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1. Introduction

arine sponges are simple invertebrate animals
with ecological importance in the aquatic eco-
system. A prominent feature of sponges that

*Corresponding Author:
Nikolas John Hodges,

Aluminium is the most abundant element in the earth crust and has no
known biological function. However, it is an established neurotoxicant in
its trivalent oxidation state, with exposure resulting in neurodegenerative
diseases like Parkinson’s disease and presenile dementia. Although the
potential genotoxic and carcinogenic effects of aluminium are established
in mammalian and other model systems, there is however very limited in-
formation on aluminium genotoxicity in aquatic invertebrates. Mechanism
of aluminium toxicity is also largely unclear. With a concentration range
between 0.001— 0.05mg/L in near-neutral pH water, and up to 0.5-1mg/L in
acidic water , aluminium poses a potential threat to the marine ecosystem,
however, it is poorly studied. This study therefore presents for the first
time, aluminium-induced DNA damage using the comet assay and Reactive
Oxygen Species (ROS) formation using 2’°, 7’-dichlorodihydrofluorescein
diacetate (H2DCF-DA) assay as biomarkers of genotoxicity and oxidative
stress in the inter-tidal marine sponge Hymeniacidon perlevis, respectively.
H. perlevis is widely distributed in the British Isles, Mediterranean and the
Arctic sea and has been reported as a model for environmental biomoni-
toring in aquatic ecosystem and as a suitable alternative to bivalves. In this
study, cryopreserved single sponge cells of H. perlevis were cultured as
viable aggregates and were thereafter treated with 0.1, 0.2, 0.3 and 0.4mg/
L aluminium chloride (AICI3) for 12 hours. Cell viability was determined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Our results showed that non-cytotoxic concentrations of
AICI3 caused a statistically significant concentration-dependent increase
in the level of DNA-strand break and reactive oxygen species formation
single sponge cells of H. perlevis. There was also a statistically significant
positive linear correlation between aluminium-induced DNA strand break
and ROS formation suggesting the involvement of ROS in the causative
mechanism of the aluminium induced DNA-strand breaks observed.

have advanced their ecological usefulness is their ability
to pump large volumes of water through their body tissues
during filter feeding. During this process, large amounts
of particulate matter both in their dissolved and suspend-
ed phase, including xenobiotics are trapped within the
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sponge tissues'"?. These materials are mostly retained
within the animal and constitute vital sources of infor-
mation for biomonitoring and risk assessment of their
immediate aquatic ecosystem. Hymeniacidon. perlevis,
a demosponge belonging to the order suberitida, family
halochondridae and genus Hymeniacidon is a commonly
utilised sponge species for biomonitoring, bioremediation,
bioactive compound analysis and water quality " It is
an intertidal species widely distributed on the British Isles,
Mediterranean and the Arctic sea; with records of appear-
ance in Belgium and France. Depending on exposure,
H. perlevis assumes different colours ranging from very
bright orange to blood red and sometimes yellowish-or-
ange to pinkish-red (Figure 1). H. perlevis has a well-de-
fined seasonal life cycle with four developmental stages;
dormancy, resuscitation, bloom and decline stages which
are useful for predicting environmental changes. Current
sponge research is focused on the development and main-
tenance in a culture of functional sponge aggregates (pri-
morphs), which is thought to be the future for sustainable
production of sponge bioactive metabolites, investigation
of response to environmental chemical exposure in the
aquatic ecosystem, and genomic annotations "', Previ-
ous studies comparing H. perlevis with its counterpart
sentinel bivalve neighbour; Mytilus. edulis (the blue mus-
sel) as models for environmental biomonitoring, shows
that H. perlevis accumulates certain in-situ pollutants up
to 10-fold more . Also, Hymeniacidon has been report-
ed to be more sensitive in the detection of petrogenic and
pyrogenic xenobiotics than the brown mussel: P. perna .
Several studies have utilised H. perlevis as a model for
the investigation of important biochemical processes and
chemical exposure. Recently, DNA damage induction fol-
lowing exposure of H. perlevis cells to environmentally
relevant concentrations of Cadmium, Chromium, Nickel
and Benzo[a] Pyrene showed a concentration-dependent
increase in DNA damage '*'* which is consistent with the
findings in this present study. Hence, H. perlevis , there-
fore, is a suitable species for environmental risk assess-
ment and biomonitoring pollutants in the aquatic medium
and it is reliable sentinel representative for investigating
the impact of environmental stressors on aquatic biota.
Among pollutants accumulated by sponges, heavy
metals and organic pollutants have been extensively stud-
ied ®'*'% Heavy metals bioaccumulation in sponges are
reported even when concentrations are very low and be-
low the limit of detection in other environmental samples
such as surrounding water and sediments """
Vassallo ! have also demonstrated the potential of sea
sponge to bioaccumulate a wide range of organic pollut-
ants both in vitro and in situ. There is, however, limited

1. Ferrante,
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information on the biological effects of aquatic pollutants
and their biomarkers in marine sponges which are needed
if these species are to be developed as reliable tools for
risk assessment and biomonitoring. One such reliable bio-
marker of effect and exposure to environmental pollutants
in both humans and animals is DNA damage and it has
been widely applied in assessing the biological effects of
environmental pollutants in established model systems
(20221 Although the genotoxic potential of pollutants in
marine sponges has been demonstrated previously *'**’!
much less is known compared to other species and there
is no information on the genotoxic effects of emerging
pollutants like aluminium to these potentially important
organisms.

The toxicity and mechanism of toxicity of most class
B and borderline heavy metals (Cd, Cr, Cu, Ni, Pb, Hg,
Co, Ag, Au,) are well established as is their deleterious
effects on human health and involvement in the patholo-
gy of diseases including cancer ***. In contrast, class A
metals (Al, Be, Li, Ca, K etc) are often considered as es-
sential metals with a strong affinity for oxygen *”**, and
were considered until recently as relatively non-toxic or
having very low potential to exert adverse health effects
291 Aluminium, for example, is the third most abundant
element and the most abundant metal in the earth crust,
making up to 8% of the earth crust and occurs as oxides,
hydroxides or silicates of sodium or fluorides and as or-
ganic matter complexes with wide industrial application
(%39 ‘Major uses and applications are in construction com-
panies, aircraft production, and automobile industries and
as alloys ™. However, some reports that have shown the
toxic potential of aluminium in both humans and animals.
Iron-induced reactive oxygen species formation and lip-
id peroxidation, protein phosphorylation, apoptosis, and
interference with gene expression, have all been reported
following exposure to aluminium ®'**. Other studies have
also demonstrated chromosome aberrations, induction of
micronuclei, and sister chromatid exchange induced by al-
uminium exposure °**. Furthermore, the involvement of
aluminium in the actiology of neurodegenerative disorders
such as presenile Alzheimer’s and Parkinson’s disease has
also been reported and studied "*. Therefore, there are
potential genotoxic and carcinogenic effects of aluminium
BL333637 “however, the mechanism of aluminium genotox-
ic and carcinogenic pathways remain largely unclear '
In the marine environment aluminium concentration in
water varies depending on pH, for example, ranges such
as 0.001- 0.05mg/L were recorded in near-neutral pH
water while up to 0.5-1mg/L was recorded in acidic water
I making it a potential but poorly studied threat to the
marine environment. This study presents for the first time,

DOL: https://doi.org/10.30564/jms.v2i1.1070
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aluminium-induced DNA damage and reactive oxygen
Species (ROS) formation in cultured sponge cells exposed
to non-cytotoxic concentrations of aluminium.

2. Materials and Methods

2.1 Sponge Collection and Preservation

Samples of the marine sponge H perlevis were collected
from Tenby Bay castle beach in Pembrokeshire, South
Wales, UK on exposed rock pools at low tide. These were
immediately transported back to the laboratory in aerated
seawater and processed into single cells and thereafter
cryopreserved in vapour phase liquid nitrogen following
a previously described protocol with modifications "%
Briefly, single sponge cells were isolated from sponge tis-
sues using ethylene diamine tetra acetic acid (EDTA) con-
taining calcium magnesium-free seawater (CMFSW+E)
and calcium magnesium-free seawater (CMFSW) pre-
pared according to Cold Spring Harbor Laboratory Proto-
cols ™. CMFSW-E (450 mM NaCl, 9 mM KCI, 37 mM
Na,S0,, 2.2 mM NaHCO;, 10 mM Tris-HCI pH 8.0, 20
mM Na,EDTA) and CMFSW (450 mM NacCl, 9 mM KCl,
37 mM Na,SO,, 2.2 mM NaHCO,, 10 mM Tris-HCL pH
8.0).

Freshly collected sponge samples were carefully
cleaned to remove debris and dirt, washed three times in
filtered natural seawater and chopped into cubes approx-
imately Icm’ with a sterile scalpel. Sponge cubes were
transferred into 50 mL falcon tubes containing 40 mL
CMFSWH+E at a ratio of 1:5 (sponge tissue to CMFSW+E)
and then placed on a rotor shaker (Rotator Labnet Orbit
1900). Tubes were allowed to shake gently at 40 rpm,
first for 20 minutes at room temperature and then 60 min-
utes after discarding the initial CMFSW+E solution and
refilling with fresh 40 mL solution. Using a 250 pm nylon
mesh, single sponge cells were collected by filtering the
CMFSW+E soaked tissues into a 50 mL falcon tube and
pellets obtained at 300 x g for 7 minutes and the superna-
tant discarded.

The resulting single sponge cell pellets were then
washed three times with CMFSW and resuspended
in ImL freezing media made of sponge media (made
from 16.5 g instant ocean sea salt in 500 ml Ultra High
Quality water - according the manufacturers instruction
described at http://www.instantocean.com), 0.2% RPMI
(Roswell Park Memorial Institute medium), Img/mL PSG
(penicillin, streptomycin, glutamine) solution, 0.1% v/
v Pluronic® F-68, 10% v/v DMSO-dimethylsulfoxide
(cryoprotectant), and 10% FBS (Foetal bovine serum). 1
mL freezing re-suspended single cells were then aliquot-
ed into corning cryogenic vial and stored overnight in a

Distributed under creative commons license 4.0

-80°C freezer before been transferred to vapour phase lig-
uid Nitrogen for long term storage until required.

2.2 Sponge Cell Culture and Aggregate Forma-
tion

Cryopreserved sponge cells were quickly thawed in a
water bath at 37°C and re-suspended in 5.5 mL sponge
media; sponge cell pellets were obtained by centrifuging
cell suspension for 7 minutes at 300 x g. Pellets were
then resuspended in 6 mL and cell density and viability
determined using a haemocytometer (Neubauer improved
superior Marienfield, Germany) and trypan blue staining.
For sponge cell culture, approximately, 20 x 10° cells/
mL were placed in sterile T, culture flasks and made up
to a final volume of 6 mL with sponge media and left on
a horizontal rotator shaker at 45 rpm at room temperature
for up to 12 hours. The culture media was changed daily
for the first three days, allowing aggregates to settle un-
der gravity for approximately 5 minutes before carefully
taking out 3 mL of the media and replacing with 3 mL of
fresh media. Sponge cells rapidly formed aggregates that
maintained viability for more than 1 week in culture (as
shown by MTT viability assay: data not shown).

2.3 “‘In vivo’ Exposure Sponge Cell Model

In a minimum of three independent experimental repeats,
aggregates were exposed to 0 mg/L, 0.1 mg/L, 0.2m/L, 0.3
mg/L and 0.4 mg/L aluminium chloride for 12 hours. All
experiments were conducted at room temperature in 12-
well cell culture cluster flat bottom with lid plate (Corning)
placed on a horizontal shaker set at 45 rpm.

2.4 3-(4, 5-dimethylethiazole-2-yl)-2,7-diphenyl-
etetrazoliumbromide (MTT) Viability Assay

Following 12 hours laboratory exposures of H perlevis
sponge cell aggregates to different concentrations of alu-
minium chloride, MTT viability assay was performed to
investigate potential cytotoxic effects of the test concentra-
tions on sponge cell aggregates. Dissociated single sponge
pellets were washed 3 x SmL with CMFSW (to remove the
EDTA) and then re-suspended in ImL 0.5 mg/mL MTT in
sponge media. All cell suspensions were then transferred
into 6 well plates and incubated at 37°C for three hours. Af-
ter incubation, well plate contents were transferred into Ep-
pendorf tubes and centrifuged again at the same speed and
time as before and the resulting pellets were suspended in
100 pL DMSO. MTT reduction of the DMSO solubilized
cells was then visualized at 570 nm absorption with infinite
200 Pro spectrophotometer against a 100 pl DMSO blank
in 96 well corning transparent flat bottom plates.

DOL: https://doi.org/10.30564/jms.v2i1.1070 3
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2.5 Comet Assay Procedure for the Assessment of
DNA Strand Breaks

Briefly, aluminum treated sponge cell aggregates were dis-
sociated into single cell and the suspensions pelleted on a
bench top Sanyo Gallen Kemp Micro centaur centrifuge at
8000 rpm for 7 minutes; supernatants were discarded and
pellets re-suspended in 100pL. CMFSW without EDTA.
15 pL of CMFSW suspended cells aliquots (in duplicates)
were mixed with 150 pL of 0.5% w/v molten low melting
point agarose (LMPA) in PBS and added to previously
coated microscope slides (with 0.5% w/v normal melting
point agarose in phosphate buffered saline (PBS). These
were covered with cover slips and placed on a cold metal
block for a minimum of 20 minutes to allow the gel to set.

After 20 minutes cover slips were gently slide off hor-
izontally and slides transferred into previously chilled
lysis buffer (made from 2.5 M NaCl, 100 mM EDTA, 1%
sodium N-lauryl sarcosinate, 10% dimethylsulfoxide, 1%
Triton X-100, 10 mM Tris, adjusted to pH 10.0) in a Coplin
jar and incubated for 1 hour. Afterwards, slides were trans-
ferred into a horizontal electrophoresis tank model: GSA/
VA FisherBiotech™ Horizontal Electrophoresis Systems,
containing electrophoresis buffer (80 mL 9 M NaOH, and
12 mL 200 mM EDTA, and made up to a final volume of
2400 mL with UHQ water, pH >13.0). An unwinding time
of 45 minutes was allowed without any power, next 300
mA current at a voltage of 32V was applied to the electro-
phoresis setup for 30 minutes. Following electrophoresis,
slides were washed 3x with SmL neutralization buffer (0.4M
Tris base in 500mL UHQ water, pH 7.5) and then stained
with 50 pL sybr gold (Invitrogen) fluorescent dye (1 pL in
1000 pL neutralization buffer) and cover slipped. Slides
were then left in a moist box in the dark in the cold room
overnight. Images were visualized with fluorescent micro-
scope using x40 oil immersion objective and analysed with
comet IV software. Statistically analysed median value of
the percentage-mean-tail-intensity of 50 comet scores per
slides were utilised as the genotoxicity end point .

2.6 DCFH-DA Assay for the Measurement of Re-
active Oxygen Species (ROS)

To measure the fluorescent intensity of DCF proportional
to the amount of ROS produced as a biomarker of oxida-
tive stress induction from aluminium exposure, 100 pL of
aluminium chloride treated single sponge cell suspension
(obtained as in the comet assay procedure) was mixed with
1 mL aliquot of 3 uL 100 uM 2',7'-dichlorodihydrofluores-
cein diacetate (H,DCFDA) and 1 mL RPMI mixture in 6
well plate. Plate was wrapped in aluminium foil to protect
from light and incubated at room temperature on the bench,

4 Distributed under creative commons license 4.0

after 1 hour incubation, sponge cells were digested in 100
pL of 10 mM NaOH and pelleted on a bench top centrifuge
at 8000 rpm for 5 minutes; supernatants were carefully
aliquoted into 96 well plates and fluorescence measured
at 485 nm excitation, 535 nm emissions and 10 nm band
width with 200 pro infinite spectrometer.

2.7 Statistical Analysis

Results were analysed in duplicates in three technical re-
peats for all experiments. Using IBM SPSS version 22.0
and Graph pad prism version 7.0.2. All data were checked
for normality and homogeneity of variance using Shapiro
Wilk’s test and Leven’s test respectively. Differences be-
tween control measurements and test concentrations for all
data were analysed using 1way ANOVA and Bonferroni
multiple comparison Post Hoc test, at P=0.05. Comparison
between DNA damage and reactive oxygen species forma-
tion was evaluated with Pearson correlation coefficient.

3. Results
3.1 Sponge Cell Culture and Viability Assessment

Cryopreserved single sponge cells rapidly formed viable
aggregates in cultures (Figure 2). Following treatments
with AICI; (0.1mg/L, 0.2mg/L, 0.3mg/L and 0.4mg/L) for
12 hours aggregates were assessed for viability using the
MTT assay. The results obtained showed that the Al con-
centrations used in this study do not have any significant
cytotoxic effect on H. perlevis aggregates (Figure 3). As a
positive control, aggregates were also treated with known
cytotoxic concentration of cadmium chloride, sodium
dichromate and nickel chloride (Figure 4). Furthermore,
concentrations of AICl; up to 100uM (2.7mg/L) were also
shown to be non-cytotoxic as assessed by the MTT assay
(data not shown).

3.2 Aluminium-induced DNA Strand Breaks

Induction of DNA-strand breaks was assessed using the
comet assay in sponge aggregates treated with non-cyto-
toxic concentrations of AICI;. Untreated sponge nucleoids
were spherical with no evidence of DNA comets (Figure
5A), in contrast, following treatment with AICl, clear
comet tails were apparent (Figure 5B) and there was a
concentration-dependent (1-Way ANOVA with Dunnett’s
multiple comparison tests, P < 0.05) increase in the levels
of DNA-strand breaks as quantified by tail DNA % (Fig-
ure 5C). Mean + SEM values of percentage median tail
intensities, were 1.8 + 0.5 (control/untreated samples), 4.9
+ 0.9 (0.1mg/L treatment), 9.0 = 1.6 (0.2mg/1), 14.9 £ 2.7
(0.3mg/L) and 23.1 + 3.6 (0.4mg/L treatment).

DOL: https://doi.org/10.30564/jms.v2i1.1070
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3.3 Aluminium Induced Reactive Oxygen Species
Correlates with DNA-strand Breaks

ROS formation as assessed by oxidation of DCF-DA follow-
ing aluminium exposure was also statistically significant at
P'<0.05 and P""" < 0.0001 (Figure 6) and concentration-de-
pendent. DCF-Fluorescence intensity measurements follow-
ing the 12 hours Aluminium exposures were expressed as
Mean fluorescence intensities + Standard error of Mean; n
=3, for control, 0.1, 0.2, 0.3, and 0.4 as 20410 + 2956, 53776
+ 10960, 61308 + 12071, 118495 + 11088 and 136220 +
4874. Furthermore, DNA strand breaks and levels of reac-

tive oxygen species positively correlated (Figure 7).

4. Discussion

The toxicity of aluminium is largely associated with its sol-
ubility in water in an acidic pH, while aluminium in neutral
pH is generally thought to be insoluble, non-bioavailable
and thus, less toxic °. This study presents for the first
time the application of the alkaline comet and H2DCF-DA
assays to assess aluminium-induced DNA strand breaks
and reactive oxygen species (ROS) formation in laboratory
cultures of marine sponge cell aggregates, as biomarkers of
effects and exposure to aluminium chloride. In the current
study cryopreserved single sponge cells were cultured in
synthetic seawater and consistent with previous work  rap-
idly formed viable aggregates that proved a useful “in vivo”
exposure model that was also could be readily dissociated
into single-cell suspension using calcium magnesium-free
seawater containing EDTA for down-stream biochemical
and toxicological investigations.

The comet assay’s sensitivity among other advantages
distinguishes it from other in vitro genotoxicity assays and
it is widely employed in environmental risk assessment of
model environmental pollutants in both humans and ani-
mals *'*'!. The alkaline comet assay detects alkaline labile
sites and double and single-stranded DNA breaks induced
by genotoxic agents *"*?. Previous studies have demon-
strated the mutagenic and genotoxic potential of aluminium
in mammalian cells using assays such as micronucleus
assay, Ames test, and sister chromatid exchange assay
“) but there is limited data on aluminium genotoxicity in
marine species. In the current study using our novel in vivo
exposure model, non-cytotoxic concentrations of alumin-
ium caused a concentration-dependent increase in DNA
strand breaks. This is similar to the report of “”; strains of
Salvelinus fontinalis (Brook trout) kept in a mimicked ‘in
situ field exposure’ condition showed greater sensitivity to
the combined toxic effect of low pH and aluminium than
free-swimming ones. Significant reduction in survival rate
and fish weight was observed following exposure to alu-
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minium concentration between 29 ug/L and 222 pg/L at pH
less than 4.8. Although the concentrations used in the cur-
rent study were relatively high, the toxic effects of alumini-
um observed suggests a potential for toxic effects following
chronic exposure of sponges to lower concentrations. In
addition, solid aluminium particles like other metals in the
aquatic system are biologically available through cellular
uptake pathways " * which are enhanced by increase alu-
minium levels in some marine environment and may result
in high local intracellular concentrations.

In the aquatic environment, aluminium accumulates in
invertebrates’ body tissues and the gills of gill breathing
animals with toxicity being directly linked with high con-
centration from acidification ***?'. According to the report
of Ingersoll, Gulley " however, more pronounced toxic-
ity were observed in the gills of two strains of Salvelinus
fontinalis (Brook trout) exposed to low pH and elevated
aluminium than those exposed to only low pH. Although
not widely considered an environmental pollutant, alumin-
ium concentrations as high as 9560-25000mg/kg in sedi-
ment ; 1830-2170pg/g in water ** and 222.2-662.6pug/
g in marine sponge tissues taken from the Niger Delta
environment (Akpiri et al., in draft). Aluminium toxicity
in aquatic invertebrates has been previously reported.
For example, sub-lethal toxicity of aluminium has been
investigated in the freshwater crustacean crayfish: Paci-
fastacus leniusculus. Marked behavioural dysfunction was
observed following exposure to 500ug/L of freshly neu-
tralised aluminium for 5 days with over 70% aluminium
accumulation mainly in the gills rather than the body .
Exley, Wicks " and Kadar, Salanki °*' have also demon-
strated aluminium toxicity in fish and benthic mollusc.
However, to the best of our knowledge, this is the first
report on the toxicity of aluminium in marine sponges.
There is no known biological function of aluminium;
however, in humans, the involvement of aluminium in
neurodegenerative disorders such as Alzheimer’s disease
and Parkinson’s disease has been reported ***%,

The mechanism of metal-induced DNA damage is of-
ten linked to the production of reactive oxygen species
radicals ***"!. For example, transition metals undergo re-
dox cycling and are able to deplete levels of intracellular
glutathione which results in the production of reactive
oxygen radicals (H,0,,0,, OH, '0,), induction of lipid
peroxides and oxidative DNA damage. To investigate the
involvement of reactive oxygen species involvement in
aluminium genotoxicity, we measured the amount of ROS
produced following treatment with AICI; and observed a
concentration-dependent increase in levels of ROS fol-
lowing treatment. Similar induction of ROS following
aluminium exposure has been previously reported in male

DOL: https://doi.org/10.30564/jms.v2i1.1070 5
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rabbit ">’ Our data is the first on aluminium-induced
reactive oxygen species in marine sponges and aluminium
mediated oxidative stress in aquatic invertebrates. The re-
sults obtained demonstrated a statistically significant cor-
relation (R* = 0.9974) between DNA damage and reactive
oxygen species formation.

We conclude that Al is genotoxic even at non-cytotoxic
concentrations with active induction of oxidative stress.
The strong correlation observed between Aluminium
induced oxidative DNA damage and reactive oxygen spe-
cies formation, suggests the active involvement of reactive
oxygen radicals in the mechanism of aluminium mediated
toxicity in this experimental model. Further studies are re-
quired to reassess the potential toxicity of aluminium and
the involvement of other biomarkers in the mechanistic
pathways in the marine environment.

Appendixes

List of Figures

Figure 1. Hymeniacidon perlevis in situ on an exposed
boulder at low tide in Tenby Bay Castle beach, Pem-
brokeshire

wh

Figure 2. Representative examples of sponge cell aggre-
gates formation after: A) 24hrs, B) 48hrs, C) 72hrs and D)
7 days in culture
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Figure 3. MTT viability assay of sponge cell aggregates
exposed 12- hours in Aluminium III Chloride solution (0,
0.1, 0.2, 0.3 and 0.4mg/L)

Note: Data represent mean absorbance at 570 + SEM, n =3. In all Alu-
minium exposures there was no cytotoxic effect on sponge cells by 1-Way
ANOVA using Graph pad Prison version 7, P < 0.05
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Figure 4. MTT viability assessment of positive control
treatments with 100uM, Cd, Cr and Ni

Note: Mean absorbance +SEM, n=3; P < 0.05 are presented. Results
of 1-way ANOVA with Dunett’s multiple comparison test, analysed
with Graph pad prison 7.03 shows a statistically significant difference
between the absorbance of control and treated sponge cell aggregates, *
P<0.05 and ** P<0.01 respectively.
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Figure 5. Representative comets images of sponge comet
nucleoids, A) control B) 0.3mg/L AICI,. C) DNA strand
breaks in sponge cell aggregate cultures expressed as %
DNA tail intensity, following treatment with 0-0.4 mg/L

aluminium chloride for 12 hours.
Note: Displayed data shows Mean values + SEM, n=3, P™ < 0.05 1 way

ANOVA, Shapiro Wilk’s test of normality P* < 0.05. Result shows statis-

tically significant concentration-dependent increase in the level of DNA
strand breaks from control samples.
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Figure 6. Aluminium Induced Oxidative stress in cultures
of sponge cell aggregates

Note: Amount of reactive Oxygen Species formed increased with In-
creasing aluminium concentration. Data displayed are Mean values +
SEM, n = 3; statistically significant increase in DCF-fluorescence at
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P*<0.05 and P****<0.0001 was analysed using 1-way ANOVA with
Bonferroni correction multiple comparison post-hoc test on Graph pad
prison 7.0, Results represent triplicate exposures in three repeat exper-
iments. Test of homogeneity of variance and normality performed with
Levene’s test and Shapiro Wilk’s test using IBM SPSS.
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Figure 7. Correlation analysis of DCF- Fluorescent
intensity versus Median % Tail Intensity in sponge cell
aggregates exposed to 0, 0.2, 0.3 and 0.4mg/L aluminium
chloride for 12 hours
Note: Result showed very significant correlation between ROS forma-

tion and DNA strand breaks in aluminium treated Sponge aggregates. R
=0.9974.
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1. Introduction

he El Nifio-Southern Oscillation (ENSO) called
a climate phenomenon that varies between Neu-
tral, La Nifia or El Nifio phases, including chang-

es of sea surface temperature over the tropical central
and eastern Pacific Ocean "*. The temperature changes

significantly linked to major climate fluctuations around

*Corresponding Author:
Pham Xuan Duong,

ENSO (EI Nifio-Southern Oscillation) phenomena have impacted on the
hydrodynamic regime and environmental factors of the tropical ocean in
general. In case of Vietnamese South-Central Waters, impacts of ENSO
only focused on issues of changing seasonal wind, seawater temperature
anomalies, changing of water masses as the air-sea interaction. Based on
several data sets collecting in the period of 2003-2017, new finding of sea-
water temperature, salinity and environmental factors was identified in the
water masses of Vietnamese South-Central Waters. The highest salinity was
35.4 %o. During the El Nino event, increasing water temperature and salin-
ity caused to move the deeper water masses to be closer to the sea surface
than that initial depth in the neutral period. During the La Nina event, the
temperature of most water masses reduced by 0.1-3.0 C , and then these
water masses could be affected to the deeper layer. During the phase from
strong ENSO event towards the neutral time, nutrient salts of the 4 water
masses were lower concentration in the neutral year, causing the lack of
phosphorus in sea surface water masses.

the world and caused the extremely weather. The pat-
tern of El Nifio has changed dramatically with the first
El Nifo events recorded over the last 400 years and El
Nifio events become more intense in last few decade "
Three strongest El Niflo events were recorded as 1982-
82, 1997-98 and 2015-16 (https://ggweather.com/enso/
oni.htm), in which the 2015-16 El Nifio events was the

longest one . The 2015-16 El Nifio events caused seri-
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ous disasters on the global “. During this event, coastal
provinces in the South-Central Vietnam had to declare
natural disasters due to insufficient rainfall, high tem-
perature causing drought —stricken areas. Especially,
in November, 2017, typhoon Damrey with winds of up
to 12 levels (Bopho Scale) destroyed both land—based
source and ocean.

The ENSO events were influenced to the hydrological
structure and marine environment in the South-Central
Waters of Vietnam. Results focused the features of wind
during the monsoon season, as well as the abnormal peri-
ods of climate. Chung and Long " reported the tempera-
ture anomalies and the mechanism of water level changed
by the effect of ENSO, the abnormal increases of tem-
perature and the abnormal decreases of wind speed, which
cause the weakness of upwelling in the South-Central
Region. Dipper ™ revealed that water bodies was influ-
enced by seasonal variations. Xuan ' reported that based
on the collection of large data on temperature and salinity
and T-S curve analysis determined the relations between
the surface water mass and seasonal air temperature in the
Southeast sea of Vietham. Anomalous surface water tem-
perature and salinity during the period of ENSO were as
-4°C and +1.2 %o, respectively "', Water mass with tem-
perature anomalies affected the aquatic trophic structure
U3 During the uptake phase, the nutrient-enriched layers
were concentrated in a clearly and relatively broad mass,
with high nutrient content of the watershed '"*), ENSO also
affected nutrient structures through effects on the phyto-
plankton community !'*, food webs "*! and the elements
of wind, rain, storms, temperature "*'". Upwelling phe-
nomena declined sharply in the El Nino years "*. The on/
offshore of Ninh Thuan - Binh Thuan are quite affected by
ENSO phenomena ",

The paper found new score of hydrological structure
and the environment during the phases of the ENSO phe-
nomenon in the marine of South Central region of Viet-
nam.

2. Methodology
2.1 Data Set

Data sources were collected from Vietnam-USA joined
project (2013-2016) (Figure 1), International Project Co-
operation under the Vietnam-Germany protocols from
2003-2007 (Figure 2) and project “Changes of wind char-
acteristics, air temperature and hydrological structure in
Ninh Thuan - Binh Thuan Waters in ENSO years” (2016-
2017) (Figure 3).

Distributed under creative commons license 4.0

Figure 1. Sampling stations under Vietnam-USA joined
project (left: in Northeast monsoon; right: Southwest
Monsoon)

Figure 2. Sampling stations under Vietnam-Germany
Cooperation projects: (a): VG3; (b): VG4; (c): VG7; and
(d): VG8
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Figure 3. The map of sampling station in 2016 and 2017

In addition, data from the HYCOM + NCODA Global
Reanalysis database, with high resolution 0.08° from 2002
- 2012 (11-year period) and from Aug. 2016 — Aug. 2017
were used for corrected with two surveys during ENSO
years. The aggregate data on the vertical distribution of
temperature - salinity structure (Wang et al., 2016) with
average values of several months from 1919 to 2014 in the
South China Sea was combined in this analysis. Monthly
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average Nino index was collected from https://ggweather.
com/enso/oni.htm.

2.2 Data Analysis

Temperature and Salinity profile and T-S diagram were
analyzed with Mamayev ""* by using Matlab R2013a
software. Using the statistical method to study the aver-
age fluctuation in the South Central Marine of Vietnam
through the extreme analysis of standard deviation and
specific time of extreme occurrence, average of the whole
process.

3. Results and Discussion

3.1 The Influence of ENSO Phenomenon on Hy-
drological Structure in Water Masses in South
Central Marine of Vietnam (SCMYV)

Base on the TS-diagram and physical characteristics of
the water layers, we identified the 10 water masses in
SCMYV from different origins (Table 1 and Figure 4). DW
water had salinity of 34.4 psu and temperature of less than
04 °C and relatively stable with a water density of about
1027.6 kg/m’. PTW water which exist in the depth of 400-
700m had a temperature range of about 7-10°C, salinity
of 34.2-35.0 psu. Between two these water masses, WM1
water had the characteristics of both DW and PTW water
with temperatures in the range 4-7°C, salinity of 34.3-35.8
psu. MSW water found in the SCCV had a salinity of not
less than 34.1 psu. This water layer was relatively close
to the surface of the sea with a temperature of 16.5-20°C.
This water mass interacts with PTW water in the deeper
water to create a WM2 disturbance in the depth range of
100-450m with a temperature of 10-16.5°C and salinity
ranging from 34.1-35 psu. The OSW water has a function-
al activity from the surface down to 90m with a salinity
of 33.7-34.8 psu and a temperature of 25-30.5 °C. This
OSW water also interacts with maximum salinity water
to create WM3 water, which is mixed between MSW
and OSW water. This mixing water was found from the
surface layer down to a 180 meters and the temperature
range was about 19-28°C and the salinity was in the range
of 33.9-34.8 psu. As the water masses depend mainly on
the current regime, so in the southwest monsoon season it
cannot exclude the effects of water from the Mekong Riv-
er and the Gulf of Thailand (MKGTW) in the study area,
especially from south Binh Thuan to Vung Tau province.
This water mass had a range of activity from the surface
down to 60m in depth and has a salinity of no more than
32.9 psu. The temperature of this water was quite high
from 27-31.5°C. EJW mainly occurs during the southwest
monsoon season from the Karimata strait, which has a

12 Distributed under creative commons license 4.0

high temperature of 25.5-31°C and a salinity of 32.5-33.7
psu. The last ECSW water origined from the East China
Sea appears to be predominantly in the northeast monsoon
with relatively low temperatures of 21-25° C, salinity of
33.2-33.9 psu.

Table 1. Characteristics of water mass in South Central
Marine of Vietnam ™’

No. ‘Watermasses Tempe;ra- Salinity ssgtel:
ture ("C) (psu) (m)
1 Deep Water (DW) <4 >34.4 >1,200
5 Permanent ”{?;r{vn;)cline Water 710 134.2-35.0| 400-700
3 | Mixing of DW and PTW (WM1) 4-7  |34.3-35.8|700-1200
4 | Maximum Salinity Water (MSW) | 16.5-20 | >34.1 50-250
5 |Mixing of PTW and MSW (WM2)| 10-16.5 |34.1-35.0| 100-450
6 Offshore Water (OSW) 25-30.5 |33.7-34.5| 0-90
7 |Mixing of MSW and OSW (WM3)| 19-28 |33.9-34.8| 0-180
B | e (kG Ty | 27315 | <329 | 060
9 |Equator and Java Sea Water (EJW)| 25.5-31 |32.5-33.7| 0-80
10 | East China Sea Water (ECSW) 21-25 |33.2-33.9| 0-80
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The influence of ENSO phenomenon on hydrological
structure can be seen in all temperature profiles (Figure
5). The temperature was reached the highest value in May
2015 (brown line) at about 30-31.5 °C. In Vietnam records
after two period of heat due to the influence of El Nino
showed that average temperature in May 2015 is higher
than average of several years about 2-3°C. Moreover, the
salinity profile in 2016 at the Station 1 (located at longi-
tude 109.3540°E, latitude 11.6707°N, Figure 5) revealed
that salinity reached the value up to 35.4 psu. That salinity
is the highest in the historical data series.
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Figure 5. Vertical distribution of temperature and salinity
from in-situ data in the South Central Marine of Vietnam "*

Through the indicators of water body characteristics, the
results of the variation of water masses over time and the
depth distribution showed that in 2004 the presence of all
water bodies was found in the South Central region, and in
2006 the presence of DW had a temperature in the range
2.7-4.0°C, and high salt content in the range 34.5-34.6 psu.
In 2015 MKGTW had not much impact to the South-Cen-
tral region because of the hot and dry weather last year in
the South China Sea. In 2016 — 2017. Results of the six
water bodies in the South-Central Coast indicated that sur-
face water masses of OSW, EJW, ECSW and MKGTW had
lower temperatures than that of basins in 2015 by around
0.5° C, but some salinity values are high up to 35.4 psu.

Influence of El Nino: The most obvious impact on sur-
face water mass, such as the MKGTW, increases the water
temperature by 0.4-0.7 © C. Besides, offshore water mass,
which is from the Western Pacific, are also affected by El
Nino warmer 0.6°C while salinity also increases by 0.2psu.
Under the impact of El Nino, salinity increased and water
masses were pushed upward the surface about 80m to ver-
sus position depth in neutral phases. However, the blocks
of deep water, PTW and DW were less influenced by El
Nino. On the other hand, the impact of El Nino depends
on their strength which is reflected in the variation of
the water mass. Obtained data in July 2003 (moderate El
Nino) and July (very strong El Nino) showed large fluc-
tuations of the water depth (Table 3.2). Almost all of the
waters distributed in the deeper layers tend to be pushed
closer to the surface than in the strong El Nino period
(2016) from a few meters up to tens of meters.

The influence of La Nina: The indicator of the effect
of La Nina is water temperature. Almost all of the water
masses in a strong La Nina period decreased temperature
quickly from 0.1°C (WM2 water) to 3.0°C (WM3 water).
Surface water masses as the MKGTW water decreased
temperature by 1.4°C. However, there are some anomalies
in that La Nina increased the temperature in water mass
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of ECSW, OSW, WM2 to 0.1 - 0.2°C. This confused result
needs further study. Similar to El Nino’s impact, La Nina
also pushed PTW and WM to deeper water but raised
MSW and WM3 to the surface of the sea by 40-50m.
The remaining water masses have a small variation in the
depth stratification with only a few meters in the sea.

Table 2. The influence of ENSO on hydrological structure
in each water mass !'”’

El Niiio La Niia
Water

No. mass | Tempera- | Salinity Layer Tempera- | Salinity Layer
ture ("C) (psu) depth ture ("C) (psu) depth

(m) (m)

1| DW # # # # # #
+(30- +(30-

2 | WM1 -1.0 0 50) -1.4 +0.1 50)
+(30- +(30-

3 | PTW 0 0 50) 0 0 50)

4 | WM2 +0.4 0 -75 -0.1 +0.1 #
+(0.2- -(40-

+ - + ~(0.1-
5 | MSW 1.2 0.6) 80 1.0 (0.1-0.2) 50)
-(30-
+ R _ N

6 | WM3 0 0.2 70 3.0 0.2 50)

7 | OSW +0.6 +0.2 -30 -2.0 +0.2 -3

8 | EJW -0.4 0 -14 -0.5 0 -6
9 | ECSW | -(0.4-0.6) | -0.1 -30 -2.5 +0.1 +20

MK-

10 GTW +(0.4-0.7)| -0.3 -15 -0.4 -0.2 -2
Note: + increasing - decreasing (+ depth) means deeper; (- depth)

means shallower

3.2 Influences of ENSO on the Nutrient Structure
in Water Masses

The Ocean Nino Index (ONI) indicator shows that during
the period 1998 - 2016, the nutrients in the water bodies
were not variable (Figure 6). All of the highest and low-
est values of the DIN / DIP ratios (96.4 in 2000 and 6.5
in 2011), Si / DIN (7.7 in 2011 and 0.4 in 2000), Si / DIP
(253.1 in 1998 and 11.2 in 2011) were recorded at the
time of the La Nina phenomenon (02/2000 and 11/1998,
ONI=-1.4and - 1,3).

Si/DIN —e—Si/DIN --+--ONI ONI
9 15
: .o n _."'._ . L 1,0
6 “ .‘: ’ e n 0,5
. [l 5 s =l

’ e
4 ..‘
3 : - < A o J L 0,5
IS A A 2V /w\ .
R A 2 | A/ \f 10
0 NV v 1,5
1998 - 2016 duration ’
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Figure 6. Si/DIN (left) and DIN/DIP (right) ratios to ONI
over time

The results also showed that at the South Central the
decline or accumulation of Si in sediments was not ob-
served to change predominant species from diatoms to
green algae or cyanobacteria (Figures 7, 8).

MW Surface
Bottom

DSi: DIP 2017

1 2 3 4 5 6 7 8 9
Sites

10 11 12 13 14 15

Figure 8. Chart of DSi/DIP ratio with stations in Figure 3

In the strong El Nino year (2016), there was a shortage
of P in the surface with very low DIP concentrations and
the DIP and DSi/DIP ratios were always more than 22.
However, the mean values of molar ratios showed that
there was a shortage of N at the bottom (Figure 9). In
neutral year (2017), there was a shortage of P, N in some

Figure 7. Chart of DSi/DIN ratio with stations in Figure 3
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Figure 9. Chart of DIN/DIP ratio with stations in Figure 3

Nutrient characteristics in water masses: In general, the
concentration of nutrient salts in most of the water bodies
recorded in the neutral year is higher than in the active
year of El Nino. Chart of distributed by depth showed that
in El Nino years the water mass was pushed upward, but
nutrient concentrations were lower than in neutral year
(Figure 10-12). In MKGTW, the El Nino year was higher
(9.78 uM) and the DSi / DIN, DSi /DIP ratios were both
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higher than those in the neutral year; but the DIN / DIP
ratio was lower (12.46). In the remaining water bodies,
although the levels of nutrient salts in El Nino year are
lower than the neutral year, the molar ratios are not in the
similar variation.
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Figure 12. DSi/DIP ratio of water the masses recorded
through the two surveys

4. Conclusion

sism e m .:ii (Psma"t 345 35 355 Based on the results of analysis collected in the period of
2003-2017, the paper found (1) Highest salinity 35.4 psu
in 10 water masses in the south central marine in strong
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El Nino year; (2) El Nino increased the salinity and tem-
perature of water masses and pushed the upper masses
closer to the surface from a few meters to 10 of meters;
(3) La Nina decreased temperature and salinity from 0.1°C
to 3.0°C and increased water exchange by ECSW anoma-
lies, OSW, WM2 and increased temperature of 0.1 - 0.2°C
over the period of La Nina; (4) All of the highest value
and lowest ratio of the DIN / DIP, Si / DIN, Si / DIP were
recorded aduring the La Nina period; and (5) The nutrient
concentrations in the water masses in neutral years were
higher than those in strong El Nifio year.
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Article history The problem of pollution is a topical issue at global, regional but also at the
Received: 8 October 2019 local level. Starting from this idea, the question arises whether the coastal

region in the North-East of the Black Sea is affected by the emissions re-
sulting from the combustion of marine fuels in large ship engines, which
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Published Online: 29 December 2019 manage to set in motion floating buildings intended for the transport of
goods and passengers. This paper wants to evaluate the variation of the air
Keywords: quality indicators in the coastal area of Romania, taking into account the
Air quality contribution that the ships by their number, size and destination can have on
these qualitative factors. Such an approach is needed from the perspective
Black Sea of the more than 500,000 inhabitants possibly affected by the effects with
Particle matter which this industry is accompanied. As the Black Sea active fleet is already
Shipping emissions old, as its ages year by year, the premises for the need for this study can be
Sustainability set up. As in other regions, drastic measures are taken in order to reduce
the effects of pollution due to such economic activity, the assessment of the
effects that this industry produces in inhabited areas becomes necessary. In
order to carry out this study, air quality data from the database provided by
the National Air Quality Monitoring Network of the Workshop on the cali-
tateaer.ro site were evaluated.
1. Introduction change. It is known that pollution in its various forms has

direct effects on human health. The air quality is strictly
t the European level, the issue of pollution is one

of the priorities addressed and assumed by the
European decision-making institutions.. In this
regard, a series of measures are taken to mitigate the side
effects that result from this harmful action to the environ-

influenced by air pollution, by changing the characteristics
of the physio-chemical composition of the air. The most
common process that influences air quality parameters is
the combustion phenomenon. The combustion of fossil fu-

ment. These measures are most often taken in force. based els is carried out for both industrial and domestic use. For

on strict monitoring periods, scientific, technical and eco-  industrial purposes, the combustion of fuels is used for

nomic evaluations aimed at determining the best solutions ~ the purpose of producing electricity, heating agent, freight

for limiting the side effects of pollution. transport by different means: road, rail, sea, air, passenger
The effects of pollution act on the medium and short  transport, etc.
term by reducing the quality of life of living beings in According to the data provided by the International

the affected areas and in the long term through climate =~ Maritime Organization (IMO) shipping (Shipping Indus-
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try) is a major producer of greenhouse gas emissions, with
this economic sector being assigned 2.5% of the global
greenhouse gas emissions.

In this context, the European Community has already
implemented a number of European directives, with ap-
plicability, reducing greenhouse gas emissions by 20% by
2020 compared to the volume of emissions from the early
1990s ', In the field of maritime transport, the European
Maritime Safety Agency (EMSA) represents the European
entity with a role in the implementation of the above-men-
tioned decisions, the same agency aims to implement the
monitoring, control and verification (MRV) process at the
member country level .

However, the volume of emissions resulting from the
transport of goods by sea will increase in the coming
years, it is supposed till 2050 exist a potential of increas-
ing from 50 to 250% depending of various scenarios, due
to the trend of world trade. This will lead to an increase
in the total volume of emissions from shipping, in the last
IMO report is mentioned that the shipping is responsible
for 2.5% annually from globally greenhouse gas emis-

sions !,

2. North-West Coast Area of the Black Sea

It is known that in general the shipping routes ' are de-
scribed, where it is possible, by the representation of the
shores limit. In particular, even if the vessels did not have
defined as navigation specification the coastal area, they
often follow a direction parallel to the shore, but as close
to the shore as possible. The Black Sea is characterized by
the movement of goods by sea over short distances, ac-
cording to Eurostat over 70% of voyages have this feature.
According to the same Eurostat studies, we understand
that the trend in the field of freight transport by water is
increasing in the studied area. Constanta Port occupying
the 18th position in a European top as importance, being
taken into account the volume of cargo that transited this
port. At the same time, the port of Constanta occupies the
5th position in the same top for the volume of bulk cargo
that used the port services *. The trend of increasing the
volume of goods, but also of the number of ships transit-
ing the Black Sea region is also supported by the global
direction which shows that in the period 1950-2001 the
world fleet of active ships tripled its number ',

Figure 1 shows the concentration of the navigable
routes in the North-West area of the Black Sea. The bright
red color represents critical points, where the route is in-
tensely used. This map is created based on GPS location
data, delivered by satellite for 2017 and processed by

marinetraffic.com .
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Figure 1. North-West shipping routes in the Black Sea ™

Every day, the region is transited by over 300 ships,
due to a considerable number of ports on the Romanian
shoreline, from which can be mention: Constanta Port,
Mangalia, Agigea, Midia-Navodari, Sulina. Ships that
voyage destination the Ukrainian region of Odessa and
come from Bulgaria or the Bosphorus Strait, also transit
the round perimeter shown in Figure 1. This number rep-
resents approximately 40% of the total volume of naval
traffic carried out throughout the Black Sea area.

The Black Sea active fleet can be characterized as
aging, poorly technized criteria resulting from a series
of randomly selected batches of vessels . An important
number of these ships (36%) were built before 1990,
when the rule was imposed that the composition of Sulfur
in fuel should not exceed 4.5%. 55% of the ships were
built before 2000, when the TIER I regulation on NOx
emissions was imposed. Over 85% of the identified ves-
sels were built before 2010, the year in which the TIER
II regulations regarding NOx emissions and the rule that
refers to the percentage of Sulfur in fuel that should not
exceed more than 3.5% were imposed.

The North-West of the Black Sea is represented by the
coast of Romania, shown in Figure 2, where we find a se-
ries of urban settlements and numerous rural settlements.
The area considered the purpose of the study being delim-
ited by the 245km long Romanian shoreline, with a depth
of 30km inside the terrestrial area. According to the latest
maps, the marked area is totaling around 5500 square km,
except for the lake areas.
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Figure 2. (a) The Romanian coastal area affected by ship-
ping emission from Black Sea'”, (b) the position of the
monitoring station located in Constanta County "

According to the data in table 1, on the Black Sea shore
in Romania there are over 412,000 people living in the ur-
ban area, about half a million summing up the rural area.

Table 1. The number of inhabitants possibly affected by
shipping emissions in Black Sea, Romanian shore

County City No. of inhabitants
Constanta 306332
Mangalia 40740
Navodari 34337
Constanta
Ovidiu 13490
Eforie 9555
Techirghiol 7034
Tulcea Sulina 3663

3. Air Pollutant Compounds

National Air Quality Monitoring Network webpage
! provides information about the air quality, showing
in real-time the specific indicators (specific index) of air
quality for the following pollutants: sulfur dioxide (SO2),
nitrogen dioxide (NO2), particulate (PM10) and carbon
monoxide (CO). Some limits are there indicated for each
pollutant, starting with which the bad quality of the air is
considered. These limits are: for SO2 is 350 ug/m’, for
NO2 is 200 pug/m’, for PM10 is 50 pug/m’, while for CO is
10 mg/m’.

On the territory of Constanta County there are 7 loca-
tions where the air quality is evaluated from the perspec-
tive of various parameters. All 7 locations are located in
the perimeter bounded by the grid in Figure 2(a). Only 6
locations are near to the coastline and also in the proxim-
ity of the Romanian ports. These 6 locations are shown in

[10
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Table 2. In Tulcea County there are not stations located
near to the coast.

Table 2. Monitoring fix station situated on the Romanian
coastal area (see also Figure 2b)

No. ID sample station Location
1 CT1 Constanta
2 CT2 Constanta
3 CT3 Navodari
4 CT4 Mangalia
5 CT5 Constanta
6 CT6 Navodari

3.1 COx Emissions

Carbon monoxides result from the burning of fossil fuels
like: oil products and LNG. CO emissions are directly
proportional to fuel consumption. Consumption can be
reduced by modifying ship shapes that involve the re-
ducing ship's resistance, the ship’s resistance can be also
improved by optimizing the appendix, using active solu-
tion like bubble air lubricant systems, propulsion system
efficiency, and operational factors such as sea state knowl-
edge which involve the route planning, speed regime of
ship/fleet, etc.

From the perspective of CO emissions levels are not
alarming, but it is worrying that there is a trend to increase
the values and the recurrence number of the maximums
recorded by the stations mentioned in Table 2. This state-
ment is based on the evolution of the values recorded in

the last 3 years """,

3.2 NOx Emissions

Nitrogen oxides are a result of the reaction between two
common chemical compounds, oxygen and nitrogen, in a
medium with high temperature. The most common way of
producing is by combustion of fuels, like the burning of
fuel inside the engines. Massive marine engines represent
a significant source of emissions. The amount of NOx re-
sulting from combustion varies depending on the type of
fuel (diesel, gas, etc.), the mechanical and operating con-
ditions of the engine. There are systems for cleaning the
resulting exhaust gases, used in practice even in the naval
field and are called SCRs based on Catalyst-based. Tehse
emissions can cause acid rains that are T contributing to
the acidity of seas and oceans, because this gas is easily
soluble in water.

3.3 SOx Emissions

Sulfur oxides are formed during the burning process in ma-
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rine engines, but not only, it appears because of presence
of sulphur in the fuel. It is recognised as an emission that
contributes to pollution and which is harmful to humans.

3.4 Particle Matter Emissions

PM emissions are associated with gas emission processes
due to burning of fossil fuels and lubricating oils. These
residual products of combustion are an international issue
that threatens human health. These emissions are some-
times visible due to smoke and soot dimensions. On the
other hand, the most dangerous of this kind of emissions
are those that can be seen only with microscopic devices.
These emissions cannot be detected without special mea-
surement devices or detectors.

After the analysis of the data available data in each
location presented in Table 2, for the last six years (from
October 2014 until October 2019), only two locations
(CT4 and CT5) were chosen for a graphical representation
(Figure 3) because more data are available for all pollut-
ants. Also, these stations are located near to the maritime
ports where the ship's traffic is more intense. The station
CT4 is located near to the Mangalia port, while the sta-
tion CTS5 is situated close to the Constanta port, the most
important Romanian port. It can be also mentioned that in
the other stations no worrying values were observed.

(b)

Figure 3. The pollutant emissions in Romanian coastal
area measured at the stations CT4 (a) and CT5 (b), time
period 1* October 2014 — 20" October 2019

From Figure 3 it can be observed that only PM10 emis-
sion values reached many times the worst index. It can be
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noticed that in 2016 at CT4 location for several times the
PM10 emission was about three times higher than the lim-
it value. In the case of CT5 location, there are some peaks
in 2015 and 2016, but also there are various periods when
the PM10 emission reaches the limit.

On October 4, 2019, a critical limit can be observed in
Figure 4, namely the air quality index 5 which is related
to the quantity of 50 pg / pg/m’.

Hourly general index
2019/10/04 08:00:00 ﬂ CT_5
Today general index
Yesterday general index

Name Hourly index Today index
1
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©
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Figure 4. PM10 level alarm CT-5 site, time frame
04.10.2019

Following the wind rose (Figure 5) we can see that the
predominant direction of the wind is from S and SSE,
which indicates that the wind is blowing from the Con-
stanta port and from sea. Taking into consideration that
onshore there are no factories or other pollution sources
than the usual car traffic, it reasonable to suppose that air
pollution is coming from the sea, due to the maritime traf-
fic and harbor operations.

Elcrs

WIND SPEED DISTRIBUSTION (%)

CT-5-Wind speed- Hourly values N
Time: 2019/10/03 00:00:00 - 2019/10/04 08:35:00 NNW NNE
Wind direction
NW NE
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Figure 5. Wind speed and direction in CT-5 site

Numerous studies conducted for the Black Sea region
show that a significant volume of pollutants is emitted
into the air and has the origin of industries operating var-
ious types of ships """\ They are of various categories as
commercial ships, navy ships, special ships, etc.

According to a recent study "'’ that evaluated total SOx
and NOx emissions from shipping activities in the Black Sea
region over a year, considerable values have resulted: 409.39
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kilo tonnes NOx compared to an active fleet of 720 vessels
operating 8000 hours a year in the Black Sea region. The
same operating conditions were imposed for SOx emissions,
which resulted in 545.72 kilo tonnes that are dispersed in the
atmosphere annually according to this estimate "',

These high values are also due to the way in which the
vessels operating in the Black Sea are maintained, many
of them being very old even with the operating period re-
sulting from the design exceeded 2 times.

Other European studies "*'”' claim that emissions from
ships in 2009 represent 19% of total NOx emissions, 12%
of total SO2 emissions and 5.2% of PM10 total. These
percentages vary, however, depending on the geograph-
ical situation and the proximity of the waterways and
ports. The Romanian coastal area is in an unfavorable
case due to the numerous ports that are in the region and
the navigable routes to the Ukrainian ports that are 50-60
miles away from the Romanian shore, this specification
characterizing the European navigable area where 89%
of the emissions are produced at less than 50 miles from
shore and 97% of cases at less than 100 miles from shore
4 According to the study above mentioned (see Table 1
from "), in the area of the Mediterranean and the Black
Sea the following values are assigned in 2009, at the same
time an estimate was made for the year 2030 (see Table 3).

Table 3. Mediterranean and Black Sea emission 2009 and

2030
Mediterranean and Black Sea
Year\Emissions (Ktonnes) Nox | SO2 | CO | PM2.5 | PM10
2009 1701 | 1194 | 188 137 144
2030 1735 | 264 | 188 31 33

Referring to Table 3 and taking into account the trend
of expansion of the global fleet, which brings with it a
greater fuel consumption is supported only by the world-
wide approach of strict regulations and in force to regulate
the shipping activity for the purpose of shipping. reducing
emissions as a result of fuel consumption. This expansion
was met during the years 1950-2001, where we meet the
following considerations !"”':

A considerable source of pollution in the coastal area is
the fact that it is near numerous ports. For example, in Con-
stanta port one of the largest ports in the Black Sea and in the
top 20 in Europe ' are issued in the atmosphere every hour
according to a recent average estimate: between 2 and 2.5
tons of SOX, 1- 1.5 tons NOx and about 12 kg of PM10 "%,

All the above information, which results largely from
calculations, following the application of a series of math-
ematical models and technical constraints, is confirmed by
evaluations of the data collected with the help of satellite
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images, statuettes that have been equipped with equip-
ment capable of performing tropospheric spectroscopy !'*.

4. Conclusions

The present study is focused on the Black Sea basin and
discusses the pollution-induced by the ships in this area.
Commercial vessels use as fuel for diesel engines, few are
LPG / LNG. Ships equipped with full electric transmission
cannot be found in the Black Sea basin, because in general
they are intended for relatively short distances such as ac-
cess to islands, in case of ferries. Gasoline is used only for
dealerships, which most often have a removable engine.
The fact that freight activities by water have an influence
on changing the concentrations that form atmospheric air
is a reality. The air quality is based on an allowable con-
centration of substances, which must be found in a certain
percentage of the general composition, and the way in
which this economic activity influences the concentrations
of component gaseous elements of the atmospheric air re-
sults that the activity itself influences the quality of the air
in the areas bordering her area.

However, environmental factors do not yet favour the
accumulation in the atmosphere of considerable quantities
of polluting agents due to the active air currents in the
coastal area that have a dispersing role. Also, the phenom-
enon of rain has the role of cleaning the air, a phenome-
non quite common on the Romanian coast.

The coastal area is an area of interest for such studies
due to the risk potential it presents both because of its
proximity to sea routes to other locations (less than 60
miles) and the fact that ships arriving in ports reduce con-
siderable speed, which is materialized by the increase of
emissions such as NOx, and PM. The difference for PM
can be more than 6 times higher, in case of reduced speeds
compared to the cruise speed navigation situation !'"'*,

A series of measures to combat these effects exist and
can be taken into account:

(1) Use in ports of solutions such as those of shore-con-
nection completed by LNG plant facilities in ports """ The
SOx emissions would tend towards 0, and the CO2 and NOx
emissions would decrease considerably in these conditions.

(2) Slow steaming

In the period of economic crisis 2009-2012 shipping as
an industry sought to reduce its costs) the cost of fuel repre-
senting up to 50% ""”') was deliberately chosen to reduce the
speed of the fleets, which led to a decrease and up to 30%
of the emissions that this industry is responsible for. This
fact is confirmed by the evaluation of the satellite data"”".

(3) Use of quality fuels (with a low percentage of Sul-
fur) / fuel switch.

This solution is beneficial for reducing the percentage
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of SOx emissions but it is very costly, many shipowners
avoid increasing their operating prices since so far, the
cost of fuel represents up to 50% of the total. The second
option is only a compromise solution, because the emis-
sions of pollutants would be as far as 150-200 miles away,
which in the long term still affects the environment, re-
ducing only the short-term effects locally.

(4) Technical solutions to reduce emissions by filtration
(Scrubber).

This approach presents several types of technologies,
which seem to be a viable solution. In the long term, since
it is a new solution, they are unknown in terms of long-
term operation and maintenance costs.
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throughout the centuries. Some other authors state that the
reason is its penetration in the water through cracks at the
seabed.

The most reliable explanation is that the almost closed
Black Sea is permanently polluted by the big rivers, i.e.
the Danube, Dnepr, Dniestre, Don. The organic pollutants

1. Introduction

he Black Sea waters contain enormous amounts of
hydrogen sulfide. There are other water basins rich
of hydrogen sulfide, which are typical for closed
water area with non-sufficient renewal rate, like lakes, e.g.

the Caspian Sea, the Baltic Sea, some fjords in the Norwe-
gian coast, but the Black Sea is known as the richest one.
There are different explanations of this phenomenon.
Some authors claim that the reason for hydrogen sulfide
accumulation is the “Great Flood” in ancient times when
the saline water from the Mediterranian Sea had penetrat-
ed through the Bosphorus straits into the Black Sea being
a fresh water lake so far. The result had been the death
of all living organisms therein. However, this hypothesis
cannot explain the sustainable increase of the hydrogen
sulfide content in case its amount had been constant

*Corresponding Author:
V. Beschkov,

swept to the sea are suitable substrate for the plankton,
which consumes the oxygen in the surface water layers.
Its growth leads to exhaustion of oxygen prompting the
thiobacteria to use sulfate anions as terminal electron ac-
ceptor. As a result sulfate are reduced to sulfide, or hydro-
gen sulfide.

Its concentration grows along the sea depth.

Its presence in the Black Sea water becomes noticeable
at depths below 150 meters, reaching about 20 g dm” at
the sea bottom at 2300 m depth. The total amount of hy-
drogen sulfide in the Black Sea is estimated to 4,6 billion
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metric tons . The energy equivalent of this amount is
given in Table 1 below.

Table 1. Energy potential of hydrogen sulfide

Equivalent to

4,6 billion tons H,S

Tons of oil equivalent

2.6 billion

Electricity, TWh
31000

Additional huge amounts are generated annually with
energy equivalent estimated at least to 31TWh . For a
reference, the annual consumption of electrical energy in
Bulgaria for the year 2015 was 37.8 TWh.

There are different proposals for applications of hydro-
gen sulfide in the Black Sea. The majority are focused on
its splitting to obtain hydrogen and sulfur, either by ther-
mal !, plasma ! or electrochemical methods . There
are two drawbacks of this approach — the required energy
for hydrogen production is bigger than the produced one
and next, the sulfur is obtained in a colloidal state which
is not convenient for further recovery. There is a proposal
for an electro-catalytic method for sulfide oxidation in
aqueous media using solid electrolyte membrane .

There are some other efforts to use hydrogen sulfide
in a fuel cell in gaseous phase ™ but elemental sulfur is
the only product of oxidation which blocks the electrode
surface. Although high current and power densities were
attained, these fuel cells are not appropriate for treatment
of aqueous solutions.

Sulfide Driven Fuel Cell

Our idea is directly to utilize hydrogen sulfide as an
electric energy source reaching two simultaneous goals
— environmental one as cleansing the sea water from
sulfide and direct electricity production. The generated
electromotive force in an especially constructed sulfide-
driven fuel cell (SDFC) operates in aqueous media ",
The method is based on the redox reaction of sulfide to
sulfate. The energy content of hydrogen sulfide is given
by the enthalpy of the following reaction:

S +20,=S0,” - AH, -AH = -788 KJ/mole

The principle of SDFC is shown in Figure 1. Two op-
tions are possible: one, operating with proton exchange
between the anode and cathode compartments, and anoth-
er one —with exchange of hydroxylic anions, cf. Figure 1.
The electrode reactions are as follows.

For the proton exchanging process:

Anode: S +4H,0 - 8e-=SO,” + 8H ,E,=0.149 V

Cathode:20, + 8H™ + 8e- =4H,0, E=1.229 V,

And for the OH' - exchange case:

Anode: S, + 60H - 6e- = SO, + 3H,0, E=-0.61 V

24 Distributed under creative commons license 4.0

SO,"+20H - 2¢’ = SO,” + H,0

E.=-0.90 V; Total: -0.706 V.

Cathode: 20, + 4H,0 + 8¢ =80H E=0.401V

All standard potentials are calculated vs. the standard
hydrogen electrode. The theoretical electromotive force of
such a fuel cell element is 1.08 V.

The reaction enthalpy will be converted to electricity
with high efficiency. This energy is “carbon-free” and it
may drastically reduce the expenses for carbon quotas for
the country-producer. According to theoretical calculation
the Black Sea water with 20 g dm™ with a flow rate 1 m*/s
yields 500 kW of electric power.

The principle of this type of fuel cell is shown in Fig-
ure 1.

The proposed process consists of the following steps:

(1) Pumping sea water from appropriate depth (e.g.,
1000 m) to a rig on the sea surface where the equipment is
installed;

(2) Enrichment to economically feasible concentration
of hydrogen sulfide;

(3) Passing the enriched water through SDFC and gen-
erating electromotive force.

The treated water containing sulfate is taken off to the
sea to appropriate depth where the sulfate anions serve
as terminal electron acceptor for the thiobacteria there.
Hence, new amounts of hydrogen sulfide are generated,
ready for energy production, and so on. Therefore, in this
case hydrogen sulfide could be considered as renewable
carbon-free energy source.

The produced energy could be directly transmitted to
the grid after DC/AC transformer or used directly for local
applications, like feeding oil- or gas-extracting rigs with
electricity or for hydrogen production after splitting water
by electrolysis.

In the present proposed technology there are no harm-
ful substances or chemicals to menace the life in the sea
and the environmental balance. Moreover, the largest
pollutant of the Black Sea, what hydrogen sulfide is, will
be converted into the compatible sulfate ions together
with the yield of pure, carbon-free energy from a renew-
able source. From this point of view the proposed method
gives more environmental benefits (although modest as a
scale) than harms.

The main important features of the proposed SDFC are:

Easy operation, easy switch on/off, carbon-free source
of energy, renewable source (practically inexhaustible), no
waste generation, environmentally compatible process.

The proposed method will be suitable for any water
pond or mineral water spring where hydrogen sulfide is
present. It could be applied for other wastewater streams
containing sulfide. Restrictions could be imposed in de-
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pendence of the source capacity (total amounts and con-
centrations).

The advantages of the proposed technology from envi-
ronmental and operational point of view to other energy
sources are demonstrated in Table 2.

Soi— Water
tL ¢
8H™
SZ_T Toz
(a)
SOi_ Water
2 14
80.
SZ-T Toz
(b)

Figure 1. Principal sketch of sulfide driven fuel cell ',
Proton (a) and OH" (b) exchange across the membrane

Table 2. Comparison of features of sulfide driven fuel cell

(SDFC) and other fuels
Energy
Features SDFC
source
. Carbon emissions; expen- |Carbon free; less operational
Fossil fuels

sive production; heavy
operation; waste handling
Expensive fuel production;

costs; easy switch-on/off; no
waste

Less operational costs; easy

(oil, gas, coal)

Nuclear fuel | heavy operation; hazardous | switch-on/off; no waste;
operation and waste storage | non-hazardous operations
Wind Weather dependent; impact Independent; positive
on environment environmental impact
Independent; positive
Solar Weather dependent P P

environmental impact

The very technology and the technology conditions
consist in the operations described above and the content
of the sea water (i.e. sulfide and oxygen concentration,
sulfate content, temperature, etc,). It could be expected,
that higher sulfide concentrations will enhance the energy
yield. However, pH of the water is dependent on the sul-
fide concentration because of the alkaline reaction of the

Distributed under creative commons license 4.0

sulfide solutions. The form of the sulfide ions are present
depends strongly on the pH, cf. Figure 3. At higher sulfide
concentrations reactions with polysulfide ions as a product
are also possible. The latter are observed for pH values
between 9 and 14. One can see that at pH within 7 — 9 hy-
drosulfide anions are predominant. This is the case in the
Black Sea water.

Sulfide distribution, wt. %

——H2S— — HS-— -

sn2----- s2-

Figure 2. Distribution of different forms of sulfide ions
depending on the pH value "

On the other hand, a large variety of sulfur oxidation
reactions are possible. An excerpt of the list of such reac-
tions is shown in Table 3. Both proton and hydroxide ion
exchange processes are possible. The Gibbs free energies
for some of the listed reactions involving different number
of exchanged electrons are shown in the same table. Having
in mind all these reactions one could expect that other oxi-
dation reactions in the bulk could compete the electrochem-
ical reactions on the fuel cell anode. The latter could be
different depending on the reactions occurring in the bulk.
Therefore the electricity yield may depend on the sulfide
concentration (and the pH value), the oxygen concentration
in the feeding solution and the anode reaction rate.

The Gibbs free energy AG for a certain electrochemical
reaction can be calculated from the theoretical
electromotive force E and the number of the exchanged
electrons n by the equation:

AG=-nFE, @)
where F = 96484.56 C mol is the Faraday constant.

2. Aims

Depending on all these factors various situations are
possible associated with different reactions (or combina-
tions of them). That is why the energy yield could be quite
different.

The aims of the present paper are:

(1) To study the anode electrochemical reactions of
sulfide at different initial sulfide concentrations and
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temperatures;

(2) To obtain the polarization curves of the sulfide
driven fuel cell at different sulfide concentration;

(3) To study the energy yields from a sulfide driven fuel
cell at different initial and inlet sulfide concentrations in
batch and continuous process to find optimum conditions
for electric energy production.

Table 3. Short excerpt of sulfide oxidation reactions, from
(%1 Comparison of anode reactions and total reaction
Gibbs free energies. An oxygen reduction is presumed as
cathode reaction

Reversible redox Number of ex- | Standard elec- Gibbs free
anode reactions (short | changed electrons | trode potential | energy -AG [kJ/
excerpt) per atom sulfur [V], 25°C mole], 25°C
1.8, +2e=2S" 1 -0.524 169
2.8+2e=8" 2 -0.48 209
3.S+H +2e¢=HS 2 -0.065 249
4.80,” + H,0+ 2e =
SO}Z- +20H 2 -0.90 251
5.280,” +4H"+ 2e =
52062’ +2H,0 2 -0.22 279.7
6. 5,0, + 6H +8¢ =
0g% + 3H,0 4 -0.006 476.4
7.8,0," + 8H' + 8e =
2HS + 3H,0 4 0,2 476.6
8. S0, + 3H,0 + 6e
— S + 60H 6 -0.61 585
9.50,” + 8H + 8e =
S+ 4H,0 8 0.149 833.3

3. Experimental: Materials and methods
3.1 Materials

Experiments without catalyst were carried out. The sulfide
solutions were prepared by sodium sulfide nona-hydrate
ACS reagent >.98% (Sigma-Aldrich production) or by
sodium hydrosulfide, NaHS. As supporting electrolyte “sea
salt” crystallized from Black Sea water or genuine sea water
taken from depths below 200 up to 1000 meters were used.
The salt concentration of the prepared solutions was close to
the salinity of the natural Black Sea water, i.e.16 g dm”. The
initial solution pH varied between 6.3 and 12.6 depending on
the chosen sulfide concentration from 30 to 1000 mg dm™.

3.2 Methods

Experiments were carried in a lab-scale fuel cells
designed for the present purpose (Fig 3a,b). The first one
consisted of two co-centric cylindrical glass tubes sepa-
rated by ion-exchange membrane with area of 7 cm’ at the
bottom of the inner vessel (Figure 3a). The latter was the
cathodic space packed with granulated activated carbon
particles (a Fujikasui production, Japan, S = 680 m’g™)

26 Distributed under creative commons license 4.0

to increase the cathode surface. The volumes of the two
spaces were 150 ml for the cathode space and 100 ml for
the anodic one filled by sulfide solution. As electrodes
cylindrical rods of spectral purity graphite were used. In
some experiments as anode carbon felt was tested.

The second fuel cell was assembled as a stack of two
cells, cf. Figure 3b. Each one consisted of two plane par-
allel rectangular graphite plates separated by the ion-ex-
change membrane (noted by dashed line). The electrodes
were made out of sintered graphite plates (50 x 13 cm and
650 sq.cm area). The EDX-spectrum of the graphite plates
showed contamination of silicon only.

In this case granulated activated carbon was also added
to the cathode spaces. The slots between the electrodes
and the membranes were 0.8 cm.

In both cases anion exchange membrane (Celgard
3501) was used. Air or pure oxygen was used as oxidant
and it was blown in the cathode space. In another set of
experiments the cathode electrolyte was previously aerat-
ed outside the fuel cell in a Venturi-tube ejector and circu-
lated through the cathode compartments. The electrolyte
in the cathode compartment was the same as the support-
ing one in the anode space.

The anode potential U, was measured vs. saturated
calomel electrode. The electromotive force of the cell £ =
U, — U, and the current were measured during the experi-
ments.

Both batch and continuous processes were studied.
In the case of batch processes the agitation was accom-
plished by peristaltic pump. The same pump was used for
feeding in the continuous experiments.

3.3 Analyses

Samples from the solution in the stirred reactor and the
outlet solution were taken regularly. They were analyzed
for sulfide, sulfite and sulfate ions together with the feeding
solutions. The pH values of the feeding solutions and the
outlet ones were measured by pH-meter. Sulfide was ana-
lyzed quantitatively by photometry ¥, Sulfite was analyzed
iodometrically. Sulfate ions were analyzed turbidimetrically
after addition of barium chloride (APHA). Formation of
polysulfides was checked qualitatively by acidification of
the reaction mixture and deposition of elemental sulfur. The
presence of thiosulfates was checked qualitatively by ferric
chloride yielding intensive purple complex.

3.4 Polarization Experiments

The polarization curves for the fuel cells were evaluat-
ed varying the current by external Ohmic resistance and
measuring the corresponding cell voltage. Additionally
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the fuel cell power is calculated by multiplying the cell
voltage by the electric current.

3.5 Cyclic Voltammetry

These experiments were carried out in the cylindrical fuel
cell, Figure 4a. For maintenance of constant anode poten-
tial a potentiostat DECM (Hungary) was used. A saturated
calomel electrode was used as a reference electrode. The
cyclic voltammetry was carried out by very slow variation
of the anode potential in order to avoid non-equilibrium
states in the fuel cell. The anode potential, the total cell
tension and the electric current were monitored simultane-
ously. The equilibrium anode potentials when the electric
current was zero were estimated by the intercepts on the
current axis in the VA-curves. Then the overpotentials n =
U, — U, were calculated and plotted versus the measured
electric current. From these curves the exchange currents
i, and the anodic and cathodic transfer coefficients a, and
o, were estimated for each sulfide concentration and tem-
perature using the generalized Butler-Volmer equation:

2)

3.6 Fuel Cell Discharging Experiments

These experiments were carried out both in a batch and
continuous mode, cf. Figure 4. In the latter ones the sul-
fide solution was fed into the fuel cell (a single one or a
stack) by peristaltic dosage pump. The generated electro-
motive force E = E,+E, was discharged through an Ohmic
resistance selected for each separate case.
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Figure 3. Sketches of the cylindrical fuel cell (a) and
rectangular stack (b)

4. Results and Discussion

4.1 Cyclic Voltammetry

Some of the results obtained by cyclic voltammetry are
shown in Figures 4-5. The first studied parameter and its
influence is temperature, cf. Figure 4. It is seen that there
is hysteresis in the V-A curves with area increasing with
temperature. The equilibrium anode potentials (vs. the
standard hydrogen electrode) when the net current is zero
for the tested temperatures for the forward and reverse
variation of anode potential corresponds to polysulfide
formation from sulfide and hydrosulfide ions.

It means that there are irreversible reactions taking
place at the anode.The higher the temperature, the bigger
the hysteresis area. The highest anode potential corre-
sponds to sulfide-to-sulfite and hydrosulfide-to sulfate-ox-
idation:

SO + 6H'+ 6e = S + 3H,0; E, = 0.233 V/S.H.E. at
25°C -

and

SO,” + 9H" + 8¢ = HS + 4H,0.
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Figure 4. Voltammetry at different temperatures. Sulfide
concentration, 30 mg/l

Since the experiments were carried out with sulfide as
substrate and the pH was sufficiently high the first reac-
tion is more probable.

The effect of initial sulfide concentration was tested for
three different sulfide concentrations: 30, 60 and 120 g/
1. The results for 120 g/l are shown in Figure 5. The hys-
teresis curves are more pronounced and more extended at
the highest studied temperature (20°C). The equilibrium
potentials have negative values, but still fit the conversion
of sulfide to polysulfide.

Again, the maximum anode potential at 20°C corre-
sponds to the sulfate formation at E, within 0.149 and
0.172 V/IS.H.E.

Using the ButlerVolmer equation the transfer coeffi-
cients a, and a, were estimated for different temperatures.
The anodic one a, was about 0.14 and the cathodic one —
around 0.1. The exchange current for both electrodes was
about 0.1 mA in order of magnitude.

U =1(1), 120 mg/I

406

—— U, mV (8 deg)
—— U, mV (14 deg)

——— U, mV (20 deg)

Figure 5. Voltammetry at different temperatures. Sulfide
concentration, 120 mg/I

4.2 Polarization Curves

These curves were taken varying the external Ohmic resis-
tance and plotting the cell voltage vs. the measured current.
Experiments were carried out in one of the fuel cell of the
rectangular stack. An example for experiment with genuine
marine water at sulfide concentration of 25 mg/l is shown
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in Figure 6. This concentration was comparable with the
maximum real concentration in the deep sea water. The
initial pH value was 9.09, corresponding to considerable
concentration of hydrosulfide, according to Figure 2.
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12 L0.5

0.4
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Z?f I
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=
0o o

Cell power, mW
Cell voltage, V

Figure 6. Polarization curve for stack of two fuel cells
connected in parallel. (o) — cell voltage; (0) - cell power.
Sulfide concentration 25 mg/l; initial pH 9.09

The internal cell Ohmic resistance was estimated from
the slope of the linear part of the voltage curve as 8 Q.
Certain over-potential of 17 mV was detected at very low
electric current and some mass transfer resistance at the
highest currents as well. It is a positive result that the open
circuit potential in the case is 0.53 V, which is about 50%
of the theoretical value for complete conversion of sulfide
to sulfate. However, it is necessary to increase the current
density [A cm™] and the power density [W cm™] to attain
practically valuable results.

Polarization curves together with the calculated power
for stacks connected in parallel and in series are shown in
Figures 7 and 8 respectively. When the fuel cells were con-
nected in parallel the open circuit potential was 0.68 V, i.e.
this value is about 63% of the theoretical value. Note that
the internal Ohmic resistance is rather low, i.e. about 1 Q.

140.00 0.7

120.00 0.6
100.00 0.5
80.00 0.4

60.00 0.3

Stack power, mW
Stack voltage, V

40.00

20.00

0.00 - - - - - - -
0 50 100 150 200 250 300 350 400

Current, mA
—O— Power —@— Voltage

Figure 7. Polarization curve for initial sulfide concen-
tration 240 g/1. Two fuel cells connected in parallel. (¢) —
stack voltage; (o) — stack power

The polarization curve for two cells connected in series
is shown in Figure 8.
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Figure 8. Polarization curve for initial sulfide concentra-
tion 236 g/l. Two fuel cells connected in series. (*) — stack
voltage; (0) — stack power

In this case much higher voltage and open circuit are
attained, i..e 1.6 V for OCP. However, the overall Ohmic
resistance of the stack is higher, i.e. 11 Q. That is why the
measured current and the calculated power are lower than
for the case of fuelcell connected in parallel.

4.3 Fuel Cell Discharge Experiments

These experiments were carried out by discharging the fuel
cell (single or in a stack) through selected external Ohmic
resistance in a continuous mode. Both parallel feed and con-
sequent one into the stack was tested. Results for experiment
with connected in series fuel cells are shown in Figure 9.
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=
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3 50 A - 04 >
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48 & 0.2
46 0
0.0 0.5 1.0 15 2.0
Time, h
=1 Current,mA —O— Cell voltage, V —@— Open circuit voltage, V

Figure 9. Fuel cell parameters for connected in series fuel
cells in a continuous process. Feed sulfide concentration
250 mg/l. Feed flow rate 0.385 1/h

Results for connected in parallel fuel cells are shown in
Figure 10. The comparison of the calculated current efficien-
cy and the sulfide depletion according to the Faraday law and
the results from the analysis shows that the most probable
reaction is sulfite to sulfate anode oxidation, cf. Table 4.

Table 4. Comparison of the calculated and measured
sulfide depletion with qualitative content of the inlet and
outlet streams

Calculated accord-| According to Qualitative
. . . Fuel cell
ing to the Faraday | the analysis, | content in the assembl
law, mg/h mg/h outlet stream Y
Figure 9 30.62 76.4 S0, S0, In series
Figure 10 67.9 65.86 S0,”; S0, | In parallel
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The pH measurements show that there is a pH drop in
the outlet streams, i.e. there is consumption of OH anions
and reactions 4 and 8 from Table 3 take place. Obviously,
oxidation of sulfide to sulfite occurs in the bulk as a paral-
lel reaction competitive to the anodic one.
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£ 300 0.6 5
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10.0 0.2
0.0 0
Time, h

== Current —O— Cell voltage —@— Open circuit voltage

Figure 10. Fuel cell parameters for connected in parallel
fuel cells in a continuous process. Feed sulfate concentra-
tion 270 mg/l. pH value in the feed 11.43

The pH drops in the solutes leaving the anode and cath-
ode compartments shows, that the anion transfer across
the separating membrane is the rate-controlling process.

The comparison in pH value drops for the anode and
cathode compartments for a single experiment is shown
in Table 5. The sulfide depletion is comparable to the pH
drop in the anodic compartment. However, the pH in-
crease in the cathode compartment is three order of mag-
nitude lower and the transfer of hydroxylic anions across
the membrane is retarded.

Table 5. Comparison in the pH variation in the inlet and
outlet streams in the anode and cathode compartments.
Sulfide concentration 70.5 g/l. Continuous flow, 220 ml/h
feed flow rate.

pH variation OH'change, g.eq.
Anode Cathod Anode | Cathode |Sulfide depletion,
Time,h| compart- athode | ompart- | compart- g-eq.10*
compartment
ment ment ment
1 -0.24 033 |-5.86.10"3.31.107| 5.71.10"
2 -0.40 0.41 -7.58.10*14.53.107|  9.77.10*
3 -13 0.5 -8.86.10%4.84. 107 1.30.10°
4 -0.60 0.5 -7.49.10%4.84. 107 -
5 -0.80 0.59 -7.48.10%6.62. 107 -

5. Conclusions

The experimental study leads us to the following conclu-
sions.

(1) Sulfide anions can be used as a fuel for energy pro-
duction in a newly designed fuel cell operating in aqueous
phase. The process is hopeful even at low sulfide concen-
trations, i.e.10 to 25 mg/l being close to the ones in the
Black Sea water.
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(2) The measurement of the generated electric current
compared to the sulfide depletion show that the most
probable anode reaction is oxidation of sulfide to sulfate,
i.e. competitive oxidation of sulfide occurs in the bulk of
the anode compartment of the fuel cell.

(3) The main problem for the practical application of
this type of fuel cell are the low current and power densi-
ties.

(4) The pH measurements shows that the hydroxylic
anions transfer from the cathodic compartment across the
separating membrane is not fast enough to compensate its
drop in the anode compartment.

These conclusions are helpful to outline measures to in-
crease the fuel cell efficiency and to enhance the electrode
reactions in order to attain practically interesting results.
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ARTICLE INFO ABSTRACT

Biofilm forming bacteria are omnipresent in the marine environment. Pseu-
doalteromonas is one of the largest within the y-proteobacteria class, and
a member of marine bacteria. Species of Pseudoalteromonas are generally
found in association with marine eukaryotes. In this work, we present the
isolation and characterization of two strains forming biofilm on rock surface
and associated with marine sponge. They were identified using 16STDNA
as Pseudoalteromonas prydzensis alex, and Pseudoalteromonas sp. alex.
They showed the highest titer in biofilm formation quantified using the test
tube method using crystal violet.
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often involves biofilm formation . Marine bacterial cells

1. Introduction
produce an extracellular polymeric substance (EPS) matrix

acterial biofilms form a highly structured community 4 fter adhesions that establish the formation of a biofilm ™

of cells attached to each other and/or a surface en-  Thege biologically active compounds adapt bacteria to resist

closed in a complex matrix of extracellular polymer-
ic substances. These biofilms have several terms, including

U1 This phenomenon en-

periphyton and mycrophytobenthos
ables bacteria to colonize and prevalent in natural, industrial,
and medical environments . In marine environments, bacte-
ria play important roles including driving biogeochemical cy-
cles ! and supplying materials and energy to higher trophic
levels . The phenotypic plasticity of bacteria is responsible
for their success and ubiquity '*'. Biotic and abiotic surfaces
in various marine environments are rapidly colonized by mi-

croorganisms, and surface colonization by marine microbes

*Corresponding Author:
Samia S. Abouelkheir,

the extreme environmental conditions, such as high pressure,
hydrothermal vent, and depletion of micronutrients

The genus Pseudoalteromonas has attracted the attention
of scientists because they are widely distributed in the
marine environment and they are associated with a variety
of marine organisms such as corals, sponges and others
Pseudoalteromonas is a genus of Gammaproteobacteria that
is widespread in the world’s ocean and have been shown to
produce bioactive compounds that inhibit settling of several
fouling invertebrates and algae during biofilm formation

It was thus aimed in this study to isolate, explore, and
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identify some marine biofilm forming bacteria attached to
natural surfaces in sea water.

2. Materials & Methods
2.1 Bacterial Strains

The biofilm forming Pseudoalteromonas prydzensis alex,
and Pseudoalteromonas sp. alex, were isolated from the
surface rocks and sponge at Mediterranean seawater, Al-
exandria, Egypt. They were identified using 16STDNA.

2.2 Media

Seawater (SW) medium was used for enrichment and iso-
lation of biofilm forming bacteria. It contained (g/L): yeast
extract, 1; peptone, 1; casamino acids, 1. Luria Bertani
medium (LB) """ composed of (g/L): tryptone, 10; yeast
extract, 5; and NaCl, 10. Modified Vaitianen Nine Salts
Solution (VNSS) """ contained (g/1): NaCl, 17.6; NaHCO,,
0.08; KBr, 0.04; CaCl,. 2H,0, 0.41; SrCl,. 6H,0, 0.008;
Na,SO,, 1.47; KCl, 0.25; MgCl,. 6H,0, 1.87; H;BO,, 0.008;
FeSO,.7H,0, 0.01; Na,HPO,, 0.01; Peptone, 1.0; Starch,
0.5; Glucose, 0.5; Yeast extract, 0.5 that modified by replac-
ing inorganic salts by seawater. Synthetic medium (SM)""*
had the following composition (g/L) NaCl, 24.53; CaCl,.
2H,0, 1.54; KBr, 0.10; NaF, 0.003; KCl, 0.70; H,BO,, 0.03;
Na,SO,, 4.09; NaHCO,, 0.20; SrCl,. 6H,0, 0.017; MgCl,.
H,0, 11.1; KH,PO,, 1; K,HPO,, 1; NaNO,, 1; NH,CI, 1;
glycine, 1; glucose, 5; biotin, 5x10°, thiamine-HCI, 1x10™.

2.3 Bacterial Isolation

Biofilm forming bacteria were isolated by scrapping the
surface of rock submerged in seawater and streaking on
seawater agar plates. Sponge was cut into pieces in a flask
containing seawater and shacked for 2h before streaking
on SW agar plates and incubated at 30°C for 24h.

2.4 Biofilm Development in Glass Tubes

Biofilm formation technique was adopted by Hassan et al.,
(2011) ', Pure mucoid bacterial colonies showing different
morphotypes were cultured onto SW agar plates for 48h then
transferred into Sml SW broth and left for another 48h under
static condition at 30°C. The cells (ODy, of 0.15) were then
harvested by centrifugation (6000x g, S5min) and re suspend-
ed in Sml SW broth in test tubes to give a final volume of
Sml .Tubes were then incubated statically at 30°C for 24h to
allow bacteria to form biofilms and used for biofilm assay . A
negative control contained Sml SW medium.

2.5 Biofilm Assessment

Quantification of cell adhesion and biofilm formation was

32 Distributed under creative commons license 4.0

performed by the method described by Haney et al., (2018) "
based on staining biofilm with crystal violet (CV). The con-
tent of each tube was poured off after incubation and the at-
tached bacterial cells were rinsed three times with 3ml phos-
phate buffer saline (PBS) prepared by dissolving NaCl, 8 g;
KCl, 0.2 g; Na,HPO,, 1.44 g; and KH,PO,, 0.24 g in 800 ml
distilled H,O and pH adjusted to 7.4 with HCI then complete
to a final volume of 1L and dried. Dried tubes with attached
bacteria were fixed with 3ml of an aqueous crystal violet (CV)
solution (1%) for 20min. Excess CV was removed and bio-
films were rinsed with PBS. For quantification of biofilms,
the attached stained cells were removed and re-suspended in
3ml ethanol (95%), and the absorbance was then measured
spectrophotometrically at 600nm.

2.6 Genotypic Identification of ER9 and ER11

Genomic DNA was extracted from pure biofilm forming
isolates according to Sambrook et al., (1989)"". The purity
of the isolated DNA was confirmed by gel electrophoresis
and subjected to polymerase chain reaction (PCR). The 16s
rDNA was amplified using primers designed to amplify 1500
bp fragment of the 16s rDNA region. The forward primer was
5’AGAGTTTGATCMTGGCTCAGS3’ and the reverse primer
was 5’TACGGYTACCTTGTTACGACTT3’. The PCR prod-
uct was sequenced using the same PCR primers and confirmed
by Gel electrophoresis according to Sambrook et al., (1989)
%] The molecular phylogeny was performed using BioEdit
software ", Sequences of rRNA genes, for comparison, were
obtained from the NCBI database. The phylogenetic tree was
displayed using the TREEVIEW program.

2.7 Phenotypic Characterization

Phenotypic characteristics were determined for the select-
ed isolates according to the standard methods described
by Ventosa et al., (1982)""",

3. Results & Discussion

3.1 Selection of Biofilm Forming Marine Bacteria

Thirty mucoid colonies developed on SW agar plates were
screened for biofilm formation and quantified using the CV
quantification method. This method was reported to be the
most convenient for analyzing biofilm formation "". The
method depends on that CV binds to negatively charged mol-
ecules, including nucleic acids and acidic polysaccharides,
and therefore serves as an overall measure of the whole bio-
film. The values of biofilm in test tubes ranged from ODy, 0.5
to ODg, 3. These values are in good agreement with those
reported by other investigators in natural environments ",
The highest values (OD,= 2.7and 2.6) were recorded for
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isolates ER11 & ER9, respectively (Figurel).

Bacteria were classified according to the scheme of Has-
san et al., (2011) "' as follows: non biofilm producer (0), less
than or equal to ODc; weak biofilm producer (+), OD greater
than ODc and less than or equal to 2xODc; moderate bio-
film producer (++), OD greater than 2xODc and less than or
equal to 4xODc; strong biofilm producers (+++), OD greater
than 4xODc. This classification is based upon the cutoftf OD
(ODc) value which was defined as three standard deviations
above the mean OD of the negative control. Based on ob-
tained data, 40% of the isolates were non-biofilm producers,
whereas a 30% were classified as weak, 16.6% as moderate
and 13.3 % as strong biofilm forming bacteria.

7
.
/)

NN

O

7\

ERI
ERL

Bacteri:

B

Isolates

Figure 1. Quantification of biofilms formed by marine
bacterial isolates grown in SW medium and incubated for
24h at 30°C

The distribution of biofilm forming bacteria on biotic
and abiotic surfaces is depicted in Figure2. It is worth
mentioning that the majority of biofilm forming bacteria
(70%) were isolated from rock surface, whereas only 9
isolates (30%) were recovered from sponge. Biofilms
cover most subtidal and intertidal solid surfaces such as
rocks, ships, loops, marine animals and algae "”. Surface
roughness has been reported to be an important factor
in bacterial attachment to inert surfaces. Other groups
observed greater cell attachment on surfaces with high
roughness *”. In good agreement with our values, those
reported by Bruhn et al., (2019) ! for Roseobacter sp.

I Sponge
4 Rock

7

Strain %

s
Efficiency of Biofilm Formation

Figure 2. Percentage of biofilm forming bacteria isolated
from sponge and marine rocks

Note: N= non biofilm formers; W= weak biofilm former; M= moderate
biofilm former and S= strong biofilm former.
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Data in Figure3a depict that according to scheme pro-
posed by Hassan et al. (2011) "), none of the isolates re-
covered from sponge were classified as strong producers,
whereas, almost 44% were classified as moderate produc-
ers, 22% as normal producers and 33% as weak produc-
ers. The chart presented in Figure3b explains that the ma-
jority of isolates (42.9%) obtained from rock surface were
moderate producers whereas, weak and strong producers
represented 28.6 and 23.8% respectively.

44.44%

33.33%
0%
22.22%

42.86%

23.81%

4.76%
28.57%

b

Figure 3. A chart showing the % of biofilm forming bac-
teria isolated from sponge (a) and a marine rock (b)

Note: N= non biofilm formers; W= weak biofilm former; M= moderate
biofilm former and S= strong biofilm former.

3.2 The Role of Nutrient Status on Biofilm For-
mation

Indeed, attachment of bacteria to surfaces depends on the
specific micro-niche created by marine particles **'. There-
fore, four media of different formulae (SW, LB, VNSS
and SM) were used to select the best nutrient composition
for biofilm formation. Data in Figure4 reveal that /n vitro
biofilm formation was highly dependent on medium com-
position. Synthetic medium (SM) did not support biofilm
formation (data not shown) whereas, media containing
natural compounds enhanced biofilm formation. In gener-
al SW medium containing low concentrations of natural
substances (1 g of each of yeast extract, peptone and casa-
mino acids) supported the /n vitro biofilm formation as
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indicated by the highest values of ODy, ranged from 1 to
3.0 compared to other tested media. Similarly, LB showed
more or less compatible biofilm values to SW depending
on bacterial strain. The suitability of seawater medium
might be attributed to the low nutrient contents which
support the growth and biofilm formation of oligotrophic
marine bacteria. Oligotrophic environments are defined by
low absolute concentrations of nutrients .
[ bioﬂlm intensity on SW

jofilm intensity on LB
ofilm intensity on VNSS

U S
EEEEEDH
I

Figure 4. Values of OD, as a measure of biofilm forma-
tion by marine isolates grown on different media

3.3 Microtitre Plate Versus Test Tube Method for
Biofilm Formation

The microtitre plate was reported to be an easy, reliable
and excellent method for screening a large number of iso-
lates **. Therefore, this experiment was designed to com-
pare the In vitro biofilm formation using the microtitre
plate and test tube methods. From data shown in Figure5,
it is concluded that under our experimental conditions
the values obtained by the tube method were higher than
those measured in microtitre plates. In some cases these
values showed two or three fold increase compared to
those of microtitre plates. Therefore, the tube method was
adopted for further studies.

35

[N Test tube
B3 Microtitre

30

Isolates

Figure 5. Quantification of biofilms formed by marine
bacteria using Tube method versus Microtitre Plate

3.4 Phylogenetic Analysis of ER9 and ER11

The partial sequences of amplified 16STDNA genes of
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ER9 and ER11 were aligned with closest relatives of se-
quences on database. Partial sequence of ER9 showed the
highest homology (99%) to Pseudoalteromonas sp. OC-
A5-12 and 98% to Pseudoalteromonas prydzensis strain
CAIM381, whereas ER11 sequence analysis showed 97%
similarity to several Pseudoalteromonas strains. Members
of this genus have been most frequently isolated from
marine biofilm, marine eukaryotes, seawater, sea ice, etc.
3-8 The two strains are members of Family Pseudoalter-
omonadacea, Gammaproteobacteria, and Phylum Proteo-
bacteria. The sequences were deposited in GenBank with
accession numbers JF965506 and JN592714 respectively.
Members of Gammaproteobacteria have been reported to
be one of the most abundant groups of readily cultivable
heterotrophs from marine environment **. They possess
a versatile pathway which explains their coexistence and
survival in diverse environments **. Figures 6, 7 show the
phylogenetic trees of the two isolates and their relation to
other related species. Therefore, isolate ER9 was designat-
ed as Pseudoalteromonas prydzensis alex and ER11 was
designated as Pseudoalteromonas sp. alex.

GU108560 Uncultured Pseudoalteromonadaceae bacterium clone 127 9

DQ319008 Pseudoalteromonas sp. OC A5 12

ER9

DQ412060 Pseudoalteromonas sp. LOB 10

FJ457191 Pseudoalteromonas sp. S2721

EU246838 Pseudoalteromonas sp. Cobs2Tis33

DQO011614 Pseudoalteromonas ganghwensis

FJ457155 Pseudoalteromonas sp. S1650

FJ457154 Pseudoalteromonas sp. S1649

HM583997 Pseudoalteromonas prydzensis strain CAIM 381

HQ417101 Uncultured Pseudoalteromonas sp. clone Liv16S L176

FJ457244 Pseudoalteromonas sp. S4491

EU188157 Uncultured marine microorganism clone 404 1AA52
FJ497414 Uncultured gamma proteobacterium clone VS CL 165
AJ551143 Pseudoalteromonas sp. An2

EU753122 Marine bacterium MSC7

001

Figure 6. Phylogenetic tree of isolate ER9

Note: The dendogram based on partial 16S rDNA gene sequencing
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shows the phylogenetic position of the isolate among representatives of
related bacterial species

ER11

“— HQ417101 Uncultured Pseudoalteromonas sp. clone Liv16S L176
DQ319008 Pseudoalteromonas sp. OC A5 12

EU188068 Uncultured marine microorganism clone 4038AA 48

HM1008394 Uncultured bacterium clone CA 20

FJ154984 Uncultured bacterium clone AL

AJ784122 Pseudoalteromonas sp. ME3 02

——— AM048784 Uncultured Alteromonadales bacterium partial clone 13

EU753122 Marine bacterium MSC7

FJ497414 Uncultured gamma proteobacterium clone VS CL 165

HQ156241 Pseudoalteromonas sp. CSMCRI 5

HM583997 Pseudoatteromonas prydzensis strain CAIM 381

DQ412060 Pseudoaltteromonas sp. LOB 10

HQ836970 Uncultured bacterium clone Mb4B10

AB257337 Pseudoalteromonas mariniglutinosa strain Do 80

EU188157 Uncultured marine microorganism clone 4041AA52

EU420061 Pseudoalteromonas sp. L fcr 129

AB257336 Pseudoalteromonas mariniglutinosa strain Do 52
0.01

Figure 7. Phylogenetic tree of isolate ER11
Note: The dendogram based on partial 16S rDNA gene sequencing

shows the phylogenetic position of the isolate among representatives of
related bacterial species

3.5 Phenotypic Characterization

Phenotypic characterization of bacteria is complementa-
ry to phylogenetic data. Therefore, the two strains were
subjected to some morphological, physiological and
biochemical tests. Data are summarized in Table 1. It is
worth mentioning that despite the difference in generic
identification between the two Pseudoalteromonas strains,
they both shared the same characteristic performed in this
study.

Table 1. Differential characteristics of biofilm forming
bacteria

Character P. prydzensis alex

Mucoid off-white | Mucoid off-white

Short rods soli-
tary

Gram stain - -

P. sp. alex

Colony morphology

Cell morphology Short rods solitary

Distributed under creative commons license 4.0

Metabolism

Growth without sea water salts

Halotolerance (% NaCl)

10

10

Growth at:

10°C

15°C

20°C

30°C

37°C

]+

|+ |+

Biochemical

Catalase

+

+

Oxidase

H,S production

Nitrate reduction

Hydrolysis of

Dextrin +

Starch +

Cellulose -

Casein +

Gelatine -

Chitin

Tween 20

Tween 80

|+

Oil

R S

Utilization

D-Glucose

D-Fructose

Maltose

Sucrose

Lactose

Galactose

Reaction to antibiotic

Ofloxacin

Cefuroxime

Levofloxacin

Imipenem (Tinam)

Ampicillin/Sulbactam

Vancomycin

Augmentin

Ciprofloxacin

Amikacin

Ampicillin

Netilmicin

Meropenem

Cefotaxime

Chloramphnicol

Nitrofurantin

Norfloxacin

T lwn| "y rn A | rn I alun n n| @ nl &
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4. Conclusion

Marine microbes live attached to surfaces forming bio-
films which are of significant importance from the bio-
technological point of view. Two Pseudoalteromonas iso-
lated from rock surfaces were the most potent in biofilm
formation as detected by the tube method using crystal
violet. This genus is very important in producing valuable
molecules, thus further investigations are planned in the
future.
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