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The unclear environmental performance of nonivamide limits its application as a marine antifoulant. In this study, the natural
degradation of nonivamide was studied in seawater and tap water.The half-life was 5.8 d, 8.8 d, 12.2 d, and 14.7 d in seawater and tap
water in photolysis and biolysis, respectively. Furthermore, the ecotoxicity of nonivamide was assessed using marine microalgae,
Chlorella vulgaris and Platymonas sp.; EC

50,6 d values on the growth of Chlorella vulgaris and Platymonas sp. were 16.9mg L−1 and
19.21mg L−1, respectively.The toxicity and environmental risk of nonivamide onmicroalgae were significantly decreased due to the
natural degradation in seawater.

1. Introduction

Marine biofouling is caused by the adhesion of barnacles,
macroalgae, andmicrobial slimes, which is aworldwide prob-
lem in marine systems [1, 2]. When fouling organisms attach
to a ship’s hull, the increased hydrodynamic drag results
in decreased speed, higher fuel consumption, and more
frequent removal from service for hull cleaning [3–6].Marine
paints containing tributyltins (TBT) have played a major role
in improving the shipping industry’s economics. However,
the persistence of TBT in the environment, combined with
its toxicity towards certain marine and freshwater organisms,
has led many governments to impose restrictions on its use
[7, 8]. The International Maritime Organization (IMO) has
prohibited the application of organotin compounds which
act as antifoulants in antifouling systems on ships since
January 2003. A proposal has highlighted the need for
safer alternatives of organotin compounds (MEPC 42/22,
1998). The ideal replacement will have a broad spectrum of
activity against a diverse population of fouling organisms and
provide up to five years of antifouling performance without
impacting target organisms. Since risk is directly related
to environmental concentration, the antifoulant should also

rapidly degrade to nontoxic compounds when released into
the aquatic environment.

Now, the general strategy to find safer alternatives was
to identify natural products with good antifouling activity
and explore their lethality, as well as the activity and lethality
of structurally related and commercially available chemicals.
The literature has revealed that capsaicin (CAS: 404-86-
4), the active component of hot chili peppers (Capsicum),
could effectively inhibit zebra mussel byssal attachment [9].
Additionally, the structure-activity relationships and mussel
adhesion inhibitory activities of capsaicinoid members and
their synthetic derivates have also been reported [10–12]. It
was found that capsaicin and nonivamide (CAS: 2444-46-4,
Scheme 1) showed the most effective antifouling activities.

Capsaicin, as a safer alternative of organotin compounds,
has been used in ship antifouling paints in China according
to the National Environmental Protection Standard of the
People’s Republic of China (HJ 2515-2012). Nonivamide, as a
synthesized derivate of natural capsaicin, also has an effective
antifouling activity [10–13]. Compared to capsaicin, it is more
suitable for large-scale synthesis and industrial application
owing to its lower price. However, to our knowledge, the eco-
toxicity and environmental risk of nonivamide, as a synthetic
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Scheme 1: The structure of capsaicin and nonivamide.

chemical, are not clear, which will limit the application of
nonivamide for antifouling paints.

For assessing the potential ecological risks of a biocide,
algal toxicity assay is generally applied. The chief reason
lies in the short life cycle, simple cultural requirements for
most algae species, and their role as the primary producer
in the nature [14]. However, because of the algal batch-type
differences, algal toxicity assay is always lacking repetitiveness
[15]. To overcome this defect, two different algal species, C.
vulgaris and Platymonas sp., were together used in this study.
C. vulgaris is a unicellular microalgae, while Platymonas
sp. has complex flagella, a larger cell size, and multiple
cellular contents, which have a longer reproductive cycle,
lower growth rate, and stronger individual surviving ability
[16]. The widely physiological differences of the two algae
species lead to distinguished ecological performances, and
from the perspective of ecology, they could be, respectively,
considered as 𝑟-selected species and 𝐾-selected species [17].
P. tricornutum has previously been proved to be sensitive
to nonivamide in our study (EC

50, 4 d, 5.1mg L−1) [14] and
was used to evaluate the toxicity nonivamide degradation
products.

Regulatory agencies in the US, Europe, Australia, and
other countries require applicants to perform various studies
according to specific guidelines designed to determine envi-
ronmental degradation rates under abiotic (hydrolysis and/or
photolysis) and biotic (aerobic and/or anaerobic aquatic
metabolism) conditions before a biocide is approved for use
as an active ingredient. In this paper, the ecotoxicity and
preliminary risk of nonivamide were studied and assessed in
aquatic systems as a promising antifoulant.

2. Experimental

2.1. Biological Material and Culture Conditions. Platymonas
sp., C. vulgaris, and P. tricornutum were provided by the
Institute of Oceanology, Chinese Academy of Sciences. The
algae were grown in axenic conditions, in f/2 medium
based on autoclaved natural seawater at 20∘C and light
photon intensity of 48 𝜇molm−2 s−1 with a 12 : 12 h light : dark
cycle. All cultures were shaken twice a day and cultured to
the exponential phase before inoculation in the following
experiment.

2.2. Algal Toxicity Assessment. The tested alga Platymonas
sp. and C. vulgaris were chosen for algal toxicity assay. The
growth inhibition effect of nonivamide on alga was assayed,

and EC
50
(the minimum effective inhibition concentration of

nonivamide) was calculated by SigmaPlot 10.0 using logistic
curve fitting based on equation.The alga density was counted
with a haemocytometer. The initial alga density (IAD) used
for algal toxicity assay was 1.0∼2.0 × 105 cells mL−1 (for
Platymonas sp.) and 1.0∼2.0 × 105 cells mL−1 (for C. vulgaris).

The toxicity of nonivamide with different exposure time
was tested to reflect the algal toxicity of natural degradation
products of nonivamide. P. tricornutum was chosen for tox-
icity evaluation for nonivamide degradation products. Five
groups of 100mg L−1 nonivamide were exposed to sunlight,
and every week a group of samples were taken back and kept
in dark at 4∘C until the algal toxicity assay is applied. One
group of nonivamide kept in dark was set as the control. For
algal toxicity assay, the nonivamide solution (100mg L−1) will
be diluted 20-fold with f/2 culture medium (IAD, 1.0∼2.0
× 105 cells mL−1). OD

680
values of samples were measured

to characterize the alga concentration. In order to easily
compare, the growth rates of algae were shown in the form
of specifical growth rates of the algae in the study, which was
calculated by the following formula:

Specifical growth rate

=

OD
680
(Treated with nonivamide)
OD
680
(Control)

.

(1)

All experiments were performed at least in triplicate.

2.3. The Evaluation of the Half-Life of Natural Degradation of
Nonivamide. The natural degradation studies of nonivamide
were conducted under both abiotic (hydrolysis and/or pho-
tolysis) and biotic conditions in natural water (seawater
and tap water) including nonivamide (concentration of
50mg L−1). In order to evaluate the abiotic degradation,
biolysis effects were eliminated by adding sodium azide into
the natural seawater and tap water. Samples degraded in the
dark were set as the negative control. The solvent loss caused
by evaporation in the experiment process was refilled back.
The degradation half-life of nonivamide could be calculated
according to the obtained calibration equations.

3. Results and Discussion

3.1. Toxicity of Nonivamide on Algal Growth. The specific
growth rates of nonivamide-treated C. vulgaris and Platy-
monas sp. were shown in Figure 1. The growth of C. vulgaris
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Figure 1: Growth inhibitory effects of nonivamide on (a) Chlorella vulgaris and (b) Platymonas sp. All error bars indicated SE of the three
replicates.

would be inhibited if treated with nonivamide concentration
higher than 4mg L−1 (shown in Figure 1(a)). Based on the
growth rates during the assay, EC

50
values were calculated

as follows: 18.3mg L−1 at 6 d and 17.1mg L−1 at 8 d. Based
on Figure 1(b), EC

50
values were calculated as follows:

11.0mg L−1 at 6 d and 10.7mg L−1 at 8 d. The results indicated
that nonivamide could significantly inhibit the growth of the
algae, and the inhibition effect would be more significant
with the extension of exposure time. It was suggested that
nonivamidemight be a promising antifouling agent tomarine
microalgae. Additionally, when Platymonas sp. and C. vul-
garis were treated with nonivamide at lower concentrations
(2–8mg L−1), it was clearly seen that the growth of the tested
algae would be restored after 6 days later. It means that the
tested algae could adapt to toxicant stress after an adjustment
period.

3.2. The Half-Life of Natural Degradation of Nonivamide. The
photolysis and/or biolysis characteristic of nonivamide in
tap water and seawater was shown in Figure 2, and sodium
azide was added to eliminate biolysis effects in some samples.
Nonivamide exhibited the fastest degradation and a half-
life of 5.8 d in seawater without sodium azide. The half-life
in other groups was 8.8 d in seawater with sodium azide,
12.2 d in tap water without sodium azide, and 14.7 d in tap
water with sodium azide, respectively. The results showed
that nonivamide in seawater degraded much faster than in
tap water, and biolysis also should play an important role in
degradation process. Due to the rapid degradation of non-
ivamide in sunlight exposure in sea water, it suggested that
nonivamidewould be suitable for use inmarine environment.

3.3. The Ecotoxicity and Risk of Natural Degradation Products
of Nonivamide. In order to evaluate the ecotoxicity and
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Figure 2: Degradation rates of nonivamide in seawater and tap
waters. “SA” indicated that biolysis factor was eliminated by adding
sodium azide. Error bars indicated SE of the three replicates.

environmental risk of natural degradation products of non-
ivamide, different sample groups of nonivamide exposed in
sunlight from 1 week to 4 weeks were evaluated with P. tricor-
nutum, which has been proved to be sensitive to nonivamide
in our study (EC

50, 4 d, 5.1mg L−1) [13]. As shown in Figure 3,
the algal growth rates exposed in sunlight were similar to
that of no nonivamide sample groups but were much higher
than the growth rate exposed in dark. It suggested that
the toxicity of nonivamide would be largely decreased after
sunlight exposure.The results indicated that the ecotoxicity of
nonivamide should be decreased possibly due to the natural
degradation of nonivamide in field experiment, in which
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Figure 3: Growth rates of P. tricornutum treated with nonivamide
with sunlight exposure (1, 2, 3, and 4 weeks). All error bars indicated
SE of the three replicates.

some lowly toxic or nontoxic products would be generated
in marine environment. It means that environmental risk
of nonivamide was low as a marine antifoulant, and the
natural degradation products of nonivamide hardly produced
environmental risk in marine environment.

4. Conclusions

The natural degradation of nonivamide showed the rapid
degradation rate in photolysis and/or biolysis, which indi-
cated that nonivamide was easy to naturally degraded in
marine environment. The ecotoxicity of nonivamide on
marine microalgae would be significantly decreased due to
natural degradation, which means that nonivamide and its
degradation products should have little toxicity and low risk
to microalgae in marine environment.
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