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Abstract Algae are widely distributed in the aquatic
environment. In the analyzed algae from the Black
Sea, metals like cadmium, iron, zinc, copper, lead, and
thalliumwere present. From all of the analyzed elements
in the algae, iron was present at the highest concentra-
tions. The presented study confirmed that thallium is
accumulated in relatively large quantities (1.60–
2.12 μg g−1) by all the studied algae. Cadmium and
copper were accumulated at the same level
(1.98 μg g−1), which was lower in comparison to the
average concentrations determined in the analyzed plant
material. The average amounts of zinc were at
0.21 μg g−1 for Ulva. High possibility of accumulation
ofmetals byUlva andCystoseira allows to use them as a
natural indicator of environmental cleanliness.

Keywords Algae .Metal accumulation cadmium .

Differential-pulse anodic stripping voltammetry
(DPASV) . Toxicity . Thallium

1 Introduction

Metals are considered as one of the most hazardous
pollutants in the environment due to their persistence
in the environment, bioaccumulation, and high toxicity.
The source of metals in the coastal area of the Black Sea
is from anthropogenic activity, such as wastewater out-
flows, industrial sludge, river discharges, airborne in-
puts, rainfall, and dust precipitation (Idris 2008). The
concentration of metals in water is low and varies de
pending on environmental factors. Metal concentrations
in the sediment depend on the oxidation-reduction po-
tential, organic content, pH, and the grain size compo-
sition (Akcali and Kucuksezgin 2011; Topcuoglu et al.
2003). The pollution levels of the aquatic environment
by metals can be estimated by analyzing water, sedi-
ments, and marine organisms (Karbowska 2016). Ma-
rine organisms are one of the most reliable indicators for
identifying sources of biologically available metal con-
taminations (Bazzi 2014).

The biomonitoring process has been widely used to
establish the contamination with metals in the last two
decades (Zelika et al. 2003; Nicholson and Lam 2005;
Stanly et al. 2008). Different types of organisms may be
used for biomonitoring, for example, marine algae and
filter-feeding molluscs (Zortia et al. 2006a, b; Hamed
and Emara 2006). Many studies showed that biovalves
did not regulate the level of some metals within their
body and the level of accumulated metals depends on
the contamination of surrounding areas. Thus, biovalves
can be considered as good biomonitoring agents for
metal monitoring in aquatic ecosystems (Zelika et al.

Water Air Soil Pollut (2020) 231: 97
https://doi.org/10.1007/s11270-020-4434-0

A. Parus (*)
Poznan University of Technology, Institute of Chemical
Technology and Engineering, Berdychowo 4, 60-965 Poznan,
Poland
e-mail: anna.parus@put.poznan.pl

B. Karbowska
Poznan University of Technology, Institute of Chemistry and
Technical Electrochemistry, Berdychowo 4, 60-965 Poznan,
Poland

The Author(s) 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-020-4434-0&domain=pdf
http://orcid.org/0000-0002-2061-1031


2003; Zortia et al. 2006b; Hamed and Emara 2006;
Elfwing and Tedengreen 2002; Yap et al. 2002;
Vlahogianni et al. 2007; Maanan 2008). On the other
hand, seagrass and algae can also be used as
bioindicators and give information on concentrations
of metals or bioavailability of metals in the surrounding
environment (Akcali and Kucuksezgin 2011; Ferrat
et al. 2003a, b; Campanella et al. 2004). In general,
algae are widely distributed in the aquatic environmen-
tal and are sedentary, easy to collect, identify, their
bioaccumulation of trace metals occurs efficiently and
they can meet the requirements for bioindicators (Ferrat
et al. 2003a, b; Campanella et al. 2004; Conti and
Cecchetti 2003). The cell wall of algae is consist of a
variety of polysaccharides and proteins, and some of
them contain anionic carboxyl, sulfate, or phosphate
groups which are excellent binding sites for metal re-
tention. Algae are able to accumulate trace metals,
reaching concentration values which are thousands of
times higher than their corresponding concentration in
seawater (Conti and Cecchetti 2003). Algae bind only
free metal ions, the concentrations of which depend on
the nature of suspended particulate matter, which occurs
in the form of organic and inorganic complexes. In
summer, the number of visitors to the Black Sea area
increases, hence the human activity in this site inten-
sifies which reflects the change in the environmental
conditions (Khaled and Hussein 2014).

The available quantitative data regarding the concen-
tration of metals in seaweeds and general pollution of
this area is limited. Therefore, the investigation of lead,
cadmium, zinc, iron, copper, and thallium content in
algae Cystoseiri sp., Ulva sp., and sand from west coast
of the Black Sea is of importance.

Plants are the main link in the transfer of metals from
contaminated soil to organisms, and in the next step,
metals tend to accumulate in the food chain. As feed
ingredients metals such as zinc, copper, and iron are
essential for biological and physiological functions in
the human body. However, the increase of consumption
beyond a certain limit may result in toxic effects (Korfali
et al. 2013a, b). Thallium, cadmium, and lead are com-
mon toxic metals in the environment (Nordberg et al.
2011; Goyer and Clarkson 2001). Little is known about
the toxic modes of action of Tl in living cells and more
or less about plant biota. Although in literature, several
mechanisms have been proposed based on experimental
evidence on the mammalian. Toxicity appears in good
part due to the chemical similarity between Tl and K and

the inability of cells to differentiate between these two
metals. Tl competes for uptake through the Na/K
ATPase port. Given the high capacity of this membrane
transporter to accumulate elevated concentrations of K,
there is a strong potential for cells to accumulate Tl,
which can then competitively interfere with any K-
dependent physiological processes. For instance, Tl
can replace K as an activating cofactor of enzymes such
as pyruvate kinase and aldehyde dehydrogenase. Thal-
lium can also replace the K used for ribosome stabiliza-
tion and muscle contraction. Thallium is preferentially
accumulated by some organelles such as mitochondria.
The little evidence available suggests that toxic modes
of action could involve membrane damage through
phospholipid oxidation of mitochondria and of the en-
doplasmic reticulum, which would in turn affect
membrane-bound physiological processes, such as
ATPase activity. Furthermore, Tl may also affect mem-
brane function through modifications of bilayer fluidity
and phospholipid hydration, leading to increased per-
meabilization. The high affinity of Tl for sulfhydryl
groups in enzymes and other molecules has also been
invoked as a cause of toxicity. In mammals, Tl oxidizes
the antioxidant GSH and inhibits glutathione peroxi-
dase; inhibition of the antioxidant system may be one
important mode of toxic action for Tl. This mechanism
has also been observed in fish (Rodríguez-Mercado and
Altamirano-Lozano 2013).

The aim of this work was to characterize the most
common algae species distributed along the Bulgaria
coast in terms of accumulation of thallium, cadmium,
zinc, copper, lead, and iron.

2 Materials and Methods

2.1 Sample Preparation and Analysis

The study area was located in the western zone of the
Black Sea coast, approx. 17 km north of Varna. Algae
were collected manually in the tidal zone. Three types of
algae derived Cryptogamia class, Cystoseira genus, and
Ulva algae were collected in the summer of 2017. Sam-
ples were collected between 10 am and 12 pm, which
generally corresponded to rising daily temperature and
solar radiation conditions. The selected samples were
collected at a similar stage of development. After wash-
ing (in the place of seawater), the samples were rinsed in
deionized water in order to avoid losses of metal during
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treatment. The algae samples were then dried at 60 °C to
constant mass and ground in an agate mortar.

Samples of the top layer of sand (0–20 cm layer)
were taken from several selected measuring positions
located along the Black Sea coast. Take water-dried
sand and pass through a 1 mm sieve to remove stones
and root residues.

All solutions were prepared in high purity water
obtained by reverse osmosis in aWatek-Demiwa 5 Rosa
system (Czech Republic), followed by a triple distilla-
tion from a quartz apparatus. Only freshly distilled water
was used.

2.2 Instrumentation

A μAutolab electrochemical analyzer from EcoChemie
(Utrecht, Netherlands) was used for electrochemical
measurements. A standard three-electrode configura-
tion, consisting of a mercury film electrode based on
glassy carbon (which was used as a working electrode),
Ag/AgCl (3 M KCl) reference, and Pt wire counter
electrodes, was incorporated into a glass cell (V =
20 cm3).

The metal ions concentrations were measured using
atomic absorption spectrometry (AAS) with a Z-8200
spectrometer equipped with premix fishtail type burner
– air/acetylene and NO2/acetylene, graphite furnace –
flame, and furnace on the same beam made by Hitachi,
Japan.

2.3 Solutions and Preparations

Standard solutions of Tl and other analyzed metals were
prepared by dilution of a 1000-μg ml−1 stock standard
solution obtained from Sigma Aldrich. Ammonia solu-
tion (25%), nitric acid (65%), hydrofluoric acid (73%),
hydrogen peroxide (30%), EDTA, and ascorbic acid
(supplied by Sigma Aldrich) were used to conduct the
determination.

2.4 Determination of Thallium in the Algae Samples
by the Voltammetric Method

Determination of thallium in the algae samples was
conducted using a previously described procedure
(Karbowska 2016; Karbowska and Zembrzuski 2016).
Samples of the studied algae (0.25 g) were placed in a
teflon beaker and digested by adding 65% nitric acid
and 2.5 cm3 of 30% hydrogen peroxide. Upon

evaporation of the solution, the residues were mixed
with an additional dose of nitric acid (1 cm3), covered
with glass, and heated for 3 h. After filtration, the
residues were mixed with ascorbic acid (2.5 cm3 of
1 M solution) and EDTA (6.25 cm3 of 0.2 M solution).
The pH of the solution was then adjusted to a value of
4.5 (using an ammonium solution), then it was trans-
ferred to a flask (25 cm3) and supplemented with water.
This final solution was used for the determination of
thallium in the samples using differential pulse anodic
stripping voltammetry (DPASV). The pre-concentration
of Tl was carried out at a potential of − 900 mV vs. SCE
over 900–3600 s depending on the Tl concentration.
Voltammograms were recorded after medium exchange
for pure 0.05 M EDTA. The results were evaluated on
based on several additions of an internal standard (typ-
ically 3 additions). The detection limit of the method
(calculated on a 3SD basis) was 50 pg L−1 (0.25 pM).

2.5 Determination of Metals in the Algae Samples
by AAS

The algae samples (0.25 g) were digested in teflon
vessels for 2 h with a mixture of 65% HNO3 and 73%
HF acids, respectively, according to the method de-
scribed by Lukaszewski et al. (2012). The metals (Fe,
Cd, Pb, Zn, and Cu) were analyzed using flame-atomic
absorption spectrophotometer (AAS).

3 Results and Discussion

Scanning electron microscopy (SEM) was used to in-
vestigate the morphology of GC materials with thin
mercury film. The obtained results suggest that deposits
of Tl were formed on the electrode surface (Fig. 1).

The variations of metals concentrations in the col-
lected materials were presented in Table 1. The obtained
results indicate the presence of analyzed elements (Cu,
Cd, Fe, Pb, Zn, and Tl) in each of the analyzed biolog-
ical materials. Their amounts varied depending on the
test algae material. The cause may be a difference in the
size of the specific surface of each alga. The material
characterized by the highest specific surface exhibited
an increased ability to accumulate metals.

Several potential causes of the presence of trace
elements in the studied algae and sand can be distin-
guished. The place from which they originate, the Black
Sea, is largely closed. No direct connection to the
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Atlantic Ocean and only a narrow connection to the Sea
of Marmara via the Bosphorus does not provide proper
water circulation. A steady supply of contaminants to
the three great rivers, the Don and Kuban, which in-
cludes its outlet on the coast of Russia, and the Danube,
which flows through Bulgaria, causes continuous pol-
lution of the sea with wastewater containing metals. It is
assumed that the Black Sea is one of the most polluted
seas in the world.

Subsequently, there are several port cities located on
the east coast of Bulgaria. The main ones are the sea
ports of Burgas and Varna. Leaks from tankers,
transporting the oil to a large extent, result in an increase
of copper and iron content in the seawater. Potential
leakage from water vessels is also a threat to the envi-
ronment, increasing the level of water contamination

with metals. The development of the tourism sector in
the western zone of the Black Sea during recent years is
another factor which can influence on the water contam-
inations. On the coast of Bulgaria, there is no sewage
treatment plant, designed especially for the proper func-
tioning during the tourist season. Hence, part of the
sewage enters the sea causing pollution and death of
marine organisms.

Table 2 summarizes the results of research regarding
the nature of the test material, the place of its collection,
and the average concentrations of metals (Jitar et al.
2015; Topcuoglu et al. 2001; Strezov and Nonova
2009; Awheda et al. 2015; Kumar et al. 2015; Birungi
and Chirwa 2015).

The amount of metals accumulated by the algae
was associated with their place of occurrence. Algae

Fig. 1 Energy dispersive spectrum (left) and SEM image (right) of electrode surface showing thallium deposits

Table 1 Cadmium, lead, thallium, copper, zinc, and iron content in algae from west coast of the Black Sea

Metals Arithmetic mean
[μg g−1]

Minimum
[μg g−1]

Maximum
[μg g−1]

Median
[μg g−1]

Standard deviation
SD [μg g−1]

Relative standard
deviation %RSD

Algae Cystoseira sp.

Cadmium 1.992 1.9900 1.9950 1.9920 0.0025 0.13

Lead 0.1993 0.1980 0.2010 0.1990 0.0015 0.77

Thallium 1.5980 1.1160 2.2100 1.4680 0.5580 34.92

Copper 1.9927 1.9900 1.9960 1.9920 0.0031 0.16

Zinc 3.9843 3.9810 3.9880 3.9840 0.0035 0.09

Iron 418.3277 418.3210 418.3350 418.3270 0.0070 0.02

Algae Ulva sp.

Cadmium 4.0970 4.0950 4.0990 4.0980 0.0021 0.05

Lead 0.2053 0.2040 0.2070 0.2050 0.0015 0.75

Thallium 2.1180 1.6200 2.4900 2.1900 0.3400 16.05

Copper 4.0977 4.0950 4.1000 4.0980 0.0025 0.06

Zinc 0.2050 0.2040 0.2060 0.2050 0.0010 0.49

Iron 799.1827 799.1800 799.1860 799.1800 0.0031 0.0004
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of the species Cystoseira barbata, occurring on the
Black Sea coast in Bulgaria, absorb smaller amounts
compared to the same species from the area of
northern Turkey. According to the literature data
(Jitar et al. 2015; Topcuoglu et al. 2001; Strezov
and Nonova 2009; Awheda et al. 2015; Kumar
et al. 2015; Birungi and Chirwa 2015), algae Ulva
lactuca contain high amounts of zinc, copper, and
iron species in comparison with the Ulva rigida.
Many authors confirm that iron is accumulated in
the highest quantities by all algae. Research con-
ducted in 1994–1997 was focused on the content
of individual metals in algae from the Turkish coast
of the Sea Black. The results showed that the con-
centration of cadmium, lead, and zinc present in the
algae of the species Cystoseira in the period 1994–
1996 has been reduced by almost two times; how-
ever, a year later, it increased again (Awheda et al.
2015). The results obtained in the present study for
this type of algae show a lower content of zinc,
copper, lead, and iron.

Approximately five times higher concentration of
cadmium was observed in algae from the Bulgarian
coast, than in algae of the species Cystoseira in the area
of Turkey. This study showed more than 70 times lower
content of lead compared to algae from the southern
zone of the Black Sea. The analysis of algae of the
species Cystoseira accumulated on the Turkish coast
as well as in Bulgaria proved that among the analyzed
metal elements, iron was characterized by the highest
concentration in the biological material.

Analysis of metals content in algae Ulva, both
from the Turkish coast and from Bulgaria, showed
that the accumulation of iron was highest among all
the studied metals. Its quantity is higher by five
times in the biological material gathered on the west
coast of the Black Sea, compared to algae in the area

of Turkey. Results of this study indicate a similar
after-level content of zinc and lead in the algae from
the Bulgarian coast, which was at 0.2050 μg g−1 and
0.2053 μg g−1, respectively. The analysis demon-
strated that the concentration of cadmium was eight
times higher in algae of the Ulva gathered in
Bulgaria.

Comparison of the results obtained for sand from
the Bulgarian coastal zone with theaverage concen-
trations of metals in the coastal sand from Romania
indicates higher contents of Cu and Pb in samples of
sand from Romania analyzed in 2012. This may be
due to a higher degree of contamination of rivers
flowing into the country. The results presented in the
framework of this study indicate that the cadmium
content in the sand of the coast of Bulgaria was
higher by two times, compared to the sand from
the Romanian waterfront.

Despite the high toxicity of thallium and its harmful
effect on the environment, there is little information
regarding its content in algae. The research carried out
so far was focused on the possibility to use green algae
to remove thallium from the contaminated areas. For
this purpose, algae belonging to Scenedesmus
acuminutus, Chlorella vulgaris, and Chlamydomonas
reinhardtii species, which were taken from the vicinity
of the dam Hartbeespoort in South Africa, were studied.
The process efficiency was highest when the amount of
metal was less than 150 mg L−1. From all the analyzed
algae species, Chlorella vulgaris showed the highest
absorption of thallium (Kumar et al. 2015; Birungi and
Chirwa 2015).

In order to control the analytical quality, the precision
of the proposed method during analysis of Tl in the
studied samples was compared with a certified reference
material – GBW 07401 soil of Chinese origin, contain-
ing 1.0 ± 0.2 μg g−1 of Tl.

Table 3 Analysis of the standard
reference material NMIJ CRM
7405-a in Seaweed (Hijiki) pro-
duced by National Metrology In-
stitute of Japan (NMIJ) and Chi-
nese soil GBW 07401 for metals

Elements The value given
by certified

[μg g−1]

The value indicated
in the analysis

[μg g−1]

Recovery
[%]

Cu 1.55 ± 0.07 1.5321 ± 0.0540 98.84

Cd 0.79 ± 0.02 0.7690 ± 0.0381 97.34

Fe 311 ± 11 313.5401 ± 5.2802 100.82

Pb 0.43 ± 0.03 0.4441 ± 0.0321 103.26

Zn 13.4 ± 0.5 12.9601 ± 0.3540 96.72

Tl 1.00 ± 0.2 0.8902 ± 0.0901 89.00
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In order to determine the accuracy and precision of
the analytical method for analysis of Cu, Cd, Fe, Pb, and
Zn, the certificated material NMIJ CRM 7405-a: trace
elements and arsenic compounds in seaweed (Hijiki)
produced by the National Metrology Institute of Japan
(NMIJ) were processed in each batch.

The results obtained with the certified standard were
within the margin of error of the employed method,
hence it may be established that the method is charac-
terized by appropriate accuracy in order to determine the
concentration of metals (Table 3). The collected samples
were analyzed, and its was established that the results do
not differ significantly, which indicates the repeatability
of results obtained by this method.

4 Conclusion

The results indicate that the algae derived from the
species Cystoseira and Ulva from coast of Black
Sea accumulated metals in different amount. In the
analyzed algae metals like: cadmium, iron, zinc,
and copper, lead and thallium were present. From
all of analyzed elements in the biological material,
iron was present at the highest concentrations. Re-
search has shown that thallium is largely accumu-
lated in all of the analyzed algae. Due to the fact
that the algae often are serve as a component of
food, it can cause a risk to the consumer and
introduce the Tl in example human or animal body.

The results indicate that the levels of zinc and lead
accumulated in Ulva and Cystoseira pose a threat to the
environment, because the amount accumulated is high,
which can cause changes in the proper functioning of
algae, and can also be included in the trophic chain
through algae ingestion.

The possibility of accumulation of metals by algae
Ulva and Cystoseira makes them natural indicators of
environmental pollution.
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