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Biolm is the predominant habitat of microbes in aquatic ecosystems. Microhabitat inside the biolm matrix is a nutrient-rich
environment promoted by the adsorption of nutrient ions from the surrounding water. Biolms can not only adsorb ions that are
nutrients but also other ions, such as heavy metals. �e ability of biolm to attract and retain heavy metals, such as copper(II),
makes biolms a promising biosorbent for water pollution treatment. �e present study analyzes the characteristics of copper(II)
adsorption by biolms naturally formed in the river. �e biolms used in this study grow naturally on the stones in the Metro
River in Malang City, Indonesia. Methods to analyze the adsorption characteristics of copper(II) by biolms were kinetics of the
adsorption and adsorption isotherm.�e maximum adsorption amount and the adsorption equilibrium constant were calculated
using a variant of the Langmuir isotherm model. In addition, the presence of the functional groups as suggested binding sites in
biolm polymers was investigated using the Fourier transform infrared (FTIR) analysis. �e results indicate that copper(II)’s
adsorption to the biolm is a physicochemical process. �e adsorption of copper(II) is tted well with the Langmuir isotherm
model, suggesting that the adsorption of copper(II) to a biolm is due to the interaction between the adsorption sites on the
biolm and the ions. �e biolm’s maximum absorption capacity for copper(II) is calculated to be 2.14mg/wet-g of biolm, with
the equilibrium rate constant at 0.05 L/mg. �erefore, the biolms on the stones from river can be a promising biosorbent of
copper(II) pollution in aquatic ecosystems.

1. Introduction

One of the major environmental problems is the contam-
ination of aquatic ecosystems by various pollutants, such as
heavy metals [1–3]. Copper(II) is a widely used in various
industries [4–6] and may exist in the water stream from
various utility plants, such as metal plating, mining,
manufacturing of computer, ceramic glazing, or electricity
[7–9]. Copper(II) ions are toxic nondegradable and their
increasing concentration in the water present a severe
hazard to human health or the environment [10–12].�us, it
is critically important to reduce copper(II) contamination in
aquatic ecosystems.

Biosorption appears as a promising, inexpensive, and
environmentally friendly alternative technology for reduc-
ing heavy metal contamination in aquatic ecosystems
[13–15]. �e e�ectiveness of biosorption is signicantly
a�ected by the choice of biosorbent [16]: [17, 18]. �e
biosorbent should be ubiquitous in aquatic ecosystems and
easy to obtain.�erefore, aquatic microbes that exist in large
numbers and play various essential function in almost all
parts of aquatic ecosystems [19–22] have emerged as a
promising candidate for biosorbents.

�e predominant habitat of microbes in aquatic eco-
systems is a biolm [23, 24]. Biolms formed naturally in
aquatic ecosystems can be dened as the polymicrobial
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communities embedded in extracellular polymeric sub-
stances and attached on the surface [25, 26]. )e biofilm
serves various functions in an aquatic ecosystem, such as
cycling nutrients and purifying pollutants [27, 28]. A biofilm
may accumulate various ions, such as copper(II), from the
surrounding water by attracting the ions and retaining them
inside the biofilm matrix [29, 30]. Hence, the biofilm may be
a promising biosorbent for copper(II) contamination in
aquatic ecosystems, including rivers. However, most of the
research focuses on laboratory-grown or single-species
biofilms. )ere has been little focus on utilizing natural
biofilm formed in the river as a biosorbent of copper(II),
especially biofilms from the tropical aquatic ecosystems. )e
present study investigates the mechanism with which cop-
per(II) adsorbs to biofilms collected from the river inMalang
city of Indonesia to examine biofilm’s potential in the
biosorption of heavymetals pollutants. According the results
of this study, a biofilm naturally formed in the river is a
promising biosorbent to immobilize copper(II) in aquatic
ecosystems including rivers.

2. Material and Methods

2.1. Sample Preparation. Biofilms formed on the stones were
collected from the Metro River in Malang City, Indonesia.
Biofilm samples were taken in early September 2019, which
is included in the dry season.)eMetro River flows through
industrial and domestic areas and is thus susceptible to water
pollution. )e stones were collected from the water that was
about 50 cm in depth and were brought back to the labo-
ratory in a plastic container filled with river water. )e
temperature of the container was maintained at approxi-
mately 4 °C. )e biofilms were removed from the surface of
the stones with a toothbrush and resuspended in distilled
water. )e pellet of the biofilm was prepared by centrifu-
gation at 8,000×g and 4 °C for 5min. )e pellet was washed
with distilled water and then centrifuged three times.

2.2. Kinetics of Adsorption. )e time course of copper(II)
adsorption to the biofilm was investigated by measuring the
amount of Cu adsorbed to the biofilm after 5, 30, 60, or 120
minutes of incubation. Preliminary research shows that
adsorption occurs rapidly where the equilibrium condition
is reached within 5 minutes. Hence, the first contact time
used in this study was 5 minutes. After that, the contact
times used are multiples of 30 and 60 minutes (i.e., 30, 60
minutes, and 120 minutes) to see if the adsorption rate
remains stable, indicating that the equilibrium concentra-
tion has been reached. Ten mL aliquots of 20mg/L CuSO4
were prepared by dissolving reagent-grade CuSO4 solution
in distilled water. Afterward, 0.2mg of the biofilm pellet was
added to each CuSO4 solution and mixed well using a
magnetic stirrer at 125 rpm. After each incubation time of 5,
30, 60, or 120 minutes, the biofilm suspension was centri-
fuged at 8,000 ×g for 30 minutes. )e Cu concentration in
the supernatant was measured using atomic absorption
spectroscopy (Shimadzu AA-6800, Shimadzu Corporation,
Japan). )e amount of copper(II) adsorbed to the biofilm

was calculated by subtracting the copper(II) concentration
in the control sample, which was a CuSO4 solution without
biofilms, from the copper(II) concentration in the super-
natant of the biofilm suspension. )e experiments were
conducted in the water bath with automatic temperature
control set at 28 °C. pH at the beginning and end of the
experiment was measured (pH Meter LAQUA PH1100–S,
Horiba, Japan) and showed that the water pH was relatively
unchanged (ca. pH 7.0). Each experiment was repeated three
times independently.

2.3. Adsorption Isotherm. Ten milliliters of CuSO4 aqueous
solutions of varying concentrations, 5–230mg/L, were
prepared. )en, 0.2mg of the biofilm pellet was added to
each solution and mixed well using a magnetic stirrer at
125 rpm. After 5 minutes, the biofilm suspensions were
centrifuged at 8,000 g for 10 minutes to obtain the super-
natants to measure copper(II) concentration and the biofilm
pellets for the Fourier transform infrared (FTIR) analysis.
)e copper(II) concentration was measured using atomic
absorption spectroscopy. )e accumulation of copper(II)
was calculated from the differences between the copper(II)
concentration in the supernatant of the biofilm suspension
and the control, i.e., the CuSO4 solution without the added
biofilm. )e experiments were conducted in the water bath
with automatic temperature control set at 28 °C. pH at the
beginning and end of the experiment was measured (pH
Meter LAQUA PH1100–S, Horiba, Japan) and showed that
the water pH was relatively unchanged (ca. pH 7.0). Each
experiment was repeated three times independently.

)e maximum adsorption amount and the adsorption
equilibrium constant were calculated using a variant of the
Langmuir isotherm model as described below:

)e equation assumes that a dynamic equilibrium exists
between the adsorbed copper(II) (N; mmol/wet-g) and the
free copper(II) in a solution whose concentration is at
equilibrium (C; mg/L). )e adsorption equilibrium constant
(b) was defined as the ratio of the adsorption and desorption
rates. )e value of b increases as the adsorption rate exceeds
the desorption rate, relatively. )e plot of C/N against C
yields a straight line with a slope of 1/Nmax and a y-axis
intercept of 1/(Nmax) b for the calculation of Nmax (the
maximum amount of adsorbed ion; mmol/wet-g) and b [31].

2.4. FTIR Analysis. )e biofilms subjected to the FTIR
spectra analysis included intact biofilms and the biofilms
after Cu adsorption. Biofilm pellets were dried at approxi-
mately 60 °C until reaching a constant weight. )e dry pellet
was used in FTIR analysis. An amount of 0.01 Gram of the
dry biofilm pellets was mixed with powdered potassium
bromide (KBr) and pressed under high pressure. Under
pressure, KBr melted and sealed the compound into the
matrix. )e KBr pellet was measured with a Shimadzu FTIR
Spectrometer 84002 (Shimadzu Corporation, Japan).

2.5. Data Analysis. In this study, data analysis was carried
out using descriptive statistical analysis to observe the
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pattern of relationships between variables. To provide more
comprehensive information, the standard deviation is also
displayed along with the mean value in the graph to see the
dispersion of the distribution. A small standard deviation
value indicates a relatively stable relationship compared to a
high standard deviation. Furthermore, data analysis was also
carried out by linear regression analysis to explore the linear
relationship between variables. )is analysis will provide
information regarding the direction of the relationship
between variables and quantitatively measure how changes
in the independent variable will affect the changes of the
dependent variable. )ose two approaches mentioned
above, either descriptive or inferential approaches, were
performed using the features in Microsoft Excel due to its
simplicity and practical use.

3. Result and Discussion

3.1. Kinetics of Adsorption. )e time course of copper(II)
adsorption to the biofilm was investigated. )e amount of
adsorbed copper(II) to a biofilm remained relatively similar,
at approximately 1.0mg/Gram, from the beginning until the
end of the adsorption experiment (Figure 1). )e adsorption
of copper(II) to biofilm occurred rapidly, where the maxi-
mum adsorption amount reached within 5 minutes. Pre-
vious studies also reported that the adsorption of ions (i.e.,
NH4

+ and NO3
−) to biofilm occurred quickly [30]. Rapid

adsorption is characteristic of physicochemical adsorption
[32]. )us, the biosorption of copper(II) to biofilms likely
occurs through physicochemical mechanisms, such as ion
exchange mechanism and electrostatic interaction. Based on
the study of the adsorption kinetics, the time course used in
the subsequent experiments in this study chose 5 minutes as
the contact time.

3.2. Adsorption Isotherm. )e characteristics, such as the
adsorption isotherm, of copper(II)’s adsorption to biofilms
were investigated in greater detail. First, the amount of
copper(II) adsorbed to the biofilm using CuSO4 solutions of
various initial concentrations was analyzed (Figure 2). )e
effectiveness of copper(II) adsorption to biofilm decreased,

from 91% to 16%, as the initial concentration of the CuSO4
solution increased. )e high percentage of adsorption
attained in low CuSO4 concentration seemed to be pro-
moted by the higher ratio of the available adsorption sites in
biofilms to the amount of free copper(II) in the surrounding
water. When this ratio became smaller, the percentage of
copper(II) accumulated in the biofilm also decreased.

)e adsorption isotherm of copper(II) to biofilm was
plotted (Figure 3). In this graph, the amount of adsorbed
copper(II) in different equilibrium concentrations, i.e., the
concentration after the adsorption reached equilibrium, was
compared. )e amount of copper(II) adsorbed to biofilms
increased with the increase of equilibrium concentration and
then plateaued at high concentrations (>100mg/L). When
equilibrium was reached at low concentrations, not all the
adsorption sites on the biofilm bound to copper(II);
therefore, the amount of adsorbed copper(II) increased with
the increasing concentration of CuSO4. On the other hand,
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Figure 1: )e time course of copper(II) adsorption to the biofilm.
)e experiment was repeated three times, independently (average
values are shown). Bars represent the standard error.
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Figure 2: )e effectiveness of copper(II) Cu adsorption to the
biofilm. )e experiment was repeated three times, independently
(average values are shown). Bars represent the standard error;
however, the bars are not clearly visible due to the small values of
standard errors.
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Figure 3:)e adsorption isotherm of copper(II) to the biofilm.)e
experiment was repeated three times, independently (average
values are shown). Bars represent the standard error.
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all the adsorption sites in the biofilm were already occupied
with copper(II) ions at high concentrations of CuSO4.
Hence, the amounts of copper(II) adsorbed to the biofilms
tended to remain stable even though the equilibrium con-
centration of copper(II) was increased.

)e adsorption of copper(II) to the biofilm at different
equilibrium concentration based on the Langmuir adsorp-
tion model was plotted as the ratio of equilibrium con-
centration to adsorption amount (C/N) against the
equilibrium concentration (C) (Figure 4). )e result indi-
cated that the adsorption of copper(II) to the biofilm was
fitted well with the Langmuir isotherm model (R2 � 0.96).
)e adsorption of copper(II) to biofilm seems to occur in
monolayer form and is driven by the interaction between the
ions and the adsorption sites on the biofilm polymers.

Based on the copper(II) adsorption data plotted to the
Langmuir isotherm model, the Nmax and b of copper(II)
adsorption to biofilm were calculated. )e Nmax of cop-
per(II) adsorption to biofilm was estimated to be around
2.14mg/wet-g, and b was at approximately 0.05 L/mg. )e
accumulation of ions, such as heavy metal, to biofilm, is
reportedly due to ion exchange mechanisms and electro-
static interaction [33].)e adsorption sites for the copper(II)
are charged sites in biofilm polymers. )e charges exist
because of the ionization of functional groups in biofilm
polymers. )erefore, the functional groups in the biofilm
polymer were analyzed to confirm their role in copper(II)
adsorption.

3.3. FTIR Analysis. )e binding sites in biofilm, which can
attract ions and retain them inside the biofilm matrix, are
ionizable functional groups in the biofilm polymers [34].
)erefore, the presence of the functional groups in biofilm
polymers was investigated using FTIR analysis. )e biofilm
samples included an intact biofilm before adsorption of
copper(II) and biofilms with adsorbed copper(II) after

incubation with CuSO4 solutions of various initial con-
centrations at 5, 15, 130, and 230mg/L.

)e FTIR spectra of the intact biofilm had a peak at
1653 cm−1, indicating the presence of carboxylic groups
(C�O) on the biofilm polymer (Figure 5). )e broad
spectrum of hydroxyl groups (-OH) at 3600−3100 cm−1

supported with the stretching of C�O indicated the
presence of a carboxylic skeleton in the biofilm. )e
primary amino (-NH) stretching as a weak signal at
3400–3200 cm−1 was not detected due to the overlapping
with the-OH group. However, the C-N bending was found
at 1414 cm−1, indicating an amino or amide framework.
)e presence of a simple aliphatic carboxylic group
(-COO-) was detected as sharp peaks at 1730−1700 cm−1.
)e presence of C�C at 1541 cm−1 supported the blueshift
of C�O into 1650 cm−1, indicating the conjugated car-
bonyl framework. )e sharp peak at 2926 cm−1 was
characteristic of the C-H from the methyl (-CH3) or
methylene (-CH2-) group. )e strong and broad band in
1300−1000 cm−1 could be attributed to the C-O from the
ester group.

)e FTIR spectra of biofilm were expected to change
after the adsorption of copper(II), particularly in the
peaks corresponding to the functional groups that acted as
binding sites. )e FTIR spectra of the copper-bound
biofilms were compared to that of the intact biofilm
(Figure 6). )e considerable decrease in peak intensity at
3410 and 1653 cm−1 after the adsorption of copper indi-
cated that the active binding site on the biofilm for copper
were the-OH and C�O groups. )e presence of a carboxyl
group from the carboxylic acid in the biofilm polymers
seemed essential for the copper’s adsorption to the bio-
film. )e -COO- ester groups may contribute to the ad-
sorption of copper moderately since the change in
intensity of the peaks around 1042 cm−1 was not signifi-
cant. )e adsorption of copper to the biofilm was likely
promoted by the interaction between the functional
groups and the copper ion. Carboxylic groups have been
reported to perform an essential factor in the adsorption
of various ions to the biofilm matrix [33]. )erefore, the
shifts of the peaks of the functional groups after the
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Figure 4: Copper(II) adsorption based on the Langmuir isotherm
model.
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Figure 5: )e FTIR spectra of the intact biofilm.
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copper adsorption were mostly represented by the de-
creasing peak intensity of the carboxyl groups.

4. Conclusion

)e present study revealed the following: (1) the adsorption
of copper(II) to the biofilm formed naturally on the stones
from the river occurs through a physicochemical process
promoted by the interaction between the adsorption sites on
the biofilm matrices and copper(II); (2) the adsorption sites
seem to be the functional groups in the biofilm polymer such
as carboxyl and amino groups; (3) the adsorption of cop-
per(II) to biofilm occurs rapidly, reaching the equilibrium
state within 5 minutes; (4) the maximum adsorption amount
of copper(II) to biofilm is estimated to be 2.41mg/g, and the
equilibrium adsorption constant is estimated to be 0.05 L/
mg. According to the result of this study, the naturally
formed biofilm on the stones from is a promising biosorbent
for treating copper(II) pollution in the river ecosystem.

Data Availability

)e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

)e authors declare that they have no conflicts of interest.

Acknowledgments

)is research was supported by the Directorate of Research,
Technology, and Community Service of )e Directorate
General of Higher Education, Research, and Technology -
Ministry of Education, Culture, Research, and Technology of

the Republic of Indonesia, Fiscal Year 2022, Number SP
DIPA No. SP DIPA-023.17.1.69052312422 (2nd revision).
)e author expresses their thanks Dr. Yuki Tsuchiya from
Nihon University, Japan, for the EPM measurement and the
discussion.

References

[1] A. W. Dickinson, A. Power, M. G. Hansen et al., “Heavy metal
pollution and co-selection for antibiotic resistance: a mi-
crobial palaeontology approach,” Environment International,
vol. 132, Article ID 105117, 2019.

[2] R. Jiang, S. Huang, W. Wang et al., “Heavy metal pollution
and ecological risk assessment in the Maowei sea mangrove,
China,” Marine Pollution Bulletin, vol. 161, 2020.

[3] X. Yuan, N. Xue, and Z. Han, “A meta-analysis of heavy
metals pollution in farmland and urban soils in China over the
past 20 years,” Journal of Environmental Sciences, vol. 101,
pp. 217–226, 2021.

[4] E. Cebrian, G. Agell, R. Mart́ı, andM. J. Uriz, “Response of the
Mediterranean sponge Chondrosia reniformis Nardo to
copper pollution,” Environmental Pollution, vol. 141, no. 3,
pp. 452–458, 2006.

[5] C. B. de los Santos, F. Arenas, T. Neuparth, and M. M. Santos,
“Interaction of short-term copper pollution and ocean
acidification in seagrass ecosystems: toxicity, bioconcentra-
tion and dietary transfer,”Marine Pollution Bulletin, vol. 142,
pp. 155–163, 2019.

[6] F. Monnet, F. Bordas, V. Deluchat, P. Chatenet, M. Botineau,
and M. Baudu, “Use of the aquatic lichen Dermatocarpon
luridum as bioindicator of copper pollution: accumulation
and cellular distribution tests,” Environmental Pollution,
vol. 138, no. 3, pp. 455–461, 2005.

[7] R. Bereswill, B. Golla, M. Streloke, and R. Schulz, “Entry and
toxicity of organic pesticides and copper in vineyard streams:
erosion rills jeopardise the efficiency of riparian buffer strips,”

0

20

40

60

80

100

120

400900140019002400290034003900

(%
) T

Wavenumber (cm-1)

Intact
5 mg/L
15 mg/L

130 mg/L
230 mg/L

Figure 6: )e comparison between the FTIR spectra of intact biofilm and the copper(II)-bound biofilms. )e concentrations (mg/L) were
the initial concentration of the CuSO4 solutions used in the adsorption isotherm experiment.

International Journal of Microbiology 5



Agriculture, Ecosystems and Environment, vol. 146, no. 1,
pp. 81–92, 2012.

[8] A. Serra, H. Guasch, E. Mart́ı, and A. Geiszinger, “Measuring
in-stream retention of copper by means of constant-rate
additions,” 2e Science of the Total Environment, vol. 407,
no. 12, 2009.

[9] M. Tagliaferro, A. M. M. Gonçalves, M. Bergman, O. Sobral,
and M. A. S. Graça, “Assessment of metal exposure (uranium
and copper) by the response of a set of integrated biomarkers
in a stream shredder,” Ecological Indicators, vol. 95, 2018.

[10] S. B. Feil, Y. Pii, F. Valentinuzzi, R. Tiziani, T. Mimmo, and
S. Cesco, “Copper toxicity affects phosphorus uptake mech-
anisms at molecular and physiological levels in Cucumis
sativus plants,” Plant Physiology and Biochemistry, vol. 157,
pp. 138–147, 2020.

[11] G. K. Macoustra, D. F. Jolley, J. Stauber, D. J. Koppel, and
A. Holland, “Amelioration of copper toxicity to a tropical
freshwater microalga: effect of natural DOM source and
season,” Environmental Pollution, vol. 266, 2020.

[12] A. Zehra, S. Choudhary, K. I. Wani et al., “Exogenous abscisic
acid mediates ROS homeostasis and maintains glandular
trichome to enhance artemisinin biosynthesis in Artemisia
annua under copper toxicity,” Plant Physiology and Bio-
chemistry, vol. 156, pp. 125–134, 2020.

[13] F. Huang, K. Li, R. R. Wu, Y. J. Yan, and R. B. Xiao, “Insight
into the Cd2+ biosorption by viable Bacillus cereus RC-1
immobilized on different biochars: roles of bacterial cell and
biochar matrix,” Journal of Cleaner Production, vol. 272, 2020.

[14] V. R. Moreira, Y. A. R. Lebron, and L. V. d. S. Santos,
“Predicting the biosorption capacity of copper by dried
Chlorella pyrenoidosa through response surface methodology
and artificial neural network models,” Chemical Engineering
Journal Advances, vol. 4, 2020.

[15] P. Parmar, A. Shukla, D. Goswami, B. Patel, and M. Saraf,
“Optimization of cadmium and lead biosorption onto marine
Vibrio alginolyticus PBR1 employing a Box Behnken design,”
Chemical Engineering Journal Advances, vol. 4, 2020.

[16] M. A. Fawzy, “Biosorption of copper ions from aqueous
solution by Codium vermilara: optimization, kinetic, iso-
therm and thermodynamic studies,” Advanced Powder
Technology, vol. 31, no. 9, 2020.

[17] F. Liaquat, U. Haroon, M. F. H. Munis et al., “Efficient re-
covery of metal tolerant fungi from the soil of industrial area
and determination of their biosorption capacity,” Environ-
mental Technology & Innovation, vol. 21, 2021.

[18] K. Rambabu, G. Bharath, F. Banat, and P. L. Show, “Bio-
sorption performance of date palm empty fruit bunch wastes
for toxic hexavalent chromium removal,” Environmental
Research, vol. 187, Article ID 109694, 2020.

[19] F. K. Mammo, I. D. Amoah, K. M. Gani et al., “Microplastics
in the environment: interactions with microbes and chemical
contaminants,”2e Science of the Total Environment, vol. 743,
2020.

[20] K. Naik, S. Mishra, H. Srichandan, P. K. Singh, and
P. K. Sarangi, “Plant growth promoting microbes: potential
link to sustainable agriculture and environment,” Biocatalysis
and Agricultural Biotechnology, vol. 21, Article ID 101326,
2019.

[21] G. Pant, D. Garlapati, U. Agrawal, R. G. Prasuna,
T. Mathimani, and A. Pugazhendhi, “Biological approaches
practised using genetically engineered microbes for a sus-
tainable environment: a review,” Journal of Hazardous Ma-
terials, vol. 405, 2021.

[22] W. Sun, E. Xiao, Z. Pu et al., “Paddy soil microbial com-
munities driven by environment- and microbe-microbe in-
teractions: a case study of elevation-resolved microbial
communities in a rice terrace,” 2e Science of the Total En-
vironment, vol. 612, pp. 884–893, 2018.

[23] S. U. Gerbersdorf, K. Koca, D. de Beer et al., “Exploring flow-
biofilm-sediment interactions: assessment of current status
and future challenges,” Water Research, vol. 185, 2020.

[24] K. Yuan, S. Li, and F. Zhong, “Treatment of coking wastewater
in biofilm-based bioaugmentation process: biofilm formation
and microbial community analysis,” Journal of Hazardous
Materials, vol. 400, 2020.

[25] L. Karygianni, Z. Ren, H. Koo, and T. )urnheer, “Biofilm
matrixome: extracellular components in structured microbial
communities,” Trends in Microbiology, vol. 28, no. 8,
pp. 668–681, 2020.

[26] R. Wolcott, J. W. Costerton, D. Raoult, and S. J. Cutler, “)e
polymicrobial nature of biofilm infection,” Clinical Micro-
biology and Infections, vol. 19, no. 2, pp. 107–112, 2013.

[27] J. Y. Lima, C. Moreira, P. N. Nunes Freitas et al., “Structuring
biofilm communities living in pesticide contaminated water,”
Heliyon, vol. 6, no. 5, 2020.

[28] M. Pannekens, L. Kroll, H. Müller, F. T. Mbow, and
R. U. Meckenstock, “Oil reservoirs, an exceptional habitat for
microorganisms,” New Biotech, vol. 49, pp. 1–9, 2019.

[29] T. J. Battin, K. Besemer, M. M. Bengtsson, A. M. Romani, and
A. I. Packmann, “)e ecology and biogeochemistry of stream
biofilms,” Nature Reviews Microbiology, vol. 14, no. 4,
pp. 251–263, 2016.

[30] A. Kurniawan and T. Yamamoto, “Accumulation of NH4
+

and NO3
− inside biofilms of natural microbial consortia

implication on nutrients seasonal dynamic in aquatic eco-
systems,” International Journal of Microbiology, vol. 2019,
pp. 1–7, 2019.

[31] M. Fomina and G. M. Gadd, “Biosorption current perspec-
tives on concept, definition and application,” Bioresource
Technology, vol. 160, pp. 3–14, 2014.

[32] X. Gao, C. Guo, J. Hao, Z. Zhao, H. Long, and M. Li, “Ad-
sorption of heavy metal ions by sodium alginate based ad-
sorbent-a review and new perspectives,” International Journal
of Biological Macromolecules, vol. 164, 2020.

[33] A. Kurniawan, T. Yamamoto, Y. Tsuchiya, and H. Morisaki,
“Analysis of the ion adsorption-desorption characteristics of
biofilm matrices,” Microbes and Environments, vol. 27, no. 4,
pp. 399–406, 2012.

[34] T. Seviour, N. Derlon, M. S. Dueholm et al., “Extracellular
polymeric substances of biofilms: suffering from an identity
crisis,” Water Research, vol. 151, pp. 1–7, 2019.

6 International Journal of Microbiology


