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A B S T R A C T   

Remediation of contaminated water and wastewater using biosorption methods has attracted significant atten-
tion in recent decades due to its efficiency, convenience and minimised environmental effects. Bacterial bio-
sorbents are normally deployed as a non-living powder or suspension. Little is known about the mechanisms or 
rates of bacterial attachment to surfaces and effect of various conditions on the biofilm development, as well as 
efficiency of living biofilms in the removal of heavy metals. In the present study, the effect of environmental and 
nutritional conditions such as pH, temperature, concentrations of phosphate, glucose, amino acid, nitrate, cal-
cium and magnesium, on planktonic and biofilm growth of single and mixed bacterial cultures, were measured. 
Actinomyces meyeri, Bacillus cereus, Escherichia coli, Pseudomonas fluorescens strains were evaluated to 
determine the optimum biofilm growth conditions. The Cd(II) biosorption efficiencies of the mixed-species 
biofilm developed in the optimum growth condition, were investigated and modelled using Langmuir, Freund-
lich and Dubnin Radushkevich models. The biofilm quantification techniques revealed that the optimum con-
centration of phosphate, glucose, amino acid, nitrate, calcium and magnesium for the biofilm development were 
25, 10, 1, 1.5, 5 and 0.5 g L− 1, respectively. Further increases in the nutrient concentrations resulted in less 
biofilm growth. The optimum pH for the biofilm growth was 7 and alkaline or acidic conditions caused signif-
icant negative effects on the bacterial attachment and development. The optimum temperatures for the bacterial 
attachment to the surface were between 25 and 35 ◦C. The maximum Cd(II) biosorption efficiency (99%) and 
capacity (18.19 mg g− 1) of the mixed-species biofilm, occurred on day 35 (Ci = 0.1 mg L− 1) and 1 (Ci = 20 mg 
L− 1) of biofilm growth, respectively. Modelling of the biosorption data revealed that Cd(II) removal by the living 
biofilm was a physical process by a monolayer of biofilm. The results of present study suggested that environ-
mental and nutritional conditions had a significant effect on bacterial biofilm formation and its efficiency in Cd 
(II) removal.   

1. Introduction 

Urbanization across the world has resulted in more impervious sur-
face pavements, rooftops and parking lots (McGrane, 2016; Gwenzi and 
Nyamadzawo, 2014). Impervious surfaces have little or low infiltration 
capacity, in comparison with undeveloped space, which causes 
increased amounts of stormwater to be produced after heavy rainfall 
events (Walsh et al., 2012). Atmospheric deposition, accumulation on 
drainage surfaces and anthropogenic activities, such as industrial and 
construction activities, are reported to cause contamination of the urban 
stormwater as it runs off the impervious surfaces (Müller et al., 2020; 
Fathollahi and Coupe, 2021). Dissolved forms of heavy metals are 
mobilised by the stormwater and transferred to the receiving soil and 

water bodies (Wang et al., 2017). Contaminated urban runoff has been a 
concern to environmentalists in past decades, due to its significant 
contribution to deterioration of surface water quality and risk to water 
sources, such as rivers and groundwater (Bashir et al., 2020). 

The European Union (EU) Water Framework Directive (Directive 
2000/60/EC) published a list of priority pollutants found in stormwater 
including total suspended solid (TSS), metals and polycyclic aromatic 
hydrocarbons (PAH) (Directive 2013/39/EU) as well as guidelines to 
reduce the load of priority pollutants to the receiving catchments 
(Zgheib et al., 2012). Various studies have reported high concentrations 
of heavy metals in urban stormwater (Sakson et al., 2018; Gasperi et al., 
2014; Becouze-Lareure et al., 2016; Selbig et al., 2012). Cadmium is a 
toxic heavy metal that can be accumulated in plants by active root 
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uptake (Amari et al., 2017). Cadmium can eventually find its way to the 
food chain and human body and cause chronic and acute diseases 
(Jaishankar et al., 2014; Tchounwou et al., 2012). Moreover, studies 
have reported the negative effect of short-term and long-term exposure 
to cadmium for microorganisms (Doelman and Haanstra, 1984; 
McGrath, 1999; Megharaj et al., 2003). 

Over decades, several methods have been introduced for the removal 
of heavy metals from contaminated runoff, including chemical methods 
such as precipitation, electrochemical treatment, oxidation/reduction 
and physical methods including ion exchange, reverse osmosis and 
filtration (Enaime et al., 2020; Pugazhenthiran et al., 2016). The bio-
logical method of heavy metal removal from contaminated water is also 
known as biosorption. Biosorption is a sorption technique in which the 
sorbent is a biological agent (Michalak et al., 2013). Some of the ad-
vantages of biosorption are the affordable production of the sorbent, 
limited negative effects for the environment, treatment of large volumes 
of contaminated water, effectiveness for multiple types of heavy metals 
and with wide ranges of pH and temperature. In biosorption there is no 
role for chemical agents and therefore lower volumes of toxic 
by-products (Ismail et al., 2014). Biosorbents are generally classified as 
the products of living organisms including bacteria, fungi, algae and 
yeast or non-living such as waste material from agriculture and industry 
(Adewuyi, 2020). Many studies have reported the efficiencies of various 
biosorbents in the removal of heavy metals from contaminated water 
(Martínez-Júarez et al., 2012; Rodríguez et al., 2012; Hassan et al., 
2012; Kumar et al., 2012). 

Microorganisms such as bacteria, algae and fungi have a natural 
tendency to attach to surfaces and produce extracellular polymeric 
substances (EPS). The surface attachment is followed by the develop-
ment of biofilm structure that is ecologically superior to planktonic 
growth, in that biofilm organisms are protected from competitors and 
predators (Salgar-Chaparro et al., 2020). The EPS layer of bacterial, 
algal and fungal biofilms have functional groups that actively bind with 
metal ions (Gupta and Diwan, 2016; Decho and Gutierrez, 2017). Many 
studies have used dry powdered bacterial, algal and fungal biofilms for 
the remediation of contaminated water (Brinza et al., 2007; Sheikha 
et al., 2008; Ramsenthil et al., 2010; Mamisahebei et al., 2007). Recent 
studies have looked for the efficiencies of living bacterial biofilms in the 
removal of soluble metals (Fathollahi et al., 2020, 2021a). 

Environmental and nutritional conditions are critical in the process 
of bacterial growth (Baquero and Negri, 1997; Stewart, 2003). Many 
studies have looked for the optimum condition for suspended bacteria 
(Uribe-Lorío et al., 2019; Šovljanski et al., 2020; Calicioglu et al., 2018). 
Few studies have addressed the effect of environmental and nutritional 
conditions on the attachment of bacteria to surfaces and biofilm devel-
opment. Fathollahi et al. (2020) reported the efficiency of living biofilms 
grown on a non-woven geotextile sheet in the removal of soluble mer-
cury within the structure of Sustainable Drainage Systems (SuDS) de-
vices. SuDS devices are designed to manage large volumes of urban 
stormwater as quickly as possible and improve water quality (Charles-
worth et al., 2003). However, no study has been conducted on the op-
timum conditions for developing living biofilms, to enhance their heavy 
metal removal efficiencies. 

The present study was conducted to evaluate the growth patterns of 
single and mixed-species bacterial strains on a nonwoven propylene and 
polyethylene geotextile and to optimize the biofilm development con-
ditions. The present study hypothesises that environmental conditions 
such as pH, temperature and concentrations of nutrients including 
phosphate and glucose have a significant influence on bacterial attach-
ment to the surface of geotextile and subsequently development of a 
mature biofilm. The present study hypothesises that the optimized 
biofilm grown on geotextile has a high heavy metal biosorption capac-
ity. In order to examine the hypothesis of the present study, the effect of 
pH, temperature and nutritional conditions on different bacterial species 
biofilm formation. In the next stage of the study, Cd(II) biosorption 
capacities and efficiencies of different stages of biofilm formation were 

evaluated and modelled to understand the nature of Cd(II) biosorption 
by the living bacterial biofilm. Moreover, the toxicity of different con-
centrations of Cd(II) on different species of bacteria and the role of 
biofilm in the protection of bacterial cells were evaluated. Cd(II) was 
selected for biosorption and toxicity studies due its significant presence 
in the urban runoff, its relatively complicated and expensive remedia-
tion techniques and its negative effects on environment, microorganisms 
and human health. 

2. Materials and methods 

2.1. Bacterial strains 

Bacterial strains of Bacillus cereus DS16, Actinomyces meyeri CIP 
13148, Escherichia coli O157:H7 and Pseudomonas fluorescens 
CP003194 were used, in the present study to evaluate their biofilm 
growth rate on geotextiles and their survival, in contact with different 
concentrations of Cd(II). All 4 bacterial strains in the present study were 
isolated from urban soils to simulate biofilms that naturally develop 
within SuDS devices (provided by ATCC, Virginia, US). A mixed culture 
of bacterial strains was used to find the optimum nutritional and envi-
ronmental conditions for growth of the biofilm prior to its application in 
the biosorption of soluble Cd(II). 

2.2. Geotextile and bioreactor 

Biofilms were grown on a geotextile surface with a method described 
previously (Fathollahi et al., 2020, 2021b). This method relies on the 
ability of bacterial cells to adhere to the fabric of the geotextile and 
generate biofilm. A nonwoven propylene and polyethylene geotextile 
was used in this study as a surface for biofilm growth. The geotextile was 
a Terram product, widely used in Sustainable Drainage Systems (SuDS) 
as a filter/separator within the block paving sub-base construction 
(terram.com). This geotextile has a composition of 70% polypropylene 
and 30% polyethylene and is used to prevent the intermixing of aggre-
gates in different layers of pavement construction. 

Geotextile circles with a surface area of 65 cm2 were washed, 
weighed (using a 5 decimal place Sartorius analytical scale) and labelled 
before applying to the reactor for biofilm development. The biofilm 
development reactor consisted of a plastic container (12L) with two air 
pumps secured at the bottom to keep aerobic condition for microor-
ganisms within the bioreactor medium, providing and circulating the 
necessary oxygen. The dissolved oxygen (DO) was kept in range of 4–6 
mg L− 1 to maintain aerobic conditions. 

2.3. Biofilm growth conditions 

Single strains of B. cereus, A. meyeri, E. coli, P. fluorescens and a 
mixed culture of all four bacterial strains were grown using the method 
described by Vincent (1970), prior to their addition to bioreactor and 
biofilm growth. The bioreactor medium was supplemented with 
different concentrations of various nutrients such as sugars, salts and 
osmotic agents to evaluate their associated bacterial and biofilm growth. 
Geotextile circles were added to the medium and harvested after 1, 7, 
14, 21, 28, 35 and 42 days depending on the intended assay. 

2.3.1. Effect of nutrient type and concentration 
To evaluate the nutrient type and concentration on the growth rate of 

bacterial strains and their associated biofilm formation, the bioreactor 
was supplemented with phosphate (0–50 g L− 1), glucose (0–40 g L− 1), 
amino acid (0–50 g L− 1), nitrate (0–3 g L− 1), calcium (0–10 g L− 1) and 
magnesium (0–10 g L− 1), prior to the addition of geotextile circles for 
biofilm formation. Geotextiles were incubated and harvested after 1, 7, 
14, 21, 28, 35 and 42 days for bacterial and biofilm quantification 
assays. 
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2.3.2. Effect of environmental condition 
Temperature and pH are two important environmental factors that 

affect the rate of bacterial and biofilm growth. In order to evaluate the 
impact of temperature and pH on growth rates of single and mixed 
strains of B. cereus, A. meyeri, E. coli, and P. fluorescens, the geotextile 
circles were placed in bioreactors with different temperatures of 15, 25, 
35 and 45 ◦C prior to harvesting and biofilm quantification assays. 
Another set of geotextile circles were incubated in bioreactor at pH 4, 5, 
6, 7, 8 and 9 to evaluate the growth of biofilm. Samples were taken from 
bioreactor medium to quantify the bacterial growth and compare with 
the biofilm development. 

2.3.3. Effect of incubation time 
The growth of bacterial biofilms also depends on the incubation 

time. In order to quantify the growth of single and mixed strains of B. 
cereus, A. meyeri, E. coli, P. fluorescens in different stages of biofilm 
development, geotextile circles were harvested after 1, 7, 14, 21, 28, 35 
and 42 days of incubation. Samples were taken from bioreactor medium 
to quantify the suspended bacterial growth and compare this with the 
biofilm development. 

2.4. Biofilm formation quantification assays 

2.4.1. Colony Forming Units 
The first approach in assessing biofilm growth was counting the 

viable bacterial cells on geotextile circles incubated in the bioreactor. 
Counting viable bacterial cells is known as a standard biofilm quantifi-
cation method (Adentuji et al., 2012). To carry out this experiment, 
harvested geo-textile circles were agitated in 10 mL saline to remove the 
biofilm from the geotextile for plate counts. Saline was prepared by 
dissolving 5g sodium chloride in 1L deionized water and autoclaved for 
15 min at 121 ◦C. A 1 mL sample from each geotextile circle was serially 
diluted prior to inoculation onto nutrient agar and incubated at 37 ◦C for 
48 h, prior to counting viable cells, determined as Colony Forming Units 
(CFUs) per mL of sample. Nutrient agar had the following formula: yeast 
extract 2 g L− 1, peptone 5 g L− 1, sodium chloride 5 g L− 1, agar 15 g L− 1 

with a pH of 7.4 at 25 ◦C (provided by ThermoFisher Scientific). 

2.4.2. Fourier Transform Infrared spectroscopy 
The development of functional groups on bacterial biofilms were 

quantified by Fourier Transform Infrared (FTIR) spectroscopy. Biofilm 
samples from different assays were analysed by reflection FTIR with a 
cooled detector technique to analyse the absorption spectra of the bond 
in the range of 400–4000 cm− 1. The absorption ratio associated with 
different incubation times, nutrient and environmental conditions were 
used to quantify and compare the biofilm growth. A Nicolet iN10 
Infrared Microscope (Thermo Fisher Scientific) was used in the present 
study for the FTIR quantification assays. 

2.5. Cd(II) toxicity assay 

Different concentrations of Cd(II) were applied to single and mixed 
strains of B. cereus, A. meyeri, E. coli, P. fluorescens to evaluate the 
maximum concentration of Cd(II) in which each strain could survive. 
Geotextile circles were harvested after 7, 14 and 21 days of incubation 
and 50 mL of different concentrations of Cd(II) were applied to them for 
120 min at pH 7. After 120 min of contact time, samples were taken for 
counting viable cells according to section 2.4.1. The same assay was 
carried out for bacterial cultures taken from the bioreactor medium, to 
examine the role of geotextile and biofilm in protecting the bacterial 
cells. 50 mL of the suspended bacteria of different strains from bio-
reactors were also exposed to different concentration of Cd(II) ions to 
evaluate the maximum metal concentration each bacterial strain could 
survive in the suspension to compare with the results from biofilms 
developed on geotextiles. After 120 min of contact time, samples were 
taken for serial dilution and nutrient agar plate counts (section 2.4.1). 

2.6. Batch biosorption experiments 

The efficiency of biofilms grown on geotextile fibres in removal of 
soluble Cd(II) ions was carried out by harvesting geotextile circles after 
21 days of incubation. 10 mL of different concentrations of 0.1, 0.2, 0.5, 
1, 2, 5, 10 and 20 mg L− 1 Cd(II) solution were applied to geotextile 
circles for 120 min at pH 5.5 and 25 ◦C to evaluate the effect of initial 
concentrations of Cd(II) on the biosorption efficiency. 1 M NaOH solu-
tion was used to adjust the pH of the Cd(II) solutions. After 120 min, the 
solution was filtered through geotextile and samples were taken for 
quantification of Cd(II) concentration to calculate the biosorption effi-
ciencies. A Perkin-Elmer optima 5300 DV ICP-OES instrument was used 
for the analysis to measure the equilibrium concentration of Cd(II) in 
filtered solution. The removal efficiencies of the mixed culture bacterial 
biofilm were quantified using the equation below: 

R=
(Ci − Ce)

Ci
× 100  

where R is Cd (II) removal efficiency (%), Ci is initial concentration of 
the metal solution (mg L− 1) and Ce is the concentration of Cd(II) ions in 
the solution at biosorption equilibrium state (mg L− 1). Moreover, the 
biosorption capacities per gram of the 21 days incubated biofilm for 
different concentrations of soluble Cd(II) ions was calculated as follows: 

qe =
(Ci − Ce)

m
× V  

where qe is the amount adsorbed Cd(II) ions on biofilm surface (mg 
g− 1), m is the mass of biosorbent (g) and V is the volume of the stock Cd 
(II) solution (L). 

2.6.1. Control experiments 
To evaluate the ability of geotextile fibres in the removal of Cd(II) 

ions and its possible interference in the biofilm removal efficiencies, a 
set of clean and sterilized geotextile circles were added to a bioreactor 
with the same nutrient and environmental conditions as original batch 
biosorption assays, with no bacterial strains added. This approach 
simulated the same conditions, representing minimal growth of biofilm. 
Geotextile circles were harvested after 21 days and the batch biosorption 
assay described in section 2.6 was carried out. Samples were taken for 
ICP-OES analysis to evaluate the Cd(II) removal efficiency of the clean 
geotextile fibres. 

2.7. Chemicals and reagents 

Analytical grade NaOH (Sigma Aldrich, 98% purity) was used to 
prepare 1 M sodium hydroxide solution for adjustment of pH in all as-
says. An analytical grade 1000 mg L− 1 stock Cd(II) solution (provided by 
Perkin Elmer) was used for preparation of different cadmium concen-
trations in toxicity and biosorption assays. The nutrient agar used for 
CFU plate count assays was provided by ThermoFisher Scientific. The 
following sources were used as nutrients: Glycine (C2H5NO2; as amino 
acid), sodium phosphate monobasic monohydrate (NaH2PO4⋅H2O; as 
source of phosphate), sodium nitrate (NaNO3; as source of nitrate), 
magnesium chloride (MgCl2; as source of magnesium) and calcium 
chloride (CaCl2; as source of calcium), all purchased in analytical grade 
from Sigma Aldrich. 

2.8. Statistical analysis 

All the assays in the present study were carried out using 5 replicates. 
The statistical analysis was performed using SPSS software (Version 
21.0, SPSS, Chicago, Illinois). In all biofilm formation quantification and 
batch biosorption assays a p-value less than 0.05 was considered to be 
statistically significant. 
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3. Results and discussion 

3.1. Biofilm growth pattern 

Fig. 1a presents the CFUs growth pattern of B. cereus, A. meyeri, 
E. coli, P. fluorescens and a mixed culture of all 4 strains on day 1, 7, 14, 
21, 28, 35 and 42 of incubation, as an indicator of biofilm growth on the 
geotextile. The developed biofilms on the geotextile circles were de-
tached into 10 mL of deionized water, prior to spread plate quantifica-
tion of the biofilm growth. According to the results, A. meyeri strain was 
able to produce a biofilm with a maximum viable cell density of 8.2 ×
109 CFU mL− 1 occurring on day 21 of the biofilm growth. CFU associ-
ated with A. meyeri strain had a 0.7-log reduction between day 28 and 
35 with 0.6-log increase on day 42. The 1-day incubated biofilm 
developed by the B. cereus strain contained 4.9 × 104 viable cells and 
showed a continuous logarithmic growth with the maximum occurring 

on day 28 of the incubation (2.1 × 1010 CFU mL− 1). This trend changed 
between day 28 and 35 with a 0.8-log reduction in the number of viable 
cells followed by an increase in viable cells on day 42. E. coli strain 
showed a rapid development of the biofilm with the maximum viable 
cells appearing on day 14 of incubation (4.3 × 109 CFU mL− 1) after 
which a 1-log decrease in the number of cells was observed. However, 
this decrease was completely recovered between day 28–35 followed by 
another decrease occurring on day 42. The biofilm developed by P. 
fluorescens strain contained 4 × 103 CFU mL− 1 after one day of incu-
bation with a rapid and continuous increase until day 21 (9.2 × 108 CFU 
mL− 1). However, the decrease of viable cells was observed from day 
21–28 followed by an increase on day 35. 

By comparing the number of viable cells within the biofilms, devel-
oped on the geotextile circles by all 4 bacterial strains, in the present 
study following results were obtained: 

Fig. 1. a) Viable cells of single and mixed-species bacteria on different days of biofilm incubation. Data are expressed as mean ± standard deviation (p < 0.05). b) 
Toxicity of different concentrations of Cd(II) for bacterial species on biofilm and in bioreactor solution at pH 7, 25 ◦C and 120 min contact time. Reported numbers 
are the maximum concentrations of Cd(II) in which bacterial cells survived. 
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- Maximum viable cells were associated with the biofilm developed by 
B. cereus (2.1 × 1010 CFU mL− 1).  

- The mature biofilm grown by A. meyeri, B. cereus, E. coli and P. 
fluorescens contained a maximum of 8.2 × 109, 2.1 × 1010, 4.3 × 109 

and 9.2 × 108 CFU mL− 1, respectively.  
- E. coli was the fastest to reach the maximum possible viable cells 

within the biofilm (day 14).  
- A. meyeri and P. fluorescens strains reached the maximum CFU mL− 1 

on day 21.  
- B. cereus was the slowest to reach the maximum viable cells on day 

28 of incubation. 

- All 4 strains of bacteria showed a rapid increase in viable cells in the 
first 14 days of the biofilm development and from day 21–45 of incu-
bation a periodic reduction and increase of cells were observed. 

As described above, all 4 strains of bacteria showed a cycle of 
reduction and increase of viable cells starting from day 14, 21 or 28 of 
incubation. This observation was consistent with the nature of biofilm 
growth stages. Bacterial biofilm formation and maturation starts with 
the introduction of bacteria to a surface during a process originated by 
Brownian, gravitational and hydrodynamic forces (Beloin et al., 2008). 
Environmental factors such as pH and temperature as well as nutrient 
levels are reported to be influential on the strength of forces involved in 
adherence of bacteria on surfaces (Donlan, 2002). The effects of these 
factors on the biofilm growth have been evaluated in the present study 
and will be discussed in section 3.4. The next stage after the adherence of 
the bacteria to the surface is the formation of extracellular polymeric 
substance (EPS) and maturation of the biofilm (Di Martino, 2018). 
Harmston et al. (2010) have reported the important role of environ-
mental conditions such as pH and temperature on the composition of 
extracellular matrix. In the third stage of biofilm growth the dispersion 
mechanisms start. Biofilm is a community of microorganisms that can 
actively change the structure of the biofilm and maintain the living 
environment (Kostakiot et al., 2013). During the dispersion stage of the 
biofilm growth, some mature parts of EPS are detached from the struc-
ture and the cells within the part are released to the medium, in a process 
known as sloughing (Kaplan, 2010). The dispersed microorganisms start 
another cycle of biofilm formation and adhere to a new surface to 
continue maturation and development a new biofilm layer (Gulati and 
Nobile, 2016). The results from the present study and the continuous 
increase and reduction of viable cells within the structure of biofilms 
developed by B. cereus, A. meyeri, E. coli, P. fluorescens strains can be 
explained by the cycling between the maturation and dispersion stages 
of the biofilm growth. According to Fig. 1a, the dispersion stage of the 
biofilm associated with B. cereus, A. meyeri, E. coli, P. fluorescens starts 
on day 28, 21, 14 and 21, respectively. Moreover, the duration of a cycle 
of maturation and dispersion of biofilm was 14 days for P. fluorescens 
and B. cereus strains. However, A. meyeri and E. coli strains showed a 
longer cycle of dispersion and maturation stages (21 days). 

According to Fig. 1a the biofilm associated with the mixed culture of 
4 bacterial strains reached the highest number of viable cells (8.3 × 1010 

CFU mL− 1) which was 1-, 0.6-, 1.4- and 1.9-log higher than the 
maximum cells within the biofilm produced by A. meyeri, B. cereus, 
E. coli, P. fluorescens strains respectively. This finding was consistent 
with previous studies (Fan et al., 2020; Elias and Banin, 2012). The 
mixed species biofilm showed a rapid 6-log increase of viable cells from 
day 1 to day 21 where the maturation of biofilm was completed, and the 
dispersion stage started. The second cycle of dispersion occurred on day 
35, which revealed the 14-day duration of maturation-dispersion cycle 
of the mixed species biofilm. 

3.2. Toxicity of Cd(II) for bacterial species and biofilms 

In the toxicity assay, geotextile circles were harvested on day 7, 14 
and 21 of the biofilm incubations prior to application of 50 mL of 
different concentrations of Cd(II) ions for a duration of 120 min at pH 7. 

Day 7, 14 and 21 were selected to represent different stages of biofilm 
growth including attachment, maturation and dispersion phases. 50 mL 
of the suspended bacteria of A. meyeri, B. cereus, E. coli, P. fluorescens 
strains from bioreactors were exposed to different concentration of Cd 
(II) ions for a duration of 120 min at pH 7, to evaluate the maximum 
metal concentration each bacterial strain could survive in the suspen-
sion, as well as within the structure of biofilm. The results of maximum 
concentration of Cd(II) ions in which single and mixed species of A. 
meyeri, B. cereus, E. coli, P. fluorescens strains could survive in a sus-
pension and as a biofilm, are presented in Fig. 1b. 

Suspended strains of A. meyeri survived to a maximum concentra-
tion of 460 mg L− 1. However, a 7-day incubated biofilm of the same 
species provided protection to a maximum of 810 mg L− 1. The protec-
tion of the biofilm increased by maturation of that biofilm and the 
maximum tolerance of the A. meyeri against Cd(II) ions, increased to 
1050 and 1857 mg L− 1 on day 14 and 21 of incubation, respectively. 
This observation is consistent with previous studies which indicated that 
the EPS layer of bacterial biofilms can provide protection against severe 
environmental condition such as low pH, high temperature and heavy 
metal concentrations (Yin et al., 2019; Abebe, 2020; Karygianni et al., 
2020). The establishment of the biofilm influences the cells through a 
passive process and alters the pattern of gene expression which results in 
tolerance against heavy metal concentrations as was observed in the 
present study (Araújo and de Oliveira, 2019; Koechler et al., 2015). 
Moreover, the organic structure of the biofilm acts as a barrier that 
isolates the bacterial cells from outer environmental condition such as 
heavy metals toxicities (Koechler et al., 2015). The same pattern of 
protection by 7-, 14- and 21-days incubated biofilms were observed for 
B. cereus, E. coli, P. fluorescens strains. The 21-days incubated biofilm 
increased the Cd(II) tolerance of E. coli from 590 mg L− 1 in the sus-
pension to 2150 mg L− 1. The maximum single species Cd(II) resistance 
in suspension was associated with P. fluorescens (710 mgL− 1) and the 
lowest Cd(II) tolerant species was A. meyeri (460 mg L− 1). Moreover, 
the maximum observed tolerance against Cd(II) ions within a 7-, 14- and 
21-days incubated biofilm, were from P. fluorescens with 1340, 1760 
and 2450 mg L− 1, respectively. 

As shown in Fig. 1b, the mixed species bacterial biofilm showed 
tolerance against 1550, 2950 and 3750 mg L− 1 of Cd(II) on day 7, 14 and 
21 of biofilm growth, respectively. This observation revealed 11, 65 and 
54% higher tolerance against Cd(II) ions on day 7, 14 and 21 of incu-
bation in comparison with the most Cd(II) tolerant singles species bio-
film in the present study (P. fluorescens). This may be a result of 
metabolic interactions between different species of the bacteria within 
the mixed-species biofilm which allowed the bacterial cells to be more 
tolerant against harsh conditions and as a result higher survival rates in 
comparison with single species biofilms (Elias and Banin, 2012). 
Moreover, the higher density of cells in the mixed-species biofilm that 
was observed in Fig. 1a, may have promoted the horizontal gene transfer 
process which resulted in higher tolerance against Cd(II) toxicity (Saini 
et al., 2011). 

3.3. Effect of type and amount of nutrient on biofilm formation 

The type and amount of nutrients in the bioreactor medium has a 
significant effect on the formation of bacterial biofilms (Haney et al., 
2018; Salgar-Chaparro et al., 2020). In order to evaluate the effect of 
type and amount of nutrients on the formation of biofilm on the geo-
textile in the present study, a mixed-species culture of A. meyeri, B. 
cereus, E. coli, P. fluorescens strains were inoculated into bioreactors 
with different amount of nutrients including: phosphate (0–50 g L− 1), 
glucose (0–40 g L− 1), amino acid (0–50 g L− 1), nitrate (0–3 g L− 1), 
calcium (0–10 g L− 1) and magnesium (0–10 g L− 1). 

The quantification of biofilm growth was carried out using 3 assays:  

1. Harvesting the geotextile circles from the bioreactor and performing 
the plate count assay to count the viable cells (Fig. 2). 
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2. Drying the harvested geotextile circles in different stages of biofilm 
growth prior to drying in oven at 65 ◦C for 72 h and weighing to 
record the dried biofilm mass (Fig. 3).  

3. Performing FTIR microscopy analysis on the grown biofilm in 
different nutrient conditions to measure and compare the absorbance 
ratios (Fig. 4). 

3.3.1. Phosphate 
As shown in Fig. 2, the maximum viable cell density on the mixed- 

species biofilms were recorded for 25 g L− 1 of phosphate in the biore-
actor medium (8.2 × 1010 CFU mL− 1). The results from mass analysis of 
the biofilm growth (Fig. 3) confirmed this observation with the 
maximum mass of biofilm on day 21 of incubation, occurring at 25 g L− 1 

of phosphate. In general, with the increase of phosphate content in the 
bioreactor, the growth of the biofilm increased. At 50 g L− 1 of phosphate 
content this trend reversed where viable cells and mass of the biofilm 
decreased. This observation may be due to the osmotic conditions 
caused by the hypertonic environment which initiates the shrinkage of 
bacterial cells (Brocker et al., 2012). The FTIR analysis of the generated 
biofilms confirmed that the 25 g L− 1 of phosphate content was the op-
timum concentration for the mixed-species biofilm growth. According to 

Fig. 4, the maximum absorbance ratio was recorded on day 21 of the 
biofilm growth with 25 g L− 1 of phosphate content. Moreover, the re-
sults of the viable cell count (Fig. 2) revealed that biofilms incubated in 
lower concentrations of phosphate (1 g L− 1) reached a lower maximum 
of growth in a shorter time (day 14). The lower maximum growth was 
due to a lack of nutrition content and as a result lower numbers of viable 
cells (Reezal et al., 1998; Bibby and Urban, 2004). The FTIR (Fig. 4) and 
mass analysis (Fig. 3) of the biofilm also revealed the lower absorbance 
ratio and mass of the biofilm with 1 g L− 1 content of phosphate. 

3.3.2. Glucose 
The results from 3 quantification assays evaluating the effect of 

glucose content in the bioreactor on the growth of mixed-species bio-
film, are presented in Figs. 2–4. According to Fig. 2, the maximum viable 
cells were observed at 10 g L− 1 content of glucose (8.65 × 1010 CFU 
mL− 1). By increasing the glucose content to 20 and 40 g L− 1 the number 
of bacterial cells within the biofilm decreased by 0.5- and 0.7-log, 
respectively. However, the suspended mixed-species bacteria in the 
bioreactor, showed maximum growth at 5 g L− 1 of glucose content. The 
number of viable cells decreased by 1-log with further increase in the 
amount of glucose content. This observation was because biofilm growth 
has a threshold in the amount of utilisable glucose (Waldrop et al., 

Fig. 2. Effect of concentration of different nutritions on number of viable cells on day 21 of mixed-species bacterial planktonic and biofilm growth. Data are 
expressed as mean ± standard deviation (p < 0.05). 
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2014). At glucose concentrations higher than the threshold, an osmotic 
shock occurs which results in a reduction of viable cell densities (Chang 
et al., 2014). Some authors have stated that the observed increase in the 
biofilm growth by increasing the glucose content before reaching the 
threshold, is a result of changes in pH of the medium (Regassa et al., 
1992). The results from mass and FTIR analysis of the samples, showed 
the maximum biofilm mass (16.25 mg) and IR absorbance ratio (0.89) at 
10 g L− 1 of glucose content, which confirmed the highest mixed-species 
biofilm growth. Moreover, FTIR and mass analysis of the biofilms 
revealed that at lower concentrations (2.5 g L− 1) of glucose in the 
bioreactor medium, the dispersion stage of the biofilm growth starts 
earlier (day 14) in comparison with biofilms incubated in a higher 
content of glucose (day 21 and 28). This observation may be due to the 
lack of nutrient and shifting the state of the biofilm into stress conditions 
and as a result, alteration in the composition of the biofilm structure 
(Paul et al., 2012). The change in the biofilm structure may cause 
detachment of some parts of the biofilm resulting in the mass and viable 
cell loss (Petrova and Sauer, 2016). 

3.3.3. Amino acid 
The effect of amino acid content in the bioreactor medium, on the 

growth of mixed-species biofilms was evaluated using 3 quantification 
methods mentioned in section 3.3 and results are presented in Figs. 2–4. 
According to Fig. 2, increasing the content of amino acid from 0 to 1 gL-1 

resulted in a 3-log increase in the viable cells. However, further in-
creases of the amino acid to 5, 25 and 50 g L− 1 showed a 2-, 4- and 6-log 
decrease in bacterial cells within the 21-days incubated biofilm. This 

observation was consistent with previous studies. Warraich et al. (2020) 
reported that higher concentrations of amino acid prevented the at-
tachments of the bacterial cells to the surface and as a result, disrupted 
the growth of biofilm. Moreover, the reduction in viable cells in higher 
concentrations of amino acid may be due to reduction in planktonic cell 
viability (Warraich et al., 2020). Several studies have reported the 
anti-biofilm forming characteristics of amino acid in high concentrations 
(Kolodkin-Gal et al., 2010; Tong et al., 2014; Yang et al., 2015). How-
ever, as shown in Fig. 2, higher concentrations of amino acid (25 and 50 
g L− 1) had a lower impact on the viable cells in the bioreactor medium in 
comparison with biofilm. A maximum of 1.5-log decrease was observed 
when the amino acid content was increased from 1 to 50 g L− 1 which is 
lower than the 6-log decrease in viable cells within the biofilm. This 
observation revealed the fact that although the amino acid prevented 
the bacterial cells from attaching to the geotextile surface, but did not 
equally influence the planktonic bacterial growth (Fig. 2). 

The analysis of biofilm mass developed by different concentrations of 
amino acid (Fig. 3) was consistent with the viable cells assay and 
revealed that amino acid concentrations higher than 1 g L− 1 resulted in 
lower biofilm mass. However, Fig. 3 shows that the high concentrations 
of amino acid are more effective in promoting dispersion of young 
biofilms (<7days). Previous studies have reported that younger biofilms 
were more vulnerable to high amino acid content (Vidakovic et al., 
2018; Yang et al., 2015). After day 7 of growth, the mass of biofilm 
incubated in 50 g L− 1 amino acid content did not increase and experi-
enced a slight constant decrease until day 42. The results of FTIR anal-
ysis additionally confirmed that the optimum concentration of amino 

Fig. 3. Effect of concentration of different nutritions on the mass of mixed-species bacterial biofilms on different stages of development. Data are expressed as mean 
± standard deviation (p < 0.05). 
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acid for the mixed-species biofilm development on the geotextile in the 
present study was 1g L− 1. The maximum IR absorbance ratio was 
observed on day 21 of incubation (0.84) and showed a slight decrease 
and increase cycle on day 28–42 which was due to the 
dispersion-maturation cycle of the biofilm growth described in section 
3.1. 

3.3.4. Nitrate 
The results of the effect of different concentrations of nitrate on the 

biofilm growth are shown in Fig. 2. The number of viable cells did not 
change significantly by increasing the nitrate content of the bioreactor 
from 0 to 0.2 g L− 1. However, the nitrate content of 0.5 and 1.5 g L− 1 

showed a 2-log increase in the number of viable cells on day 21 of 
biofilm growth. By further increasing the nitrate content to 3 g L− 1 the 
number of cells decreased by 0.7-log. This observation revealed that 1.5 
g L− 1 of nitrate content was favourable for the maximum number of 
viable cells in the biofilm on day 21. The number of viable cells in the 
bioreactor medium constantly increased with the increase of nitrate 
content. However, the increase in the number of cells slowed down with 
0.5 g L− 1 to 3 g L− 1 of nitrate. This observation has been reported in 
previous studies, that the concentration of nitrate does not affect the 
biofilm and bacterial growth significantly, in high concentrations as 
much as it does in low concentrations (Rosier et al., 2020; Martín-Ro-
dríguez et al., 2020; Villemur et al., 2019). 

The results of mass analysis of the biofilm (Fig. 3) revealed that the 
0.5 and 1.5 g L− 1 concentrations of nitrate developed denser 21 days 

incubated biofilms, with a mass of 15 and 12 mg, respectively. The 
biofilms incubated in different contents of nitrate showed different days 
to reach the maximum maturation before dispersion phase. The 
dispersion phase of the biofilm growth occurred on day 21 for biofilms 
incubated in 0.5 g L− 1. However, the dispersion stages started on day 28 
for biofilms incubated in 1.5 g L− 1 of nitrate content. The FTIR absor-
bance analysis of the biofilms confirmed the highest biofilm growth at 
0.5 and 1.5 g L− 1 of nitrate concentration in the bioreactor with 
absorbance ratios of 0.79 and 0.78, respectively (Fig. 4). The IR absor-
bance results also revealed the start of the dispersion stage of the biofilm 
growth on day 21 and 28 for biofilms incubated in bioreactors with 0.5 
and 1.5 g L− 1 of nitrate concentration, respectively. 

3.3.5. Calcium and magnesium 
According to Fig. 2, the number of viable cells within the mixed- 

species biofilms increased constantly with the increase of calcium con-
centration from 0 to 5 g L− 1. However, 10 g L− 1 concentration of calcium 
showed a 0.3-log decrease in the number of bacterial cells. A similar 
observation was reported by previous studies. Dixon et al. (2018) re-
ported an increase in biofilm growth with increasing the calcium ions to 
0.5 M. Higher concentrations of calcium were reported to inhibit biofilm 
growth. Studies have shown the tendency of calcium ions to bind to the 
negatively charged parts of the EPS and cause disruption and weakening 
of the biofilm (Somerton et al., 2015; Kara et al., 2008; Sobeck and 
Higgins, 2002). The number of bacterial cells in the bioreactor medium 
reached a maximum of 7.1 × 108 CFU mL− 1 at the calcium concentration 

Fig. 4. Effect of concentration of different nutritions on IR absorbance ratio of mixed-species bacterial biofilms on different stages of development. Absorbance ratios 
are associated with wavelengths of 1078 nm (phosphate groups) and 3384 nm (amine groups). Data are expressed as mean ± standard deviation (p < 0.05). 
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of 0.5 g L− 1. With further increase in the calcium concentration, the 
number of cells decreased. This may have been due to the disruption of 
regulatory pathways of the bacterial cells resulting in a reduction in the 
population (Song and Leff, 2006; Michiels et al., 2002). Geesey et al. 
(2000) reported that calcium ions cause damage to the adhesion mole-
cules of the EPS and reduce the biofilm growth at high concentrations. 

The increase in concentration of magnesium ions increased the 
planktonic growth of the bacterial cell in the bioreactor medium. This 
increase reached an equilibrium amount of 6.7 × 108 CFU mL− 1 at 5 and 

10 g L− 1 concentration of magnesium in the bioreactor medium. How-
ever, the number of viable cells within the biofilms with concentration 
of magnesium higher than 0.5 g L− 1, decreased significantly (Fig. 4). 
This observation may be due to the negative influence of the magnesium 
ions on the production and excretion of EPS proteins, polysaccharides, 
RNA and eDNA (Dixon et al., 2018; Oknin et al., 2015). Previous studies 
showed that bacterial species react differently to the magnesium con-
centration in the medium (Mulcahy and Lewenza, 2011; Gaucheron 
2005; Oknin et al., 2015). 

Fig. 5. The effect of temperature and pH on mixed-species biofilm growth quantified using spread plate count, mass analysis and IR absorbance ratios. Values of CFU 
mL− 1 are for day 21 of biofilm growth. Absorbance ratios are associated with wavelengths of 1078 nm (phosphate groups) and 3384 nm (amine groups). Data are 
expressed as mean ± standard deviation (p < 0.05). 
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3.4. Effect environmental conditions on biofilm formation 

3.4.1. Effect of pH 
The effect of bioreactor medium pH, on the mixed-species bacterial 

planktonic and biofilm growth, on a nonwoven geotextile, was evalu-
ated in the present study. 3 quantification methods of counting the 
viable cells, measuring the biofilm mass and analysing the absorbance 
ratios from the FTIR microscopy of the grown biofilms, were employed 
to understand the effect of pH on the biofilm growth. The results from 
spread plates, mass analysis and FTIR microscopy of the mixed-species 
biofilms incubated in pH 4, 5, 6, 7, 8 and 9 are presented in Fig. 5. 
According to the number of viable cells, maximum planktonic and bio-
film growth was observed at pH 7. By increasing the pH to 9, a 1.8-log 
decrease in the number of viable cells was detected. Acidic environ-
ments showed the same effect on the biofilm growth with a 3-log 
decrease in bacterial cell number at pH 4. This observation was 
consistent with previous studies (Papakonstantinou and Efthimiou, 
2019; Emanuel et al., 2014; Hoštacká et al., 2010). The reduction in 
number of bacterial cells in alkaline and acidic pH was due to the fact 
that pH is critical in maintaining the integrity of cytoplasmic proteins in 
bacterial cells and the optimum pH for maintaining integrity is 7–7.8 
(Cendra et al., 2019; Krulwich et al., 2011; Padan et al., 2005). The same 
phenomena resulted in reduction of planktonic growth of viable cells in 
bioreactor medium at pH 4 and 9 with 1.1- and 1-log reduction in the 
number of cells per 1 mL. However, the effect of pH on the biofilm 
formation, was more severe than planktonic growth of the bacterial cell 
as the number of viable cells reduced by 3-log, within the biofilm 
incubated at pH 4. The results of mass and FTIR analysis (Fig. 5) showed 
the maximum biofilm mass (16.22 mg) and IR absorbance ratio (0.91) 
on day 21 of incubation were associated with biofilm grown in biore-
actor with pH 7. This observation was consistent with the spread plate 
technique results and showed that pH 7 is the optimum condition of the 
growth of biofilm using the mixed-species bacterial culture in the pre-
sent study. 

3.4.2. Effect of temperature 
In order to evaluate the effect of temperature on development of 

mixed-species biofilms, prepared geotextile circles were incubated in 
bioreactors with controlled temperatures of 15, 25, 35 and 45 ◦C prior to 
3 biofilm quantification assays described in section 3.3. The results from 
spread plate technique, mass analysis and FTIR microscopy of the 
mixed-species biofilms incubated at 15, 25, 35 and 45 ◦C are presented 
in Fig. 5. According to the results from spread plate technique, the 
biofilm grown at 25 ◦C recorded the highest number of viable cells (7.8 
× 1010 CFU mL− 1). Biofilms incubated at 35 ◦C contained a 0.2-log 
lower number of cells. The lowest number of cells was associated to 
the biofilms grown at 45 ◦C with 1.9 × 109 cells on day 21 of incubation. 
The results from the mass analysis of the biofilm growth, indicated that 
the biofilm grown in the bioreactor at 25 ◦C showed the highest mass 
(15.59 mg). Biofilms incubated at 35, 15 and 45 ◦C reached their 
maximum mass of 14.98, 13.18 and 11.61 mg on day 28, 35 and 21, 
respectively. The FTIR analysis of the biofilm incubated at different 
temperatures recorded the IR absorbance ratios of 0.77, 0.89, 0.85 and 
0.71 for biofilms grown at 15, 25, 35 and 45 ◦C, respectively. The results 
from all 3 biofilm quantification assays showed 25 ◦C as the optimum 
temperature for the development of the mixed-species biofilm in the 
present study followed by 35, 15 and 45 ◦C as less favourable conditions. 
However, the planktonic growth of the mixed species bacteria culture 
was reached the maximum number of viable cells for bioreactor with 
temperature of 35 ◦C (7.6 × 108 CFU mL− 1). The minimum growth of 
bacterial cells was associated with bioreactors with temperature of 45 ◦C 
with 0.8-log lower number of viable cells in comparison to those incu-
bated at 35 ◦C. Several studies have reported 25 ◦C as the optimum 
temperature for bacterial biofilms (Mizan et al., 2018; Mathlouthi et al., 
2018; Herrera et al., 2017; da Silva Meira et al., 2012) and several 
studies have reported 35 ◦C as the optimum temperature for the 

planktonic growth of bacteria (Ricci et al., 2019; Ocampo-Lopez et al., 
2015; Mayo and Noike, 1996) which agree with the results from the 
present study. 

3.5. Biosorption studies 

3.5.1. Cd(II) removal efficiency and capacity of mixed-species biofilms 
In previous sections, the effect of different nutrient concentrations 

and environmental conditions on mixed-species biofilm development, 
on a nonwoven geotextile was investigated. In this section, biosorption 
efficiency and capacity of different stages of biofilm grown in optimized 
incubation conditions, was evaluated. Geotextile circles were harvested 
on day 1, 7, 14, 21, 28, 35 and 42 of incubation prior to batch bio-
sorption experiments described in section 2.6. Fig. 6a and b illustrate the 
Cd(II) removal efficiencies and capacities of different stages of mixed- 
species biofilm. According to Fig. 6a, the biosorption efficiencies of 
the biofilm increased as the biofilm became more mature, with the 
maximum efficiencies occurring on day 35 of incubation. The bio-
sorption efficiencies constantly increased from day 1–21 of incubation. 
However, on day 28 of growth, a decrease in biosorption efficiencies was 
observed. On day 35 the Cd(II) removal efficiency of the biofilm showed 
an increase followed by another phase of decrease on day 42. This 
observation was consistent with mass and FTIR analysis of the biofilm 
growth discussed in section 3.3. As discussed earlier, the maturation of 
the biofilm progressed from day 1 to day 21, resulting in a constant 
increase in active biosorption sites available on the surface of the bio-
film, which equates with higher biosorption efficiencies (Fathollahi 
et al., 2021). However, between day 21 and 28 the first dispersion stage 
of the biofilm growth occurred, which led to the first decrease in the 
removal efficiency. The same pattern occurred between day 35 and 42. 
The maximum biosorption efficiencies recorded for 0.1, 0.2, 0.5, 1, 2, 5, 
10 and 20 mg L− 1 of Cd(II) were 99, 97, 94, 90, 85, 81, 74 and 69%, 
respectively (day 35 of incubation). 

The results from the Cd(II) biosorption capacities are presented in 
Fig. 6b. This figure reveals another phenomenon of the biosorption by 
different stages of biofilm development. According to Fig. 6b, the bio-
sorption efficiency of biofilm incubated for 1 day was the highest 
amongst all stages of biofilm growth. Biosorption efficiency constantly 
decreased with the maturation of the biofilm. This observation was due 
to the monolayer adsorption of the Cd(II) ions by the biofilm. This is 
because the majority of the active binding sites were available on the 
surface of the EPS and as the biofilm started to mature and add more 
internal layers (less active in the biosorption process), the biosorption 
capacity decreased (Fathollahi et al., 2021b). This finding was not in 
contrast with the results illustrated in Fig. 6a where the biosorption 
efficiencies increased with the maturation of the biofilm. In more mature 
biofilm, the active surface on the EPS layer for the biosorption increased 
which resulted in higher biosorption efficiencies. However, at the same 
time, the ratio of biofilm mass actively participating in the biosorption 
process decreased with biofilm maturation which resulted in lower 
biosorption capacities (Fathollahi et al., 2020, 2021b). This observation 
agreed with the mass and FTIR analysis of different stages of biofilm 
growth described in section 3.3. The maximum mass (Fig. 3) and IR 
absorbance (Fig. 4) was associated with day 21 of mixed-species biofilm 
growth which resulted in lowest Cd(II) biosorption capacity. The 
maximum biosorption capacities recorded for 0.1, 0.2, 0.5, 1, 2, 5, 10 
and 20 mg L− 1 of Cd(II) were 0.76, 1.43, 2.86, 3.82, 5.27, 9.09, 12.74 
and 18.19 mg g− 1, respectively (day 1 of incubation). 

3.5.2. Modelling of Cd(II) biosorption by mixed-species biofilms 
Langmuir (1916), Freundlich (1906) and Dubnin Radushkevich 

(1947) isotherms were used to model the equilibrium the Cd(II) bio-
sorption data, according to the method described by Fathollahi et al. 
(2020). The linear correlation coefficient (R2) and isotherm constants 
were calculated for Langmuir and Freundlich isotherms and are pre-
sented in Table 1. The free energy adsorption (E) value was calculated 
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using the Dubnin Radushkevich (D-R) model in Table 1. The high R2 

values of Langmuir model revealed the monolayer nature of the Cd(II) 
biosorption by mixed-species biofilms (Chen, 2015). This showed the 
accuracy of the results from 3.5.1, that more mature biofilms had lower 
biosorption capacities, due to the inactivity of inner layers of the EPS. 
This observation was further confirmed, with the results from 

Freundlich isotherms, with R2 values lower than the Langmuir model. 
This indicated that the biosorption did not completely fit the Freundlich 
model and the Cd(II) removal process was not taking place by multilayer 
(Ayawei et al., 2017). According to Table 1 and the Langmuir model, the 
maximum biosorption capacity was 18.19 mg g− 1 associated with day 1 
of incubation and the lowest was 10.17 mg g− 1 for 21-days grown 

Fig. 6. a) The effect of initial Cd(II) concentration on removal efficiencies of different stages of mixed-species biofilms at pH 5.5, 25 ◦C and 120 min contact time. b) 
Modelling of equilibrium Cd(II) biosorption (qe vs. Ci) for different stages of biofilm growth at pH 5.5 and 25 ◦C. 

Table 1 
Constants of Langmuir, Freundlich and D-R isotherms for biosorption of Cd(II) on different stages of mixed-species biofilm development.   

Langmuir Model Freundlich Model D-R Model Isotherm shape 

Incubation time Qmax (mg g− 1) KL (L mg− 1) R2 KF N R2 E (kJ mol− 1) 

Day 1 18.19 0.21 0.9871 8.1 1.3 0.9091 7.15 L-1 
Day 7 12.56 0.16 0.9942 4.5 1.1 0.9195 7.12 L-1 
Day 14 15.07 017 0.9937 5.4 1.1 0.9389 7.32 L-1 
Day 21 10.17 0.17 0.9963 4.1 1.1 0.9194 7.11 L-1 
Day 28 12.68 0.16 0.9997 4.7 1.2 0.9298 7.11 L-1 
Day 35 11.71 0.15 0.9983 4.2 1.2 0.9288 7.32 L-1 
Day 42 13.25 0.16 0.9924 5.1 1.2 0.9095 7.32 L-1  
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biofilm. The modelling results were consistent with batch biosorption 
results, discussed in section 3.5.1. All phases of biofilm growth had a L1 
isotherm shape (Table 1) based on Giles isothermal shape classification 
(Giles and Smith, 1974). The L1 shape of the isotherms revealed that the 
active binding sites on the biofilm layer decreased with the increase in 
the initial concentration of the Cd(II) ions (Hulme and Trevethick, 
2010). This was because Cd(II) ions occupied the available binding sites 
quicker at higher concentrations, resulting in a lower removal efficiency 
and a L1 isotherm shape (Fig. 6a) (Batoulis et al., 2016). 

The E values for all stages of biofilm development are calculated 
using the D-R model and presented in Table 1. The E (kJ mol− 1) 
parameter is normally used to interpret the dominant biosorption pro-
cess. In other words, it indicates whether the biosorption process is a 
chemical ion-exchange or physical adsorption. If 8 < E < 16 kJ mol− 1, 
the adsorption is classified as a chemical or ion-exchange process, 
whereas if E < 8 kJ mol− 1, the biosorption is considered as a physical 
process (Batool et al., 2018). According to the results, all stages of bio-
film had an E value less than 8 kJ mol− 1 which indicated that the bio-
sorption of Cd(II) by multi-species biofilm was a physical adsorption 
process. 

3.5.3. Control experiments 
In order to assess the possible adsorption interference between 

geotextile fibres and grown mixed-species biofilm, the same batch 
adsorption experiments were carried out on geotextile circles prepared 
according to section 2.6.2. The results from control experiments showed 
no adsorption capacity or efficiency from clean geotextile circles with no 
biofilm developed on them. This result indicated that the was no inter-
ference between geotextile fibres and living biofilms in removal of Cd(II) 
ions from solution and biosorption efficiencies. Capacities discussed in 
sections 3.5.1 and 3.5.2 were solely attributed to the mixed-species 
biofilm layers. 

4. Conclusions 

The present study evaluated the growth rate of single and mixed 
cultures of A. meyeri, B. cereus, E. coli, P. fluorescens on a nonwoven 
geotextile. The toxicity of different concentrations of Cd(II) for sus-
pended bacteria and biofilms were evaluated. 7-, 14- and 21-day incu-
bated biofilms of single and mixed-species cultures provided higher 
protection against Cd(II) ions for bacterial cells. The effect of environ-
mental and nutritional conditions on the bacterial attachment on geo-
textile surface and the development of the biofilm were determined. 

pH 7 was the optimum condition for single and mixed-species biofilm 
growth. Acidic and alkaline conditions of the growth medium resulted in 
lower bacterial attachment and growth. Biofilm quantification assays 
revealed that a temperature between 25 and 35 ◦C was favourable for 
the growth of mixed-species bacterial biofilms. However, 45 ◦C caused 
severe damage to the attachment and development of the living bio-
films. Increasing the concentration of phosphate to 25 g L− 1 in the 
bioreactor medium led to higher biofilm growth. Further increases in the 
phosphate content decreased the bacterial planktonic and biofilm 
growth. The same trend was observed for concentrations of glucose, 
amino acid, nitrate, calcium and magnesium with the maximum growth 
occurring at 10, 1, 1.5, 5 and 0.5 g L− 1, respectively. 

The mixed species living biofilms developed in the optimum con-
centration of nutrients and environmental conditions, were harvested in 
different stages of the growth prior to the batch biosorption experi-
ments. The results of the experiment revealed that the maximum bio-
sorption efficiency (99%) occurred at day 35 of biofilm growth for 0.1 
mg L− 1 of Cd(II). The lowest biosorption efficiency (84%) for 0.1 mgL− 1 

of Cd(II) was observed on day 1 of incubation. However, 1-day incu-
bated mixed-species biofilm had the highest biosorption capacity (18.19 
mg g− 1) due to the optimum EPS surface to mass ratio. Langmuir, 
Freundlich and Dubnin Radushkevich modelling of the biosorption data, 
revealed that the Cd(II) removal by the mixed species living biofilms was 

a physical adsorption process. Monolayers were responsible for Cd(II) 
removal and the L1 shape of the isotherms revealed the high affinity of 
the living biofilm for the Cd(II) ions at low concentrations. 
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Ocampo-López, C., Colorado-Arias, S., Ramírez-Carmona, M., 2015. Modeling of 
microbial growth and ammonia consumption at different temperatures in the 
production of a polyhydroxyalkanoate (PHA) biopolymer. J. Appl. Res. Technol. 
https://doi.org/10.1016/j.jart.2015.10.001. 

Oknin, H., Steinberg, D., Shemesh, M., 2015. Magnesium ions mitigate biofilm formation 
of Bacillus species via downregulation of matrix genes expression. Front. Microbiol. 
https://doi.org/10.3389/fmicb.2015.00907. 

Padan, E., Bibi, E., Ito, M., Krulwich, T.A., 2005. Alkaline pH homeostasis in bacteria: 
new insights. Biochim. Biophys. Acta Biomembr. https://doi.org/10.1016/j. 
bbamem.2005.09.010. 

Papakonstantinou, K., Efthimiou, G., 2019. Investigating the effect of alkaline stress on 
biofilm formation by Salmonella enteritidis. Access Microbiol. https://doi.org/ 
10.1099/acmi.ac2019.po0453. 

Paul, E., Ochoa, J.C., Pechaud, Y., Liu, Y., Liné, A., 2012. Effect of shear stress and 
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