4 days. The short
lag phase indicated that 2.5 μL L−1 DDAC had insuffi-
cient phytoplankton disinfection capacity to comply with
the IMO D-2 standard. Also, it was shown that the loss of
PSII efficiency during treatment was no definitive indica-
tor for the loss of phytoplankton viability after treatment.
In Cube trial 3, the loss of PSII efficiency at 5 μL L−1

DDAC was comparable to the effect observed at 2.5 μL
L−1 DDAC. This indicated that the maximum effect of PSII
disruption was indeed already reached at the lower DDAC
concentration.

4.1.3. Regrowth potential
During the cube trials, it became clear that phytoplank-
ton cell integrity and PSII disruption were not reliable
predictors of cell viability. In order to establish the effec-
tiveness of a treatment, it was deemed essential to carry
out regrowth experiments with treated water. The presence
of regrowth in all 2.5 μL L−1 DDAC-treated dilutions of
Cube trial 1 showed that residual toxicity to phytoplank-
ton probably was negligible after 1 or 2 days incubation
in the light and that sufficient viable phytoplankton cells
remained after treatment to enable regrowth. In contrast,
the absence of regrowth and the continued degradation of
any remaining cells in Cube trial 3 was a clear indication
that intact phytoplankton cells at Day 5 of the dark incu-
bation were not viable. Although it cannot be ruled out
that, in Cube trial 3, residual DDAC hampered regrowth.
Nevertheless, the degradation to < 10 cells mL−1 after
9 days in the tank experiment is a strong indication that
5 μL L−1 DDAC had sufficient phytoplankton disinfec-
tion capability to comply with the IMO D-2 standard.
It can be challenging to establish how long it should
take for regrowth to occur before it can be reliably con-
cluded that the treatment was effective. In official G8
land-based tests, it is custom to incubate up to 7 days
after treatment.[28] Since the regrowth incubation in Cube
trial 3 lasted 9 days, without regrowth, it can be con-
cluded with reasonable confidence that the treatment had
effectively rendered all phytoplankton unviable. Bacterial
regrowth in DDAC-treated vessels indicated that certain
bacterial species were resistant to DDAC. Possibly, a com-
munity shift in bacterial composition took place, since
the bacteria at Day 1 in Cube trial 3 were almost com-
pletely killed by the DDAC treatment. Bacterial resistance
to quaternary ammonium compounds has been reported
before [29] and it is therefore not improbable that DDAC-
resistant bacteria became dominant. It would be interesting
to investigate the causal relationship between the increase
in bacterial abundance and the significant decrease in
DDAC observed on Day 5 (Figure 6(c)). The decrease
in DDAC concentration might be due to either chemi-
cal decomposition which could have enabled bacteria to
regrow or bacteria may have been responsible for the
DDAC degradation.[30]
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4.1.4. Environmental acceptability
The reason that the observed DDAC concentrations were
lower than the added DDAC likely was an immediate
reaction of DDAC with organic matter in the phytoplank-
ton culture after addition and adsorption to phytoplankton
cells. Therefore, in ballast water with a relatively high
organic carbon content, the amount of DDAC added dur-
ing ballasting should be higher than in water with a low
carbon content. Ideally, the DDAC concentration is mon-
itored directly after the addition, as is the case in electro
chlorination systems where chlorine is measured, so that
the disinfectant dose can be adjusted during the ships’
ballasting operations, thereby reducing the chance of over-
dosing.

The persistence of DDAC during most incubations
ensured that the disinfection process was continuous dur-
ing the whole 5-day period. In contrast to the monocul-
ture tests, DDAC did degrade in natural seawater with a
half-life of approximately 3 days. DDAC half-lives rang-
ing from days to years in soil and sewage cultures have
been reported before. Henderson [30] hypothesized that
microbial population compositions could play a major
role in the degradation rate of DDAC. Indeed, bacteria
using DDAC as sole carbon source have been reported
before.[31]

After adding 5 μL L−1 DDAC, degradation was either
insufficient or even absent. So, to be responsibly used
as a ballast water treatment option a neutralization step
is required, since it is not allowed by the IMO to dis-
charge toxic ballast water.[8] Therefore, monitoring the
DDAC concentration upon discharge, in addition to moni-
toring at ballasting, appears critical to assess the need for a
potential neutralization step in order to be environmentally
acceptable.

Ideally, BWTS exclude or limit the use of active
substances. Chemical-free treatment techniques are, e.g.,
filtration, cavitation and UV-radiation. Whenever active
substances are applied, preferably these are generated on-
site, e.g. in the electro chlorination and chlorine dioxide
treatment to eliminate the transport and storage of dan-
gerous chemicals. Usually, residual chlorine is neutralized
using a sulphur compound like sodium bisulphite, which is
injected as a liquid in the discharge line during deballasting
of a ballast tank.[32] Compared to existing technologies,
DDAC combined with bentonite neutralization has several
disadvantages. DDAC and bentonite have to be transported
and stored on-site creating potential logistical and health-
related risks. In addition, bentonite is a clay mineral which
is injected as a powder into the ballast water. Although
precise turbidity measurements were not performed, the
suspended bentonite was clearly visible with the naked
eye after neutralization. Discharging turbid water could
be an environmental risk in some areas and it is unclear
whether port authorities would allow the discharge of
bentonite-containing ballast water in their harbours.

5. Conclusions
Most BWTS apply physical separation to remove the larger
particles from the ballast water prior to the chemical treat-
ment or UV-radiation.[32] This is because the chemical
treatment alone is often not sufficient to reliably disinfect
zooplankton organisms under all circumstances. Excep-
tions exist like the SeaKleen

®
trials which resulted in

reliable disinfection of both zooplankton and phytoplank-
ton using menadione as sole active substance without the
use of filtration.[33] At 2.5 μL L−1 DDAC, zooplankton
abundance was not reduced to below 10 organisms m−3.
In particular, bivalve larvae appeared resistant to the treat-
ment. However, at 5 μL L−1 DDAC, zooplankton abun-
dance was twice reduced to below 10 organisms m−3. It
can be concluded that 5 μL L−1 DDAC is probably suffi-
cient to disinfect zooplankton organisms from seawater in
accordance with the IMO D-2 standard.[4] Nevertheless,
although DDAC results are promising, given the experi-
ence of other BWTS manufacturers that filtration seems
necessary, it is recommended that extensive zooplankton
trials are carried out in full-scale tests in order to val-
idate DDAC disinfection efficacy on a wide variety of
zooplankton organisms.

In phytoplankton monocultures DDAC clearly dis-
rupted cells at 2.5–10 μL L−1 DDAC. In the cube trials,
phytoplankton abundance decreased not only in the treated
samples, but also in the control samples. So it remained
unclear whether DDAC was solely responsible for the
decline. On the other hand, in the tank trial a clear dif-
ference in phytoplankton abundance between control and
treated samples was observed. No regrowth was observed
after 9 days in the light after the 5 μL L−1 DDAC treat-
ment. It is therefore concluded that 5 μL L−1 DDAC was
sufficient to achieve reliable disinfection in seawater with
respect to phytoplankton in accordance with IMO.[4]

Although initially reduced, bacterial regrowth was
observed at 5 μL L−1 DDAC both in the cube vessels and
tank trials. Therefore, the resistance of the three indicator
microbes to DDAC or their capability of metabolizing the
disinfectant still needs to be tested.

In none of the experiments DDAC naturally degraded
to non-detectable levels after 5 days. Regrowth exper-
iments hinted at adverse effects of residual DDAC on
phytoplankton regrowth and PSII efficiency. Sufficient
neutralization to comply with environmental acceptability
of 5 μL L−1 DDAC was only achieved after two ben-
tonite neutralization cycles. The addition of bentonite clay
to ballast water considerably increased the particle load
of the discharge water that may be subject to regulations
in various countries and ports. In addition, the instal-
lation of a bentonite injection apparatus in addition to
the transportation to the ship and storage of bentonite
clay and DDAC on board will complicate the practi-
cal application of DDAC as a ballast water treatment
method.
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