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Abstract. Heavy metal pollutants and polycyclic aromatic hydrocarbon contaminants, 
also known as PAHs, need attention from related parties, considering that their use is 
very wide, as well as their relatively high natural releases. Careless and uncontrolled 
handling has the potential to cause problems for creatures, especially in marine 
ecosystems. The aim of the study was to determine the performance of marine sponge 
micro symbiont isolates in heavy metal bio-sorption and PAH biodegradation. Pure 
isolates were obtained by the scratch method using NA media. The pure isolates from 
the colonization were converted into isolate suspensions using physiological 0.9% NaCl 
solution. Suspension adapted 24 hours. The isolate suspension was interacted with 
heavy metals Cd2+ and As3+, each with a concentration of 100 mg/L and naphthalene 
and anthracene with a concentration of 1000 mg/L. Interaction time of 5, 10, 15, and 20 
days. Results of the analysis showed the bio-sorption capacity of the bacterial isolate 
Sp6.B2 to Cd2+ = 83.190 %, while Sp8.B1 = 82.240 %. Bio-sorption performance of 
Sp6.B2 isolates against As3+ = 99.890 %, while Sp8.B1 = 99.894 %. The biodegradation 
performances of Sp6.B2 isolates had a higher aggressiveness towards naphthalene and 
anthracene test contaminants than Sp8.B1 isolates. These results indicate that the bio-
sorption performance of Sp6.B2 ˃ Sp8.B1 isolates against Cd2+ contaminants and vice 

versa Sp6.B2 ˂ Sp8.B1 against As3+ bio-sorption, while the biodegradation performance 

of Sp6.B2 ˃ Sp8.B1 isolates both against naphthalene and anthracene test 
contaminants. The development of this research in the future is directed at tracing 
sponge symbiont bacteria that have two functions at once, namely as a biomaterial for 
PAH degrading and heavy metal bio-adsorbent.

Introduction heavy metals is difficult to avoid because generally heavy 

metals are needed in various types of industries (Wibowo, 

Nurcahyo, & Gabriel, 2019). Cadmium and chromium metals 

are widely used in electroplating, corrosion-resistant steel, 

paint fillers, inks, ceramics and other uses, while manganese 

is widely used in batteries, pigments, precursors and other 

industries (Mostafidi et al., 2019). 

The presence of heavy metals in the environment freely, 

is classified as a hazardous and toxic substance mainly to 

living things that have interactions with these heavy metal 

contaminants. Exposure to heavy metals in the form of 

oxidized or dissolved ions to humans has the potential to 

cause serious health problems (Siahaya et al., 2013). Heavy 

metal ions, for example: Cobalt (Co), Copper (Cu), Chromium 

(Cr), Zinc (Zn), Silver (Ag), Manganese (Mn) (Marzuki, 2020) 

Cadmium (Cd), Mercury (Hg), Lead (Pb)
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Heavy metal pollution can come from natural sources in 

nature and human activities, especially industrial and 

domestic activities (Mostafidi et al., 2019). Heavy metal 

contaminants are generally in the form of particulates that 

pollute the air environment, water media and soil 

(Alimardan, Ziarati, & Moghadam, 2016). Exposure to 

heavy metals in water is usually in the form of oxidized ions 

or dissolved molecules (Ziarati et al., 2019). Generally, 

heavy metals have more than one oxidation number. The 

toxic nature of heavy metal contaminants that accumulate 

in waters can cause serious problems for the life of aquatic 

biota, especially biota that live in the marine environment. 

On the other hand, the presence of  
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Selenium (Se), Arsenic (As), and several other heavy metals 

(Melawaty et al., 2014).  

Based on the potential sources of contamination, 

exposure and health risks, the three types of heavy metals 

in the form of Cd2+, Pb2+ and As3+ ions are unstable free 

radical metal ions, so they need special and specific handling 

(Orani et al., 2018). One of the ways to handle this is by 

reducing the toxic properties possessed by applying certain 

methods such as bacteria in the bio-sorption method 

(Marzuki et al., 2019). 

Other types of contaminants are hydrocarbon pollutants, 

both aliphatic and aromatic. Model of handling hydrocarbon 

contaminants, especially aromatic types (PAHs) through 

physical, chemical and biological methods (Marzuki et al., 

2020). Along with the development of science and demands 

for high, efficient and simple results, this method has been 

less used since the beginning of the 21st century. 

Remediation methods and processes, both with the 

biodegradation model, are an alternative option in reducing 

PAHs contaminants (Marzuki et al., 2020a). The 

bioremediation method uses the activity of microorganisms, 

such as bacteria, fungi and the like. Potential 

microorganisms in bioremediation are widely distributed in 

nature, both in soil media and in water media (Marzuki et 

al., 2017). 

Several types of marine bacteria, both in the form of free 

colonies in seawater and forming symbiosis with other 

marine biota, such as sponges, are known to be able to 

degrade toxic hydrocarbons, reduce and convert into simple 

components of organic compounds by utilizing carbon 

compounds as an energy source (Marzuki et al., 2016). 

Biodegradation of hydrocarbons by microbial communities 

depends on the composition of the community and the 

adaptive response of microorganisms to the presence of 

pollutants such as hydrocarbon materials (Marzuki et al., 

2015). The rate and mechanism of biodegradation of 

aliphatic hydrocarbon components are specific and 

different from the mechanism and rate of bacterial 

biodegradation of aromatic compounds, the constituents of 

aliphatic compounds such as oil, generally have long carbon 

chains and heavy fractions, while aromatic hydrocarbons 

are persistently toxic to marine biota and microorganisms. 

(Maldonado et al., 2021). However, several studies have 

shown that under certain conditions the degradation of 

complex aliphatic and aromatic hydrocarbons can proceed 

at varying speeds and with specific mechanisms. (Pita et al., 

2018). 

Marine sponge symbiont microorganisms have two 

important roles in the biological life of the sponge system, 

first, as a source of nutrients for symbiotic microorganisms 

or with sponges. (Yang et al., 2019). Second,  

 

 Microorganisms form a symbiosis with sponges, where the 

sponges position themselves as hosts or living homes for 

microorganisms, on the other hand, sponges use symbiotic 

bacteria as self-defense materials to survive, including in 

habitats contaminated with various types of pollutants. (de 

Kluijver et al., 2021). Third, sponges are generally able to 

adapt and survive in extreme environments (polluted 

environments). (Fang et al., 2020). 

Sponges are one of the marine biota that have many 

unique features, not only because of their ability to adapt to 

toxic pollutant-contaminated environments, they also have 

the ability to produce a substance in the form of mucus that 

behaves like an enzyme. (Marzuki1 et al., 2015a). The 

production of spongy symbiont mucus is thought to be 

related to the responsiveness of the sponge to habitat 

changes due to the presence of predators or due to 

contamination with toxic pollutants (Marzuki, Kamaruddin, 

& Ahmad, 2021). The ability of sponges to isolate 

themselves due to extreme environmental changes is 

carried out by spreading the mucus they produce to the 

surface of their bodies as a form of sponge self-isolation 

against environmental conditions that are not conducive to 

their life and development processes. (Marzuki et al., 

2020b). 

The application and development of the use of marine 

sponge micro symbionts in reducing PAHs and heavy metal 

contaminants, through biodegradation and bio-adsorption 

methods is one of the efforts to create and implement 

management and conservation of the marine environment, 

so that damage to marine ecosystems and ecology remains 

a conducive part for all living things. not conducive to the 

process of life and development (Marzuki et al., 2020; 

Tereza et al., 2018). These efforts require collaboration and 

synergy together which are carried out systematically and 

structured. The enthusiasm, commitment and hard work of 

various elements of society, the existence of policies that 

support the atmosphere towards improvement and 

partiality are the keys to the achievement and realization of 

these desires, including the involvement and active role of 

universities in the realm of professionalism in the scientific 

field. 

This research raises novelties related to the multi-

function of sponge symbiont isolates, namely the potential 

function of biodegradation of PAHs contaminants as well as 

their benefits as heavy metal bio-adsorbents. Another 

novelty in the aspect of heavy metal bio-adsorption is using 

marine sponge isolates, where previously the isolates used 

in the same method were isolated from heavy metal 

contaminated areas. Likewise in the aspect of 

biodegradation of aromatic hydrocarbon components, 
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which is a new thing with the use of isolates from marine 

sponges. 

 

Experimental 

Materials and method 

Materials used in this study consisted of two types of 

bacterial isolates which were micro symbiont sponges 

Auletta sp (Sp6.B2), Callyspongia sp (Sp8.B1), naphthalene 

1000 mg/L (Supelco), anthracene 1000 mg/L (Supelco), HCl 

pa, Arsenic Trioxide (As2O3) pa (Sigma), Cadmium Sulfate 

(CdSO4) pa (Sigma), 0.9% physiological NaCl; 

dichloromethane Pa, Na2SO4 pa, NaOH pa, sterile seawater, 

Nutrient Agar. The equipment consists of Gas 

Chromatography-Mass Spectrometer (GC-MS) Agilent 

Technologies 7890A, Fourier Transform Infrared (FTIR) 

Shimadzu IR Prestige-21, Atomic Absorption Spectrometer 

(AAS) AA240FS, cotton, plastic wrap, aluminum foil, alcohol, 

gauze, tissue, and filter paper, a set of glassware, shaker, 

incubator, autoclave, digital balance. 

 

Sample Preparation 

The isolates obtained by isolation from each colony were 

purified, namely by scratching 1 ose of the colony in a zig-

zag direction on a petri dish containing Nutrient Agar (NA) 

media. Then incubated at room temperature 30 oC for 1 x 24 

hours. After incubation, new colonies grew, then rescribbled 

into media containing sterilized Nutrient Agar slanted 

media. This process was carried out until a single isolate 

was obtained. 

The isolates were propagated by isolate culture method 

on Nutrient Agar media. The isolate was converted into a 

suspension by adding 2 ml of 0.9% physiological NaCl, put 

in a 150 ml volumetric flask, then the volume was 

compressed with the same solution and shaken until 

homogeneous. It was put into an Erlenmeyer, then the 

volume was made up to 150 ml. Each 5 ml of the isolate 

suspension was pipetted, put into 6 wattles. Then incubated 

for 1 x 24 hours. 5 ml of dissolved heavy metal Cd2+ and As3+ 

with a concentration of 100 ppm were added to each wattle. 

Then 5 ml of PAH naphthalene and anthracene were added 

in each vial. Each vial is placed into the shaker incubator 200 

rpm rotation, contact time respectively (5, 10, 15, and 20) 

days for each vial (Marzuki et al., 2021; Akinde & Iwuozor, 

2012).  

 

Heavy Metal and Compound PAHs Testing 

The contact time between the sponge symbiont isolates 

with naphthalene and anthracene contaminants, as well as 

heavy metals Cd2+ and As3+ were determined 5, 10, 15 and 

20 days, then extracted using a 5 mL dichloromethane 

extractor in a separating funnel, then allowed to stand for 1 

minute so that two layers of polar liquid appeared and non-

polar. Separated assuming the remaining heavy metal 

contaminants are not absorbed, incorporated into polar 

components, and dissolved PAHs are not degraded into 

non-polar components. The non-polar solution was added 

+ 0.01 gram of Na2SO4 powder into the vial containing PAHs, 

to remove the water content, the solution was ready to be 

analyzed using GC-MS and FTIR. The polar solution was 

further processed by filtering using Whatman 42 paper, 

added H2SO4, the solution was ready to be analyzed using 

AAS. 

 

Sample analysis 

The bio-sorption performance of isolates of marine 

sponge symbiont bacteria was analyzed by determining the 

absorbance measured in AAS, then determined the 

concentrations of Cd2+ and As3+ that were not absorbed 

using equation (1), the bio-sorption capacity of each isolate 

(Sp6.B2 and Sp8.B1) against Cd2+ and As3+. Determination 

of the bio-adsorption capacity of isolates is based on the 

application of equation 2, where the use of isolates is in 

units of suspension volume, not based on the number of 

cells used. using equation (2) and the bio-sorption 

efficiency of sponge symbiont isolates using equation (3). 
 

Y = a ± bX,  [1] 

Q=(C1-C2)/m x V,  [2] 

% E=  (C1-C2)/C1 x 100%,  [3] 

Note:  
Y  = Instrument response (absorption),  
X  = concentration of metal analyte in solution (mg/L),  
a  = intercept, b = slope, Q = bio-sorption capacity, 
C1  = concentration before contact (mg/L),  
C2  = concentration after contact (mg/L). 
m  = bacterial cell count (assuming 1 mL of bacterial 

suspension is equivalent to 1 g bio-sorbent) (mg), 
V  = cell of volume of solution (L) and  
% E  = bio-sorption efficiency (Riyaz et al., 2020). 

 

The biodegradation performance of isolates of marine 

sponge symbiont bacteria was determined by analyzing the 

naphthalene and non-degradable anthracene contaminants 

using GC-MS, while the biodegradation products in the form 

of simple organic compounds were determined from the 

chromatogram of the measurement results using the FTIR 

instrument. (Marzuki et al., 2015a). Qualitative analysis of 

GC-MS and FTIR recording data in the form of 

chromatograms by observing retention time, peak height, 

peak number, component quality, type and name of 

biodegraded compounds, and functional groups of 

components of biodegradation products (Marzuki et al., 

2021a). 
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Result and Discussion 

General review, the activity of microorganisms that occur 

is based on the mechanism of the fermentation reaction, 

although the mechanism used may vary, due to differences 

in phenotype and genotype as well as strains of symbionts 

that carry out the function of biodegradation, while the 

function of bio-sorption generally occurs by the mechanism 

of complex formation or ionic bonding similar to the 

formation of compounds. Complex in the complex reaction 

of chelate formation (Marzuki et al., 2021a; Marzuki et al., 

2020; Liu et al., 2019).  

 

Table 1. Parameters of microorganism fermen-tation reaction test 
Isolate 

code 
Parameters 

biodegradation 
Contact time (days) 
5 10 15 20 

Sp6.B2 turbidity + ++ ++ + 
 gas bubbles 2 3 3 1 

Sp8.B turbidity + ++ ++ + 
 gas bubbles 2 3 2 1 

Note:  ++ = Very cloudy; + = little cloudy 
 3 = many; 2 = currently and 1 = not enough 
 

The bio-sorption performance of Cd2+ and As3+ heavy 

metals and the biodegradation of naphthalene and 

anthracene PAH compounds by Sp6.B2 and Sp8.B1 bacteria 

can be considered through the mechanism of a fermentation 

process involving enzymes produced by isolates in response 

to contaminated habitat. Table 1 shows that the 

fermentation process has started to occur after a contact 

time of 5 days with the presence of turbidity and gas bubbles 

formed in the vial. The fermentation process gradually 

decreased at the contact time of the 10 days, continued to 

weaken until the contact time of the 20 days. During the 

contact period above the 20 days, it is suspected that the 

fermentation reaction will no longer occur because it is 

suspected that the isolates have died. (Melo, 2020; Liu et al., 

2019). The bio-adsorption process of heavy metal 

contaminants is based on the assumption that the isolate is 

a bio-adsorbent, so that the determination of the bio-

adsorption performance is based on the volume of the 

isolate suspension with the assumption that 1 mL of 

suspension is equivalent to 1 g of bio-adsorbent mass 

(Marzuki, 2020; Liu et al., 2019). 

The other than the biodegradation and bio-sorption 

parameters that can be used as performance indicators of 

isolates besides turbidity and abundance of gas bubbles are 

changes in the pH of the interaction medium as shown in 

Table 2. The value of acidity fluctuates especially in the non-

polar layer, while in the polar layer it is relatively more 

acidic with increasing time interaction. Based on visual 

observations and measurements of several biodegradation 

parameters, such as an increase in the turbidity of the 

interaction media, the presence of gas bubbles that appear, 

odors that characterize the fermentation process, changes 

in pH and changes in temperature during the interaction, 

indicate that the degradation process of the tested PAHs 

components and heavy metal adsorption are assumed to be 

The process takes place similar to a fermentation reaction 

by enzymatic activity n several reactions involving enzymes 

(Marzuki et al., 2017; Obire, O., Aleruchi & Wemedo, 2020; 

Lundstedt, 2003). 

 

Table 2. Degree of acidity of polar and non-polar contact media 

after extraction. 

Symbiont 
code 

Extract 

pH according to contact 
time (days) 

5 10 15 20 

Sp6.B2 
polar 3 3 2 3 

non-polar 4 5 6 5 

Sp8.B1 
polar 3 3 3 2 

non-polar 4 6 5 4 

 
Non-polar compounds at the contact time of 5 and 10 days, 

the degree of acidity increased at pH 5-6, which indicated 

that the fermentation was maximal, and the pH began to 

decrease on days 20 which indicated that the fermentation 

process was weakening (Al-Mutary et al., 2019). 

 

Table 3. Bio-sorption performance of sponge symbiont isolates 

against Cd
2+

 contaminants 

Isolate 
code 

Contact 
time 

(days) 

Absorp-
tion 

Contaminant 
level Cd2+ 

(ppm) 

Bio-sorption 
Performanc

e (%) 

Sp.6.B2 

5 0.0088 18,24 81,76 
10 0.0084 17,28 82,72 
15 0.0083 17,26 82,72 
20 0.0082 16,81 83,19 

Sp8.B1 

5 0.0115 24,67 75,33 
10 0.0104 22,08 77,92 
15 0.0089 18,48 81,32 
20 0.0086 17,76 82,24 

 

 

Table 4. Bio-sorption performance of sponge symbiont isolates 

against As
3+ 

contaminants 

Isolate 
code 

Contact 
time 

(days) 

Absorp-
tion 

Cont. 
level 
As3+ 

(mg/l) 

Bio-sorption 
Performance 

(%) 

Sp.6.B2 

5  0.00488  0,1162 99.8838 
10 0.00521 0.1154 99.8846 
15 0.00518 0.1147 99.8853 
20 0.00491 0.1092  99.8908 

Sp8.B1 

5 0.00554 0.1221 99.8779 
10 0.00522 0.1156 99.8844 
15 0.00510 0.1131 99.8869 
20  0.00477    0.1065 99.8935 
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The decrease in metal concentration occurred after 

contact of the sponge symbiont suspension, which was 

interpreted by the weakening of the metal's toxicity as a 

result of the work of the sponge symbiont isolate. The 

analyte concentrations of Cd2+ and As3+ tend to decrease 

with increasing contact time, as shown in Table 3 and Table 

4.  

The bio-sorption performance of isolates of marine 

sponge symbiotic bacteria against Cadmium and Arsenic 

ions is shown in Tables 3 and 4. These data indicate that the 

bio-sorption of Sp6.B2 isolates was more progressive than 

Sp8.B1 isolates. This shows that Sp6.B2 isolates have the 

ability to adapt to Cd2+ contaminants compared to Sp8.B1 

isolates. Another assumption is related to the progression of 

the two types of marine sponge isolates, particularly the bio-

sorption performance on Cd2+, which is influenced by the 

characteristics and properties of the ions in the periodic 

arrangement.  (Marzuki, et al., 2020a) In general, the bio-

sorption performance of the two isolates (Sp6.B2, Sp8.B1) 

against As3+ was higher than that of Cd2+. Comparison of the 

performance of bio-adsorption on Cd2+, it appears that the 

isolate Sp6.B2 was more dominant than the isolate Sp8.B 

(Table 3), while against As3+, the two isolates showed that 

the performance of the isolates was relatively not 

significantly different (Table 4). This situation provides 

strong information that the bio-sorption strength of the two 

types of isolates is more influenced by the character of the 

isolate itself, not from the effect of differences in ionic 

properties as shown in the periodic table of elements, where 

Arsenic is in the 4 period position of group VA, compared to 

Cadmium. in the 5 period position of the transition group IIB 

(Asad et al., 2019; Jańczuk, Szymczyk, & Zdziennicka, 2021). 

The main character of a bacterium compared to other types 

of bacteria lies in its adaptability to the growth 

environment, even though both types of bacteria come from 

the same source, both come from the sponge group biota. 

The difference in bio-sorption performance of the two types 

of isolates (Sp6.B2 and Sp8.Bi) has implications for 

differences in bio-sorption capacity and appearance of bio-

sorption efficiency (Figure. 1 and Figure. 2). The mechanism 

of bio-sorption that occurs by one type of bacterial isolate 

against heavy metal contaminants is different from other 

types of metal (Marzuki, 2016) 
 

 

Figure 1. Bio-sorption capacity of bacterial isolates SP6.B2 and SP8.B1 against heavy metal contaminants. (a) Bio-sorption of Metal ion 

Cadmium (Cd
2+

) and (b) Bio-sorption of ion Arsenic (As
3+

) 

 
Based on the data in Figure 1, it shows that the bio-

sorption performance, especially in the aspect of bio-

sorption capacity against Cd2+, isolate Sp6.B2 is relatively 

stronger than isolate Sp8.B1 (Figure.1a) but against As3+, it 

is seen that the bio-sorption capacity of isolate Sp8.B1 is 

relatively higher. Progressive compared to Sp6.B2 isolates, 

even though it appeared at 5 days contact, the bio-sorption 

capacity of Sp6.B2 isolates appeared to be greater (Figure. 

1b). Based on direct observation on the bioreactor, it was 

shown that the performance of reducing the concentration 

of cadmium and arsenic ion contaminants played by the 

isolates Sp6.B2 and Sp8.B1 by taking a mechanism similar 

to a fermentation reaction involving enzymes, although it 

has not been specifically explained in detail the type and 

mechanism of the enzymatic reaction. This condition is an 

initial indication for conducting further studies and 

research related to the mechanism of enzymatic reactions in 

PAH biodegradation and heavy metal bio-adsorption using 

sponge symbiont isolates as biomaterial degradators and 

biosorbents (Liu et al., 2019; Lundstedt, 2003; Marzuki, 

2016). Toxicity reduction of Cd2+ and As3+ which previously 

had a concentration of 100 mg/L, after a few days of contact 

the concentration of the two types of contaminants 

decreased significantly, where the experimental conditions 

a b 
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were isolated from environmental influences, so it was 

strongly suspected that the decrease in the concentration of 

heavy metal contaminants was the sole role of the isolate 

(Karimpour et al., 2018). The performance of bio-sorption 

and biodegradation of marine sponge symbiont isolates 

produced products in the form of simple organic 

components and gases. One of the bio-sorption products is 

H2O2 which is toxic to symbiont isolates, so that cells cannot 

divide further, and even undergo mass death. Bio-sorption 

products, one of which is the compound H2O2 which is toxic 

to symbiont isolates, so that the cells cannot divide longer, 

and can even experience mass death. This situation is often 

referred to as a stopping factor for the bio-sorption process, 

when the bio-sorption product has gone through producing 

peroxide compounds (Iyer , Stepanov & Iken, 2013; 

Okoro,2010).  

The stopping factor for the bio-sorption of heavy metals or 

the biodegradation of PAHs, when the enzymatic reaction 

process runs and begins to produce acidic substances or 

compounds of the carboxylic acid group. This process 

cannot be avoided because the biodegradation method 

resembles a fermentation reaction process, where the role 

of enzymes as biodegradators is to destroy the molecular 

structure of hydrocarbons, especially aromatic polycyclic 

types. This process raises the suspicion that a 

biodegradation process that resembles the involvement of 

enzymes is produced by isolate cells in response to the toxic 

nature of PAH contaminants. This process also has 

implications for the performance of the bio-sorption 

capacity of the isolates against the heavy metals tested 

(Figure. 1), also has a contribution to the performance of 

bio-sorption efficiency against heavy metal contaminants as 

shown in Figure 2. The performance data of the efficiency 

aspect of bio-sorption showed that the isolate Sp6B.2, the 

marine sponge symbiont Auletta sp., was more aggressive 

than the isolate Sp8.B1, the marine sponge symbiont 

bacterium Callyspongia sp., especially against the Cd2+ test 

contaminants (Figure. 2a). However, there was a counter 

performance of the bio-sorption efficiency against the As3+ 

test contaminants, which showed that the aggressiveness of 

the Sp8.B1 isolate was more dominant than the Sp6.B2 

isolate (Figure. 2b). This situation proves that the bio-

sorption mechanism of a type of bacteria against heavy 

metal contaminants is specific and specific to one type of 

test metal, it does not necessarily produce the same bio-

sorption performance on other test metal contaminants. 

(Bell et al., 2013; Bendouz et al., 2017). 

 

 

Figure 2. Bio-sorption efficiency of bacterial isolates SP6.B2 and SP8.B1 against heavy metal contaminants. (a) Bio-sorption of ion 

Cadmium (Cd
2+

) and (b) Bio-sorption of ion Arsenic (As
3+

). 
  

Isolates of marine sponge symbiont bacteria have the 

ability to carry out two reducing roles, namely in addition to 

being able to carry out the bio-sorption function of heavy 

metals, they can also carry out the biodegradation function of 

hydrocarbon components. The biodegradation performance of 

non-polar compounds in micro symbionts of Auletta sp., 

(Sp6.B2) sponges began to decrease in concentration on days 5 

to 20 of contact time, indicated by a decrease in peak height or 

a decrease in abundance with increasing contact time. This 

condition can be assumed that the performance of the Auletta 

sp., sponge symbiont Sp6.B2 isolate can carry out the 

biodegradation function against both types of PAHs tested 

(naphthalene and anthracene) up to 20 days of contact time. 

(Table 5).  

The biodegradation performance of Sp8.B1 isolates, both 

against naphthalene and against anthracene, seemed less 

aggressive than Sp6.B2 isolates. It can be seen that the number 

of peaks produced is only 6, meaning that there are only 4 types 

of new peaks that are assumed to be compounds of 

biodegradation products. Another factor was the peak height of 

a b 
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naphthalene and anthracene in the biodegradation 

performance of Sp8.B1 isolates which was greater than the 

peak height of the same component of the biodegradation 

performance of Sp6.B2 isolates (Table 6), and confirmed on the 

20 days of contact time, the abundances of naphthalene and 

anthracene components after The biodegradation process by 

the isolate Sp8.B1 was higher than the biodegradation 

performance of the isolate Sp6.B2, which was analyzed under 

the same conditions, indicating that the sponge symbiont 

isolate Callyspongia sp., was no longer able to carry out the 

biodegradation function of the test compounds naphthalene 

and anthracene. (Arroyo et al., 2021; Baquiran et al., 2020). 

 
Table 5. Biodegradation performance of Sp6.B2 Isolate Sponge symbiont against PAHs contaminants 

Peak 
number 

Retention 
Time 

(second) 

Peak height 
(106) 

Quality 
(%) 

Comp. 
conc. 
(%) 

Compound number 

1 6,083 0,50 91 5,66 Cyclotetrasiloxane 
2 10,295 6,51 97 63,53 Naphthalene 
3 17,482 1,18 59 8,49 3,3,5 Trimethyl bicyclo octan -2,8- dione 
4 17,824 0,13 72 1,09 1-Ethyldioxyindol 
5 18,571 1,22 95 12,88 Anthracene 
6 20,791 0,13 38 0,94 Phosphonic acid 
7 21,322 0,34 78 2,86 4,5-Dimethoxyindole 
8 21,223 0,45 96 4,56 N,N-Dimethyl-2-phenylcyclopropanet 

 
 

Table 6. Biodegradation performance of Sp8.B1 Sponge symbiont isolate against PAHs contaminants 

Peak 
number 

Retention 
Time 

(second) 

Peak height 
(106) 

Quality 
(%) 

Comp. 
conc. (%) 

Compound namer 

1 10,344 18,64 97 75,700 naphthalene 
2 17,489 0,47 58 1,03 Thiophene 
3 18,592 7,74 95 21,82 Anthracene 
4 21,235 0,18 95 0,58 N,N-Dimethyl-2-phenylcyclopropanet 
5 24,974 0,14 93 0,39 Phenol 
6 26,860 0,15 60 0,48 Tetrephtalic acid 

 
 

In general, the biodegradation products produced by 

the two types of sponge symbiont isolates were alcohols, 

aldehydes, and carboxylic acids. These results can be seen in 

the FTIR chromatogram analysis (Figure 3). The functional 

group analysis of the FTIR chromatogram, in particular 

(Figure. 3a), showed that the PAH naphthalene and 

anthracene compounds that were in contact with the isolate 

Sp6.B2, after contact with 20 days, resulted in compounds 

classified using the Principles of Instrumental Analysis table, 

including in the region the peak of the range of 4000-2500 

cm-1 there are types of amine compounds, and alkanes are 

characterized by the presence of single N-H, C-H, and O-H 

bonds. In the peak region of the 2000-1500 cm-1 range, there 

are types of aldehydes, alkenes and nitro compounds, 

characterized by the presence of double bonds such as C=O, 

C=N, and C=C, while in the peak region the range is 1500-400 

cm-1 (Table 5) and (Figure. 3a). There are types of aldehydes, 

alkenes, and alcohol compounds which at this peak are 

usually known to be the fingerprint region of the infrared 

spectrum (Fu et al., 2020). 

Analysis of the functional groups of the biodegradation 

performance of Sp8.B1 isolate (Figure.3b), especially the 

biodegradation products, after being contacted for 20 days, 

showed that absorption peaks in the absorption peak region 

of 4000-2500 cm-1 contained types of amines, alkanes and 

alkenes characterized by the presence of N-H, C-H, and single 

O-H bonds, while the peak region in the range of 2000-1500 

cm-1 contains types of alkene compounds characterized by 

the presence of double bonds such as C=O, C=N, and C=C. The 

peak region of the 1500-400 cm-1 range contains types of 

aldehydes, alkenes, and alcohols (Table 6) and (Figure. 3b) 

(Nikel et al., 2014; Smułek et al., 2020).
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Figure 3. FTIR chromatogram on the performance of the biodegradation of sponge symbiont bacteria isolates against PAHs contaminants, 

contact time 20 days. (a) Biodegradation performance of isolate Sp6.B2, sponge symbiont Auletta sp., and (b) Biodegradation performance 

of isolate SP8.B1, sponge symbiont Callyspongia sp. 
 
 

Analysis of the functional groups of the FTIR 

chromatogram which is the biodegradation performance of 

the Sp6.B2 and Sp8.B1 isolates, it is said that they are 

relatively not much different, namely the group of organic 

compounds produced by biodegradation products, so it can 

be assumed that the aggressiveness of the Sp6.B2 isolate, 

the symbiotic bacterium of the marine sponge Auletta sp., 

relatively higher in degrading the contaminants of the 

naphthalene and anthracene tests compared to Sp8.B1 

isolates, bacteria isolates of sponge Callyspongia sp.  

 
Conclusion 

Based on the analysis of the bio-sorption performance of 

marine sponge symbiont bacteria isolates against heavy 

metal contaminants and the biodegradation performance of 

PAHs components, it can be concluded that: (1) Isolates of 

Sp6.B2 and Sp8.B1 can carry out the function of bio-sorption 

of Cd2+ and As3+, as well as the function of biodegradation of 

components naphthalene and anthracene aromatic 

hydrocarbons; (2) Aggressive bio-sorption of Sp6.B2 

isolates of Cd2+ contaminants compared to Sp8.B1 isolates, 

and conversely the bio-sorption performance of Sp8.B1 was 

stronger against As3+ contaminants than Sp6.B2 isolates; (3) 

the biodegradation performance of the Sp6.B2 isolate, both 

against the naphthalene and anthracene test components, 

was relatively better than the biodegradation performance 

of the Sp8.B1 isolate; and (4) biodegradation products of the 

two types of marine sponge symbiont isolates are simple 

organic compounds of alcohol, aldehyde and carboxylic acid 

groups.  

 

Conflict of Interest 

The authors declare that there is no conflict of interest. 

 

Acknowledgments 
The our gratitude goes to the Ministry of Education and 

Culture, RistekDikti, who has funded this research in the 

Applied Research scheme for the implementation of the 2nd 

year, 2021. We also thank those who have assisted in 

carrying out this research, in particular the Makassar 

Regional Plantation Product Industry Center, Laboratory 

Biochemistry FMIPA Hasanuddin University, and Forensic 

Polda South Sulawesi. 

 

References 
Akinde, S. B., & Iwuozor, C. C. (2012). Alkane Degradative 

Potentials of Bacteria Isolated From the Deep Atlantic 
Ocean of the Gulf of Guinea. Journal of Bioremediation 
and Biodegradation, 03(01), 1–6. 
https://doi.org/10.4172/2155-6199.1000135  

Al-Mutary, M., Al-Ghadi, M., Al-himaidi, A., Iwamoto, D., Al-
anazi, Y., Ammari, A., … Al-Khedhairy, A. (2019). Using 
RT-PCR and glutathione level to study the effect of 
follicular fluid on in vitro maturation and gene 
expression of sheep oocytes. Saudi Journal of 
Biological Sciences, 26(6), 1216–1222. 
https://doi.org/10.1016/j.sjbs.2018.01.001  

Alimardan, M., Ziarati, P., & Moghadam, R. J. (2016). 
Adsorption of Heavy Metal Ions from Contaminated 
Soil by B . integerrima Barberry Adsorption of Heavy 
Metal Ions from Contaminated Soil by B . integerrima 
Barberry. Biomedical & Pharmacology Journal, 9(1), 
1–7. https://doi.org/10.13005/bpj/924  

Arroyo, A., Provoste, F., Rodríguez, M., & Prieto, A. L. (2021). 
A mechanistic model to assess the fate of naphthalene 
and benzo(A)pyrene in a chilean wwtp. Processes, 
9(8), 1313. https://doi.org/10.33 90/pr9081313  

Asad, F., Mubarik, M. S., Ali, T., Zahoor, M. K., Ashrad, R., & 
Qamer, S. (2019). Effect of organic and in-organic 
chromium supplementation on growth performance 
and genotoxicity of Labeo rohita. Saudi Journal of 
Biological Sciences, 26(6), 1140–1145. 

Jurnal Akta Kimia Indonesia, [2021], [vol.13] 1–10 | 8 
 This article is licensed under a Creative Commons Attribution-ShareAlike 4.0 International License. 

https://doi.org/10.4172/2155-6199.1000135
https://doi.org/10.1016/j.sjbs.2018.01.001
https://doi.org/10.13005/bpj/924
https://doi.org/10.33%2090/pr9081313


 
 
 
 

 

PAPER Indo. Chim. Acta 

View Article Online 

https://doi.org/10.1016/j.sjbs.2018.12.015  
Baquiran, J. I. P., Nada, M. A. L., Posadas, N., Manogan, D. P., 

Cabaitan, P. C., & Conaco, C. (2020). Population 
structure and microbial community diversity of two 
common tetillid sponges in a tropical reef lagoon. 
PeerJ, 2020(4), 1–25. https://doi.org/10.771 
7/peerj.9017  

Bell, J. J., Davy, S. K., Jones, T., Taylor, M. W., & Webster, N. S. 
(2013). Could some coral reefs become sponge reefs as 
our climate changes? Global Change Biology, 19(9), 
2613–2624. https://doi.org/10.1111/gcb.12212  

Bendouz, M., Dionne, J., Tran, L. H., Coudert, L., Mercier, G., & 
Blais, J. F. (2017). Polycyclic Aromatic Hydrocarbon 
Oxidation from Concentrates Issued from an Attrition 
Process of Polluted Soil Using the Fenton Reagent and 
Permanganate. Water, Air, and Soil Pollution, 228(3), 
114–127. https://doi.org/10.1007/s11270-017-3292-
x   

de Kluijver, A., Nierop, K. G. J., Morganti, T. M., Bart, M. C., 
Slaby, B. M., Hanz, U., … Middelburg, J. J. (2021). 
Bacterial precursors and unsaturated long-chain fatty 
acids are biomarkers of North-Atlantic deep-sea 
demosponges. PLoS ONE, 16(1 January 2021), 1–18. 
https://doi.org/10.1371/journal.pone.0241095  

Fang, H., Shi, Y., Zhou, M., & Niu, Q. (2020). Influence of n-
Hexadecane and Naphthalene on Anaerobic Digestion: 
Kinetic Simulation, DOM Variation and Microbial 
Community Assessment. IOP Conference Series: Earth 
and Environmental Science, 555(1), 012038. 
https://doi.org/10.1088/1755-1315/555/1/012038     

 

Fu, X., Wang, H., Bai, Y., Xue, J., Gao, Y., Hu, S., … Sun, J. 

(2020). Systematic degradation mechanism and pathways 

analysis of the immobilized bacteria: Permeability and 

biodegradation, kinetic and molecular simulation. 

Environmental Science and Ecotechnology, 2, 100028. 

 https://doi.org/10.1016/j.ese.2020.100028 

Iyer, R., Stepanov, V. G., & Iken, B. (2013). Isolation and 
molecular characterization of a novel pseudomonas 
putida strain capable of degrading organophosphate 
and aromatic compounds. Advances in Biological 
Chemistry, 03(06), 564–578. 
https://doi.org/10.4236/abc.2013.36065  

Jańczuk, B., Szymczyk, K., & Zdziennicka, A. (2021). 
Adsorption Properties of Hydrocarbon and 
Fluorocarbon Surfactants Ternary Mixture at the 
Water-Air Interface. Molecules, 26(14), 4313. 
https://doi.org/10.3390/molecules26144313  

Karimpour, M., Ashrafi, S. D., Taghavi, K., Mojtahedi, A., 
Roohbakhsh, E., & Naghipur, D. (2018). Adsorption of 
cadmium and lead onto live and dead cell mass of 
Pseudomonas aeruginosa : A dataset. Elsevier, 18, 
1185–1192. 
https://doi.org/10.1016/j.dib.2018.04.014  

Liu, X. xin, Hu, X., Cao, Y., Pang, W. jing, Huang, J. yu, Guo, P., 
& Huang, L. (2019). Biodegradation of Phenanthrene 
and Heavy Metal Removal by Acid-Tolerant 
Burkholderia fungorum FM-2. Frontiers in 
Microbiology, 10(MAR), 1–13. 
https://doi.org/10.3389/fmicb.2019.00408  

Lundstedt, S. (2003). Analysis of PAHs and their 

transformation products in contaminated soil and 
remedial processes. Netherlands: Akademisk 
avhandling Som, Department of Environmental and 
Toxicological Chemistry, University of Amsterdam. 

 

Maldonado, M., López-Acosta, M., Busch, K., Slaby, B. M., 

Bayer, K., Beazley, L., … Rapp, H. T. (2021). A 

Microbial Nitrogen Engine Modulated by 

Bacteriosyncytia in Hexactinellid Sponges: Ecological 

Implications for Deep-Sea Communities. Frontiers in 

Marine Science, 8(March), 1–35.  

 https://doi.org/10.3389/fmars.2021.638505  

Marzuki, I., Sinardi, S., Pratama, I., Chaerul, M., Paserangi, I., 
Mudyawati, M., & Asaf, R. (2021). Performance of sea 
sponges micro symbionts as a biomaterial in 
biodegradation naphthalene waste of modified. In The 
5th International Seminar on Sustainable Urban 
Development; IOP Conference Series: Earth and 
Environmental Science (Vol. 737, p. 012016). 
https://doi.org/10.1088/1755-1315/737/1/0120 16 

Marzuki, I., (2016). Analisis Chromium Hexavalent dan 
Nikel Terlarut dalam Limbah Cair Area Pertambangan 
PT VALE Tbk . Soroako-Indonesia. Jurnal Chemica, 
17(2), 1–11. https://doi.org /10.17605/OSF.IO/YF9QJ  

Marzuki, I., (2020). The Bio-adsorption Pattern Bacteria 
Symbiont Sponge Marine Against Contaminants 
Chromium and Manganese In The Waste Modification 
of Laboratory Scale. Indonesia Chimica Acta, 13(1), 1–
9. https://doi.org//dx.doi.org/10.20 
956/ica.v13i1.9972  

Marzuki, I., Alwi, R. S., Erniati, Mudyawati, Sinardi, & Iryani, 
A. S. (2019). Chitosan Performance of Shrimp Shells in 
The Bio-sorption Ion Metal of Cadmium, Lead and 
Nickel Based on Variations Ph Interaction. In Atlantik 
Press (Vol. 165, pp. 6–11). 
https://doi.org/10.2991/icmeme-18.2019.2  

Marzuki, I., Asaf, R., Paena, M., Athirah, A., Nisaa, K., Ahmad, 
R., & Kamaruddin, M. (2021a). Anthracene and Pyrene 
Biodegradation Performance of Marine Sponge 
Symbiont Bacteria Consortium. Molecules, 26(22), 
6851. https://doi.org/10.3390/molecules 26226851   

Marzuki, I., Chaerul, M., Erniati, Asmeati, & Irwan Paserangi. 
(2020b). Biodegradation of aliphatic waste 
components of oil sludge used micro symbiont of 
Sponge Niphates sp . ICMS, IOP Publishinh, 429(1), 
012056. https://doi.org/10.1088/1755-1315/429/1 
/ 012056  

Marzuki, I., Daris, L., Nisaa, K., & Emelda, A. (2020a). The 
power of biodegradation and bio-adsorption of 
bacteria symbiont sponges sea on waste contaminated 
of polycyclic aromatic hydrocarbons and heavy metals. 
In IOP Conference Series: Earth and Environmental 
Science (Vol. 584, p. 012013). 
https://doi.org/10.1088/1755-1315/584/1/0120 13  

Marzuki, I., Daris, L., Yunus, S., & Riana, A. D. (2020). 
Selection and characterization of potential bacteria for 
polycyclic aromatic biodegradation of hydrocarbons in 
sea sponges from Spermonde Islands, Indonesia. AACL 
Bioflux, 13(6), 3493–3506. 

Marzuki, I., Enryani, H. I., Nafie, N. La, & Dali, S. (2017). Study 
Biodegradation of Aromatics Pyrene Using Bacterial 

Jurnal Akta Kimia Indonesia, [2021], [vol.13] 1–10 | 9 
 This article is licensed under a Creative Commons Attribution-ShareAlike 4.0 International License. 

https://doi.org/10.1016/j.sjbs.2018.12.015
https://doi.org/10.771%207/peerj.9017
https://doi.org/10.771%207/peerj.9017
https://doi.org/10.1111/gcb.12212
https://doi.org/10.1007/s11270-017-3292-x
https://doi.org/10.1007/s11270-017-3292-x
https://doi.org/10.1371/journal.pone.0241095
https://doi.org/10.1088/1755-1315/555/1/012038
https://doi.org/10.4236/abc.2013.36065
https://doi.org/10.3390/molecules26144313
https://doi.org/10.1016/j.dib.2018.04.014
https://doi.org/10.3389/fmicb.2019.00408
https://doi.org/10.3389/fmars.2021.638505
https://doi.org/10.1088/1755-1315/737/1/0120
https://doi.org/
https://doi.org/dx.doi.org/10.20%20956/ica.v13i1.9972
https://doi.org/dx.doi.org/10.20%20956/ica.v13i1.9972
https://doi.org/10.2991/icmeme-18.2019.2
https://doi.org/10.3390/molecules
https://doi.org/10.1088/1755-1315/429/1
https://doi.org/10.1088/1755-1315/584/1/0120


 
 
 
 

 

PAPER Indo. Chim. Acta 

View Article Online 

Isolates from the Sea and micro symbionts Sponges. 
International Journal of Applied Chemistry, 13(3), 
707–720. 

Marzuki, I., Kamaruddin, M., & Ahmad, R. (2021). 
Identification of marine sponges-symbiotic bacteria 
and their application in degrading polycyclic aromatic 
hydrocarbons. Biodiversitas, 22(3), 1481–1488. 
https://doi.org/10.13057/biodiv/d220352  

Marzuki, I., Noor, A., Nafie, N. La, & Djide, M. N. (2015a). 
Isolation and Identification On Degradator Bacterium 
Of Petroleum Waste Which Symbions With Sponge 
From Melawai Beach. The First International 
Conference on Science (ICOS), 1(1), 493–503. 

Marzuki, I., Noor, A., Nafie, N. La, & Djide, M. N. (2015b). 
Moleculer Characterization Of Gene 16S rRNA 
Microsymbionts In Sponge At Melawai Beach, East 
Kalimantan. Marina Chimica Acta, 16(1), 38–46. 

Marzuki, I., Noor, A., Nafie, N. La, & Djide, M. N. (2016). 
Morphological and phenotype analysis of 
microsymbiont and biomass marine sponge from 
melawai beach, Balikpapan, east kalimantan. 
International Journal Marina Chimic Acta, 17(1), 8–15. 

Marzuki1, I., Noor, A., Nafie, N. La, & Djide, M. N. (2015). The 
Potential Biodegradation Hydrocarbons Of Petroleum 
Sludge Waste By Cell Biomass Sponge Callysppongia 
sp. Marina Chimica Acta, 16(2), 11–20. 

Melawaty, L., Noor, A., Harlim, T., & de Voogd, N. (2014). 
Essential metal Zn in sponge Callyspongia aerizusa 
from Spermonde Archipelago. Advances in Biological 
Chemistry, 04(01), 86–90. https://doi.org/10.4236 
/abc.2014.41012  

Melo, M. A. (2020). Bacterial Interactions with Dental and 
Medical Materials. Journal of Functional Biomaterials, 
11(4), 83. https://doi.org/10.3390/jfb11040083  

Mostafidi, M., Shirkhan, F., Zahedi, M. T., Ziarati, P., & 
Hochwimmer, B. (2019). Risk Assessment of the Heavy 
Metals Contents in Ready-to-eat Vegetables in 
Distributed Brands at the Supply Level of Sales Centers 
in Tehran , Iran. ResearchGate On Line, (February 
2020), 1–12. 
https://doi.org/10.35932/ijcsrem.v2i1.16  

Nikel, P. I., Silva-Rocha, R., Benedetti, I., & De Lorenzo, V. 
(2014). The private life of environmental bacteria: 
Pollutant biodegradation at the single cell level. 
Environmental Microbiology, 16(3), 628–642. 
https://doi.org/10.1111/1462-2920.12360  

Obire, O., Aleruchi, O., & Wemedo, S. . (2020). Fungi in 
Biodegradation of Polycyclic Aromatic Hydrocarbons 
in Oilfield Wastewater. Acta Scientific Microbiology, 
3(4), 220–224. 

 https://doi.org/10.31080/asmi.2020.03.0572  
Okoro, C. C. (2010). Application of seawater microbial 

inocula for the remediation of hydrocarbon polluted 
mangrove swamp in the Nigerian oil rich Niger Delta. 
Nature and Science, 8(8), 152–162. 

Orani, A. M., Barats, A., Vassileva, E., & Thomas, O. P. (2018). 
Marine sponges as a powerful tool for trace elements 
biomonitoring studies in coastal environment. Marine 
Pollution Bulletin, 131(April), 633–645. 
https://doi.org/10.1016/j.marpolbul.2018.04.073  

Pita, L., Rix, L., Slaby, B. M., Franke, A., & Hentschel, U. 
(2018). The sponge holobiont in a changing ocean: 
from microbes to ecosystems. Microbiome, 6(1), 46. 
https://doi.org/10.1186/s40168-018-0428-1  

Riyaz, P. P. S. M., Sai, G. M., Natarajan, P., & Chandran, P. 
(2020). Experimental Investigation of Chromium and 
Nickel Thin Sheets on EN8 Steel by Plating Technique. 
International Journal of Scientific Research and 
Engineering Development, 3(2), 509–516. 

Siahaya, N., Noor, A., Sukamto, N., & de Voogd, N. (2013). A 
preliminary effort to assign sponge 
(&lt;i&gt;Callispongia sp&lt;/i&gt;) as trace metal 
biomonitor for Pb, Cd, Zn, and Cr, an environmental 
perspective in Hative gulf waters Ambon. Advances in 
Biological Chemistry, 03(06), 549–552. 
https://doi.org/10.4236/abc.2013.36062  

Smułek, W., Sydow, M., Zabielska-Matejuk, J., & Kaczorek, E. 
(2020). Bacteria involved in biodegradation of 
creosote PAH – A case study of long-term 
contaminated industrial area. Ecotoxicology and 
Environmental Safety, 187(October 2019), 109843. 
https://doi.org/10.1016/j.ecoenv.2019.109843  

Tereza, Č., Wiesnerová, L., Praus, L., Jablonský, I., Koudela, 
M., & Tlusto, P. (2018). ScienceDirect Comparing the 
removal of polycyclic aromatic hydrocarbons in soil 
after different bioremediation approaches in relation 
to the extracellular enzyme activities. Journal of 
Environmental Sciences, XX(Mei), 1–10. 
https://doi.org/10.1016/j.jes.2018.05.007  

Wibowo, N., Nurcahyo, R., & Gabriel, D. S. (2019). Sponge 
Iron Plant Feasibility Studi in Kalimantan, Indonesia. 
ARPN Journal of Engineering and Applied Sciences, 
14(23), 4013–4020. 

Yang, Q., Franco, C. M. M., Lin, H. W., & Zhang, W. (2019). 

Untapped sponge microbiomes: Structure specificity at 

host order and family levels. FEMS Microbiology 

Ecology, 95(9), 1–17.  

 https://doi.org/10.1093/femsec/fiz136  

Ziarati, P., Mirmohammad Makki, F., Vambol, S., & Vambol, 
V. (2019). Determination of toxic metals content 
iranian and Italian flavoured olive oil. Acta 
Technologica Agriculturae, 22(2), 64–69. 
https://doi.org/10.2478/ata-2019-0012 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Jurnal Akta Kimia Indonesia, [2021], [vol.13] 1–10 | 10  
This article is licensed under a Creative Commons Attribution-ShareAlike 4.0 International License. 

https://doi.org/10.13057/biodiv/d220352
https://doi.org/10.4236%20/abc.2014.41012
https://doi.org/10.4236%20/abc.2014.41012
https://doi.org/10.3390/jfb11040083
https://doi.org/10.35932/ijcsrem.v2i1.16
https://doi.org/10.1111/1462-2920.12360
https://doi.org/10.31080/asmi.2020.03.0572
https://doi.org/10.1016/j.marpolbul.2018.04.073
https://doi.org/10.1186/s40168-018-0428-1
https://doi.org/10.4236/abc.2013.36062
https://doi.org/10.1016/j.ecoenv.2019.109843
https://doi.org/10.1016/j.jes.2018.05.007
https://doi.org/10.1093/femsec/fiz136
https://doi.org/10.2478/ata-2019-0012

