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ABSTRACT

Dissolved copper in stormwater runoff is a significant environmental problem. Biosorption of dissolved metals
using microorganisms is known as a green, low-cost and efficient method. However, the role of live biological
agents in the remediation of dissolved copper in Sustainable Drainage (SuDS) has not been reported. In this
study, the effect of pH, initial concentration and temperature, on bacteria in different stages of biofilm devel-
opment on a geotextile, along with Cu(Il) removal efficiencies, were evaluated. Maximum Cu(II) removal effi-
ciency (92%) was observed at pH 6. By decreasing the pH from 6 to 2, a log 5 reduction in bacteria was observed
and Carboxyl groups transformed from -COO™ to -COOH. The maximum biosorption capacity (119 mg g™1) was
detected on day 1 of biofilm development, however, maximum removal efficiency (97%) was measured on day
21 of biofilm incubation. Exteracellular Polymeric Substance (EPS) showed a better protection of CFUs in more
mature biofilms (day 21) with less than 0.1 log decrease when exposed to 200 mL ™! Cu(II), whereas, biofilm on
day 1 of incubation showed a 2 log reduction in CFUs number. Thermodynamic studies showed that the
maximum Cu(II) biosorption capacity of biofilms, incubated for 7 days (117 mg g’l) occurred at 35 °C. Ther-
modynamic and kinetic modelling of data revealed that a physical, feasible, spontaneous and exothermic process
controlled the biosorption, with a diffusion process observed in external layers of the biofilm, fitting a pseudo-
second order model. Equilibrium data modelling and high R? values of Langmuir model indicated that the
biosorption took place by a monolayer on the living biofilm surface in all stages of biofilm development.

1. Introduction

(Hauser-Davis et al., 2014). Copper is widely available in the environ-
ment and whilst it is an essential nutrient in low concentrations when

Copper is one of the heavy metals with a wide range of applications
including plumbing, roofing materials, cladding for buildings, cook-
ware, electrical appliances and cables as well as agricultural inputs,
being an ingredient in pesticides (Tegenaw et al., 2019). Copper com-
pounds are also used as preservatives for wood and fabrics (Ali et al.,
2017); copper can be alloyed with tin and zinc to produce bronze and
brass which also have wide range of applications. Copper is an essential
micronutrient, vital for human and animal health and wellbeing and as
such is available in food, water, food supplements, and medications, and
even contained in birth control products. Hence, the ubiquitous nature
of copper makes it relatively indispensable in the modern world with
increasing demand for and widening of its applications (Schipper et al.,
2018). Copper is commonly found in stormwater runoff and is known to
cause negative impacts in aquatic environments, particularly to fish
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consumed, it can be toxic when ingested in higher doses (Whitfield et al.,
2010). Copper toxicity is widely reported across the world and affects
both humans and animals (World Health Organisation, 2004).

The EU Water Framework Directive (Directive, 2000/60/EC) and
priority pollutant directive (Directive, 2013/39/EU) provided lists of
pollutants in stormwater and guidelines for mitigation of diffuse pollu-
tion aimed at protecting receiving waters. Hence, due to the wide range
of applications of copper in society, copper is one of the problematic
pollutants in stormwater and usually occurs as particulate or in dis-
solved form as Cu®* (Fathollahi et al., 2020a). Copper can be released
into stormwater from interactions with acid rain with corroded copper
products and alloys such as roofing materials, which can be categorised
as total, dissolved and ionic copper concentrations. Sakson et al. (2018)
observed annual mass loads of 305 g/ha/year for Cu. Stormwater runoff
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from roads is recognized as a significant source of dissolved copper and
reports have shown that brake pads and tyres are significant sources of
copper in runoff (Mckenzie et al., 2009; Abdoli et al., 2015; Adamiec
et al., 2016, Miiller et al., 2020), including European Union (EU) and
United Kingdom (UK) Non-exhaust emissions (NEE) reports (EU 2014;
DEFRA 2019). The Department of Environmental Protection (DEP) in
the State of Connecticut, USA, observed that copper levels in major
natural water resources in the State exceeded the copper water quality
criteria several times a year with concerns of potential copper toxicity to
aquatic life (Peters 1999; Michels et al., 2002).

The risk of copper toxicity is relatively significant in domestic and
recreational reuse settings, particularly amongst children (NRC 2000;
ATSDR 2004; Brinks et al., 2008). Phytoaccumulation of copper from
irrigation was observed to pose a risk to lettuce (Shiyab, 2018). If the
option of discharging to natural water courses is adopted, then there is
the risk of Cu toxicity to aquatic life and potential disruption of their
ecosystem. For instance, copper is known to be toxic to arctic grayling
(Thymallus arcticus), rainbow trout (Oncorhynchus mykiss) and all major
populations of Coho Salmon (Oncorhynchus kisutch), an aquatic organ-
ism listed as threatened or endangered under the Endangered Species
Act (ESA) (NOAA 2020; USFWS 2020) at even low concentrations of
0.8-2.1 ug L™}, concentrations which are widely exceeded in stormwater
runoff in most countries (NOAA 2007). The occurrence of copper
contamination in stormwater and its toxicity to life and environment
reveals a need to understand the mechanisms of copper treatment in
stormwater treatment systems such as SuDS and to appraise the effi-
ciency of copper removal before recommending stormwater reuse op-
tions post treatment. This study aimed to examine the removal of
dissolved copper, applied as Cu(Il), by living microbial biofilms, grown
on arelatively simple polypropylene geotextile, which is a component of
most pervious pavement installations. This geotextile is known to trap
and biodegrade hydrocarbons in permeable pavement systems (PPS)
(Coupe et al., 2003) and has been shown to able to support a biofilm that
can trap over 80% of dissolved mercury (Fathollahi et al., 2020b).

Microbial biomass is known to be an appropriate material for bio-
sorption of copper, and a key study by Chen et al. (2005) showed that for
soluble copper, the binding capacity of living cells was significantly
higher (approximately double) the biosorption of non-living cells, using
Pseudomonas putida CZ1 isolated from metal contaminated sites, in sin-
gle culture. The Pseudomonas putida CZ1 inoculum was freely suspended
in the liquid medium rather than in a biofilm and there was no attempt
by Chen et al. to count the bacterial densities in the culture, or to
determine the effect of different Cu concentrations on bacterial survival.
The biomass of a non-living terrestrial fungus, Aspergillus terreus, was
used in biosorption trials on copper in aqueous solution (Cerino-Cordova
et al., 2012). In this study, a maximum average adsorption capacity of
268.67 (mg g~ 1), with a removal rate of 57.45%, was recorded by the
use of A. terreus, which was added to the Cu solution as a dried powder.
Algal biosorption of Cu was measured by De Abreu (2014), with
Chlorella vulgaris microalgae incorporating 35% of added Cu into the
living cells in laboratory liquid cultures. It should be noted that 1 mg L™}
of Cu®* was the ECs for C. vulgaris (50% inhibition of microbial growth
at 48 h), showing effects on the algal culture with relatively low
concentrations.

Choudhary and Sar (2009) recorded a maximum Cu?" loading of
845 nmol mg ™! cellular dry weight of Pseudomonas fluorescens grown in
a liquid mineral media culture. Vullo et al., (2008) examined the effect
of Pseudomonas veronii 2E strain, when immobilised live as a single
species biofilm on teflon, silicone rubber and polyurethane growth
platforms on which bacteria were surface fixed. The results showed a
maximum biosorption of 40% Cu(II) at pH 5 and 6.2 with 0.5 mM Cu(II)
loading.

The majority of the studies of biosorption used waste organics or
dried and powdered microbial biomass, often from single species cul-
ture. The few studies that used living microbial biomass showed that
functioning microbial biosorbents were more effective than deactivated
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controls. Studies of metal biosorption in stormwater treatment are
largely absent and not recorded in PPS or with living biofilms. There-
fore, this study was focused on developing a mixed culture living biofilm
on a geotextile for biosorption of Cu(ll) from contaminated runoff and in
order to identify biological, physical and chemical processes involved in
the Cu(II) removal by the living biofilm. This study objectives were:

1. To evaluate the Cu(Il) biosorption capacities and removal effi-
ciencies of different stages of living biofilm development on a
geotextile.

2. To study the Cu(Il) biosorption mechanisms.

3. To carry out the toxicity of pH and different Cu(II) concentrations for
all stages of biofilm growth and to evaluate the role of EPS and
geotextile in protecting the bacteria.

4. Thermodynamics, kinetic and equilibrium modelling of the Cu(II)
biosorption process

5. To evaluate effect of pH, temperature and initial concentrations on
Cu(Il) biosorption by the living biofilm.

2. Materials and methods
2.1. Bioreactor system and medium

The biofilm growth surface in this study was a 70% polypropylene
and 30% polyethylene geotextile (trade name Inbitex) made by Terram,
Maldon, UK. Geotextile circles of 65 surface area were prepared, washed
and weighed prior to their incubation in the bioreactor to receive biofilm
growth. The bioreactor used in this study was a non-transparent 15 L
plastic container equipped with air pumps to keep the dissolved oxygen
in the bioreactor medium in the range of 4-6 mg L~! providing aerobic
conditions for biofilm growth. The bioreactor medium pH was kept
between 7 and 8 in a controlled room temperature of 20-25 °C. The
bioreactor system was kept in the dark to prevent the growth of algae in
the medium. The mixed microbial culture used in this study was natu-
rally occurring microorganisms within the SuDS systems. The selected
medium and conditions were optimized for the growth of bacteria, its
attachment to the geotextile surface and development of a mature bio-
film. The bioreactor medium had a composition of 9800 mL deionized
water, 200 mL of mixed microbial culture isolated from a mature SuDS
device at Coventry University UK, 10 g engine oil and 28 mL liquid plant
food with chemical composition of 14% Nitrogen (N) and 3% phos-
phorus (P) for bacterial metabolism. Schematic of the bioreactor in the
present study is presented in Figure Supplementary Information (SI 1).

2.2. Metal solution for biosorption

A 1000 mg L1 analytical grade Cu(ll) stock solution in 2% HNO3
was used to prepare different concentrations of metal for study assays
(provided by Perkin Elmer, Massachusetts, United States).

2.3. Effect of pH on biosorption and CFUs

The effect of Cu(Il) solution pH on biosorption capacity and the
removal efficiency of the living biofilm was tested. The metal solution
pH values were adjusted by 0.5M NaOH solution and ranged between 2
and 7. A 98% pure analytical grade NaOH (provided by Sigma Aldrich,
St. Louis, MO) was used to prepare the 0.5M NaOH solution.

Bacterial communities are vulnerable to experimental conditions. In
order to measure the vulnerability and effect of Cu(II) on bacterial
densities, expressed as Colony Forming Units per millilitre of liquid
(CFUs) in different pH solutions, 0.5M NaOH was used to adjust the pH
of deionized water. 10 mL of the solution was applied to 7 days incu-
bated geotextile circles for 120 min at 25 °C. After the experiment, a 1
mL sample was taken from each treatment prior to serial dilution and
nutrient agar plate counts. Agar plates were incubated for 72 h before
counting the emerged colonies. Nutrient agar had the following formula:
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yeast extract 2g L™}, peptone 5 g L™}, sodium chloride 5 g L1, agar 15 g
L~ with a pH of 7.4 at 25 (provided by ThermoFisher Scientific).

2.4. Effect of initial metal concentration on biosorption and CFUs

Geotextile circles were harvested from the bioreactor on day 1, 7, 14,
21 and 28 prior to the batch biosorption experiments. An adjusted
amount of analytical grade Cu(II) stock solution was used to prepare 1,
5, 10, 20, 50, 100, 150 and 200 mg L~! metal solutions to examine the
effect of initial metal concentrations on the biosorption experiment. The
pH of solutions was adjusted to 5.5 by 0.5M NaOH solution and exper-
iments were carried out at 25 °C with 120 min contact time. The Cu(Il)
concentration in resulting solutions was measured using a PerkinElmer
optima 5300 DV ICP-OES instrument. 1 mL of sample was taken from
each treatment of geotextile circles, serially diluted and plated onto
nutrient agar with the same method described in section 2.3 to evaluate
the toxicity of different concentrations of Cu(Il) for bacterial colonies on
and detached from the geotextile circles. After harvesting the geotextile
circles, different concentrations of Cu(II) were applied on top of them for
120 min prior to filtration and taking samples for ICP-OES analysis.
Schematic of the batch biosorption experiments in the present study is
presented in Figure SI1. Geotextile circles were dried in an oven at 60 °C
for 74 h prior to weighing for biosorption capacity calculations.

After the biosorption experiments, samples were taken for ICP-OES
analysis to determine the remaining (equilibrium) concentration of Cu
(ID) ion in solution (C,) and then removal efficiency (R) was calculated as
follows:

(Ci - Ce)

R=
G

x 100

where R is removal efficiency (%), C; is initial concentration of the so-
lution (mg LD and C. is the metal concentration in the solution at
equilibrium (mg L.

Geotextile circles were then placed in the oven at 60 °C for 72 h prior
to their weight measurement and biosorption capacity calculations (qe).
The Cu(Il) biosorption efficiency of different stages of biofilm growth
was calculated using the equation below:

(Ci B Ce)
Ge="—"xV
where g, is the amount adsorbed metal ions on adsorbent surface (mg
g’l), m is the mass of biofilm (g) and V is the volume of the solution (L).

2.5. Effect of temperature on biosorption

Geotextile circles were harvested after 7 days of incubation and
batch biosorption experiments (section 2.4) were carried out at 25 °C,
35 °C, 45 °C and 55 °C to evaluate the effect of temperature on the ef-
ficiency of the living biofilm in Cu(Il) removal at pH 5.5 with 120 min
contact time. Samples were taken and analysed using the ICP-OES.
Thermodynamic parameters were calculated to understand the bio-
sorption process characteristics, including feasibility and spontaneity.

2.6. Effect of contact time on biosorption

In order to evaluate the effect of contact time on the biosorption
process, geotextile circles incubated for 7 days, were harvested prior to
being exposed to 1, 5, 10, 20, 50, 100, 150 and 200 mg L7t cun
concentrations at pH 5.5 and 25 °C. Samples were taken at 5, 10, 15, 30,
45, 60, 75, 90, 105 and 120 min of contact time and analysed by ICP-
OES to calculate the amount of removed Cu(II) (with same method
discussed in section 2.4). Pseudo-first, pseudo-second and intraparticle
diffusion models were used to understand the kinetics of the biosorption
process.
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2.7. Effect of biofilm incubation time on biosorption

Geotextile circles were harvested after 1, 7, 14, 21 and 28 days of
incubation time in the bioreactor to investigate biosorption capacities
and removal efficiencies of different stages of biofilm growth. Batch
biosorption studies were carried out for 1, 5, 10, 20, 50, 100, 150 and
200 mg L~! Cu(I) concentrations at pH 5.5 and 25 °C with 120 min
contact time. Samples were taken from all days of biofilm incubation
time and Cu(Il) concentrations for ICP-OES analysis. The CFU plate
count method (section 2.3) was used to evaluate toxicity of Cu(Il) con-
centrations for bacterial colonies at different stages of biofilm
development.

2.8. Control adsorption experiment

For all biosorption assays in this study, two sets of clean geotextile
circles were washed thoroughly with ethanol to remove all living or-
ganisms on the surface of the geotextile and prevent any microbial
growth, then soaked in two separate baths of deionized water and the
same bioreactor medium without bacterial cultures for 28 days. The
batch adsorption experiment was carried out for geotextiles without
biofilm growth to measure possible Cu(II) removal by the geotextile fi-
bres in contact with only water and oil.

2.9. FTIR analysis

Available functional groups on the biofilm before and after the bio-
sorption process were analysed using Fourier Transform Infrared (FTIR)
spectroscopy. Biofilms incubated for 28 days and 200 mg L~! Cu(il)
loaded biofilm 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™". The IR spectra before and after the biosorption process
were compared to investigate the functional groups responsible for the
Cu(Il) removal. The FTIR instrument used in this study was a Nicolet
iN10 Infrared Microscope (Thermo Fisher Scientific).

2.10. Experimental data modelling

All biosorption assays data were modelled using Langmuir (1916)
and Freundlich (1906) isotherms. Intraparticle diffusion, pseudo-first
and second equations were used to model kinetic of the biosorption.
Finally, parameters such as AG, entropy (AS) and enthalpy (AH) were
calculated for the thermodynamic model of the Cu(II) biosorption by the
living biofilm.

2.11. Statistical analysis

All batch biosorption experiments in the present study were carried
out using 20 replicates for each incubation time, pH, initial concentra-
tion, temperature and contact time. Although in most studies 3 repli-
cates may be enough to carry out an accurate statistical analysis, the
nature of living biofilm growth and uncertainties about microbial col-
onies convinced authors of this study to consider 20 replicates for all
batch biosorption and CFU plate count assays.

3. Results and discussion
3.1. Equilibrium adsorption studies

3.1.1. Effect of pH on biosorption

An important factor in the biosorption process is pH as it influences
the species distribution of the metal in solution as well as changing the
association of functional groups present on the biofilm surface (Nederlof
et al., 1993). Fig. 1. a illustrates Cu(II) biosorption capacities and
removal efficiencies of by the living biofilm in different pH conditions.
Prior to evaluating the effect of pH, it was important to understand the
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Fig. 1. a) Effect of pH on Cu(II) biosorption capacities and removal efficiencies
of 7 days incubated geotextile circles at 25 °C and 120 min contact time. b)
Effect of pH on colony count. ¢) Cu(Il) species distribution as a function of pH
at 25 °C.

predominant species of Cu(Il) in accordance with the solution pH.
Fig. 1c presents Cu(Il) speciation of the solution at 25 °C with a Cu(Il)
ion content of 10 mg L™!. The predominant species in different pH are as
follows (El-Sheikh et al. 2018, 2019):

e At pH lower than 7.5, Cu®" is the single predominant species of the
solution.

e At pH between 7.5 and 8.5 the prominent species is Cu(OH) ", where
the Cu®* concentration is dropping rapidly.

e Between pH 8.5 and 10.5, the concentration of Cu(OH)' is
decreasing. However, at the same time Cu(OH); species start to
dominate the solution.

e At pH higher than 10.5 the predominate specie is Cu(OH)3

In this study a pH between 2 and 7 was selected to investigate the
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effect of pH on biosorption of Cu(II) by the living biofilm. The reason for
this selection was the predominance of Cu?" in this pH range and as a
result, there was less uncertainty about the effect of other Cu(II) species
on the biosorption process. Moreover, Cu(Il) precipitation was not
observed at pH 2 to 7. According to Fig. 1a, the lowest biosorption ef-
ficiency (31%) and capacity (5.7 mg g~ ') was observed at pH 2. How-
ever, biosorption efficiency and capacity were increased by changing the
pH from 2 to 6. The maximum biosorption efficiency (92%) and capacity
(16.8 mg g’l) was detected at pH 6. With increases in pH, the number of
protons in the metal solution decreased. This phenomenon led to a lower
proton competition with metal ions to bond with the functional groups
available on the living biofilm surface. As a result, higher biosorption
efficiencies and capacities were observed with the increase of pH. At pH
7, biosorption efficiency and capacity were 73% and 13.3 mg g_l,
respectively. As shown in Fig. 1c, at pH higher than 7 the predominance
of Cu™ in the solution decreased and large quantities of Cu(OH)™ were
present.

As it is described in section 3.4., the prominent functional group
present on the living biofilm surface and associated with the Cu(II)
biosorption process was the carboxyl group. At pH less than 3, the
carboxyl group is in —-COOH non-ionic form, which resulted in the lowest
observed biosorption efficiencies and capacities at pH 2 and 3. This low
efficiency was due to a lack of electrostatic interaction of -COOH non-
ionic form of carboxyl groups with Cu(Il) ions (Zhang et al., 2018).
This observation revealed the role of electrostatic interactions in the Cu
(I1) biosorption process. However, with increases in pH to more than 3,
the form of carboxyl group transformed from —~COOH to -COO™ and
accordingly, the Cu(Il) removal efficiency and biosorption capacity were
increased at pH 4 and 5 with the maximum occurring at pH 6. Previous
studies in the literature have reported pH 6 as the optimum, with higher
biosorption capacities (Choinska-Pulit et al., 2018; Letnik et al., 2017;
Andreazza et al., 2010).

As pH is a crucial factor in bacterial survival (Wu et al., 2017),
studying the effect of pH on colony forming unit counts (CFU) can
provide valuable information on the environmental toxicity of urban
runoff as well as biosorption studies (Griffiths and Philippot, 2013). The
effect of pH on the colony count is shown in Fig. 1b. By increasing the pH
from 2 to 4 the value of CFU per 1 mL of solution increased rapidly by
five orders of magnitude. At pH 4 to 6 the value of CFU was approxi-
mately constant with less than 0.5-log change. However, the increase of
pH from 6 to 7 resulted to a 2-log decrease in CFU per mL of solution,
which may explain the decrease in biosorption efficiency between pH 6
and 7. By comparing Fig. 1a and b it can be observed that a living biofilm
with more active and living bacteria was more efficient in Cu(Il)
removal, as a result of more bacterial metabolism, although the key
explanation was the affinity between Cu(Il) ions and the functional
groups discussed earlier. It can be concluded that the change in func-
tional groups available on the surface of the living biofilm can be
observed as an indicator of a change in Cu(II) removal efficiency.

3.1.2. Effect of Cu(Il) initial concentrations on biosorption

The initial metal ion concentration has a strong effect on the bio-
sorption performance of bacterial strains (Kariuki et al., 2017). In order
to determine the effect of Cu(II) initial ion concentrations on biosorption
efficiencies and capacities of different stages of living biofilm, geotextile
circles were harvested after 1, 7, 14, 21 and 28 days of incubation in the
bioreactor.

The effect of the initial concentration (C;) of Cu(II) on biosorption
capacity (qe) and removal efficiency (R) of different stages of biofilm
growth, are illustrated in Fig. 2. a and Fig. 2. b, respectively. According
to Fig. 2. a the biosorption capacity of all stages of biofilm growth
increased as the initial concentration of Cu(II) increased. However, the
opposite trend was observed for the removal efficiencies of all stages of
biofilm growth (Fig. 2b), where removal efficiencies decreased with the
increase of the initial concentrations. The maximum removal efficiency
was for the biofilm on day 21 of growth with 97% removal for 1 mg L™}
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Fig. 2. The effect of initial Cu(II) concentration on a) biosorption capacity, b)
removal efficiency and ¢) CFU mL ™ of the living biofilm on and detached from
the geotextile at pH 5.5 and 25 °C for 120 min contact time.

initial concentration. The minimum removal efficiency (7%) was asso-
ciated to geotextiles on day 1 of biofilm growth for 200 mg L! initial
concentration. However, the maximum removal efficiency for 200 mg
L1 was observed in sample from day 21 with 40% metal removal. With
lower initial concentrations the biosorption efficiencies showed higher
values. The maximum efficiencies for 150, 100 and 50 mg L~} initial
concentrations were 50%, 68% and 85%, respectively. This increase in
efficiencies continued at 20, 10, 5 and 1 mg L7! initial concentrations
with maxima of 89%, 93%, 94% and 97% Cu(II) removal, respectively.
The observed decrease in efficiencies with the increase of initial con-
centrations can be explained by the fact that by increasing the concen-
trations of Cu(ll), the number of ions competing for binding with
functional groups available on the biofilm, increased. Therefore, more
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Cu(II) ions were left in the metal solution and as a result, lower removal
efficiencies were observed (Ucun et al., 2009). As illustrated in Fig. 2b,
different stages of biofilm growth showed removal efficiency of more
than 60% difference and this difference was greater with higher con-
centrations of Cu(II). This result is discussed in detail in section 3.1.4
regarding the effect of living biofilm incubation time on biosorption
capacities.

Fig. 2a shows the biosorption capacity of different stages of biofilm
development as a function of initial concentration. The biosorption ca-
pacity of all stages of biofilm development increased with the increase of
initial Cu(II) concentration. The increase of biosorption capacity with
the increase of initial concentration was due to the higher availability of
Cu(Il) ions in the solution to bond with the available biosorption sites on
the biofilm surface. Higher concentrations of Cu(II) resulted in a greater
gradient of ion concentrations that increased the chance of Cu(Il) ions
colliding with the functional groups of living biofilm and consequently a
higher Cu(Il) biosorption capacity (Shroff and Vaidya, 2011; Suazo--
Madrid et al., 2011). The maximum biosorption capacity (119 mg g~}
was observed in samples from day 1 of incubation time with the initial
concentration of 200 mg L™! and the least biosorption capacity was
associated with day 21 of incubation time and 1 mg L™ initial con-
centration. This observation was contrary to the removal efficiency,
where the maximum removal efficiency occurred at 1 mg L' initial
concentration and day 21 incubation time. The reason for this obser-
vation is discussed in section 3.1.4.

Bacterial colonies have a crucial role in nutrient cycling in soil and
water. Moreover, bacteria are the nutrient source for microorganisms
higher in the food chain. In order to achieve a sustainable and healthy
soil and aquatic ecosystems, it is important to understand how and to
what extent soluble metals in runoff can alter microbial life. Fig. 2c il-
lustrates the toxicity of different concentrations of Cu(Il) to bacterial
biofilm on and off the geotextile at pH 5.5 and 25 °C. According to this
figure, CFU mL ™! of samples exposed to Cu(II) concentrations on geo-
textile altered significantly less than samples taken from off geotextile
treatments. Biofilms from the geotextile showed 1.2-log and 2-log de-
creases after exposure to 150 and 200 mg L~! Cu(ll), respectively.
However, unaltered biofilms on geotextile circles showed less than 0.2-
log decrease at the same toxicity test conditions. This indicated the
importance of living biofilm and geotextile within the structure of
porous pavements, that not only did 21 days of biofilm incubation on a
geotextile decrease the Cu(Il) concentration between 40% and 97%
(depending on the metal concentration), but also protected 100 times
more bacteria that are crucial for biosorption and a healthy ecosystem.
The biofilm protects the bacteria through two main mechanisms. The
initial resistance layer of the biofilm is known as glycocalyx with a
thickness between 0.2 and 1.0 pm (Flemming and Wingender, 2001).
The glycocalyx matrix is made of glycoprotein and polysaccharides and
uses electrostatic, Van Der Waal and hydrogen bonds forces to adhere
biofilm to the surfaces (Pena et al., 2011). The flexible glycocalyx layer
accumulates heavy metals ions up to 25% of its weight and through this
mechanism protects the bacteria (Singh et al., 2017). The second
mechanism of protection against Cu(II) ions is by detoxification which
occurs through enzymatic reduction of metal resistance genes and
copper ions (Tapiero et al., 2003).

3.1.3. Modelling of equilibrium biosorption data

Adsorption isotherms help with an understanding of the affinity and
distribution of adsorbate bonding sites between two separate phases of
metal solution and an adsorbent surface (Kyzas and Matis, 2015).
Modelling of equilibrium adsorption data reveals information about the
mechanism, process and metal-adsorbent affinity of the biosorption
experiment. Langmuir and Freundlich adsorption models were used to
evaluate the Cu(II) biosorption data. The Langmuir isotherm (1916)
assumes the adsorbent surface as a homogeneous site where adsorption
takes place and is expressed by:
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where g, is the amount of Cu(II) adsorbed at the equilibrium (mg gD,
Ce is the concentration of Cu(Il) in the solution at the equilibrium (mg
L™1), Quy is the maximum monolayer biosorption capacity of the bio-
film (mg g_l) and K is the Langmuir constant (L mg_l). In order to
calculate K, and q,,,, Ce/q.should be plotted against C. where the slope
and intercept of resulted straight line are 1/(qu.Kt.) and 1/ Quaxs
respectively.

The Freundlich isotherm (1906), unlike the Langmuir isotherm that
assumes a monolayer of adsorbed molecules, considers multi-layer
adsorption sites and is expressed by:

1
log g, = <7) log C, +log K¢
n

where is the amount of Cu(II) adsorbed at the equilibrium (mg g’l), Ceis
the concentration of Cu(Il) in the solution at equilibrium (mg L’l), Kr
and n are biosorption extension and nonlinearity indicators that are
calculated by plotting log q. vs log Ce, where the slope and intercept of
the resulting graph are 1 /n and log K, respectively. The n-value indicates
whether the adsorption process is favourable under the conditions in the
study.

The equilibrium biosorption of Cu(II) by different stages of the living
biofilm growth at pH 5.5 and 25 °C, was modelled by plotting q. against
Ce and are shown in Fig. 3. Langmuir and Freundlich isotherms were
used for the biosorption data, linear correlation coefficient (Rz) and
isotherm constants were calculated and are presented in Table 1 and
Figure SI2. The high values of R? (0.991-0.999) in the Langmuir
isotherm indicated the monolayer adsorption nature of the biosorption
of Cu(II) by all stages of the biofilm growth. R? values are slighter lower
(0.942-0.964) for the Freundlich isotherm, which revealed that bio-
sorption was not onto a multilayer of biofilm, but rather on a monolayer
uniform site. However, multilayer biosorption had an additional role in
Cu(Il) removal by the living biofilm. According to Fig. 3 and Table 1 the
maximum biosorption capacity (132 mg g~ 1) of the living biofilm
occurred on geotextile harvested on day 1. This observation confirmed
the monolayer adsorption nature of the biofilm as on day 1 of biofilm
growth, as there were less layers of bacteria grown on the geotextile
surface and as a result the proportion of surface to mass is the lowest in
comparison to later stages of biofilm growth. Thus, day 1 showed the
maximum biosorption capacity and this value decreased as the biofilm
was developed and added more layers. As discussed in section 3.1.2, the
highest biosorption capacity did not necessarily lead to the highest
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Table 1
Adsorption constants of Langmuir, Freundlich isotherms.
Langmuir Model Freundlich Model Isotherm
h
Qumax K, (L R K N R
(mgg™H mgh
Day 132 0.052 0.999 8.6 1.77 0.942 L-2
1
Day 94 0.15 0.991 12.74 2.23 0.955 L-2
7
Day 91 0.12 0.996 9.2 1.90 0961 L2
14
Day 64 0.18 0.999 7.3 1.88 0.964 L-2
21
Day 75 0.14 0.998 7.8 1.86 0.955 L-2
28

removal efficiency (day 1 showed the lowest efficiency).

All stages of biofilm growth shown an L2 isotherm shape (Fig. 3 and
Table 1) according to the Giles classification (Giles and Smith, 1974).
The L2 shape revealed that Cu(II) biosorption took place on a monolayer
on the living biofilm surface (Giles and Smith, 1974). Furthermore, the
L2 shape of isotherms in all days was associated with a high affinity
between Cu(Il) ions in the solution and the living biofilm surface at
lower concentrations. Therefore, the biofilm surface was saturated at
higher concentrations and as a result showed lower efficiencies (see
section 3.1.2).

3.1.4. Effect of incubation time on biosorption capacity of living biofilm
Living biofilms are dynamic communities of microorganisms,
therefore biofilm properties are constantly changing and as a result, the
biosorption behaviour of the living biofilm may be subject to change. In
order to evaluate this change, geotextile circles incubated for 1, 7, 14, 21
and 28 days in the bioreactor were harvested prior to biosorption ex-
periments, using the same method described in section 3.1.2. The effect
of biofilm incubation time on biosorption of different concentrations of
Cu(Il) is illustrated in Fig. 4. a. For all concentrations of Cu(Il), biofilms
with 1 day of incubation time, showed the highest biosorption capacities
ranging from 4 to 119 mg g~ for 1 and 200 mg L' Cu(II) concentration,
respectively. The biosorption capacity reduced as the biofilm developed,
where the minimum biosorption capacities occurred on day 21 of the
incubation time with a biosorption capacity ranging between 0.75 and
61 mg g~ '. However, as discussed in section 3.1.2, removal efficiencies
of different stages of biofilm growth had a different trend where mini-
mum removal efficiency was observed on day 1 and the maximum
occurred on day 21 (Fig. 2b). The reduction of biosorption capacity

—e—Day1l

i Day 7
Day 14
Day 21

—a— Day 28

120 140 160 180 200

Fig. 3. Modelling of equilibrium Cu(Il) biosorption (qe vs. C¢) for different stages of biofilms at pH 5.5, 25 °C.
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Fig. 4. a) Effect of incubation time on the living biofilm capacity at pH 5.5 and
25 °C and 120 min contact time. b) Toxicity of different concentrations of Cu(II)
on bacterial communities on different stages of biofilm development at pH 5.5
and 25 °C and 120 min contact time.

between day 1 and 21 was due to the fact that a monolayer was
responsible for the biosorption of Cu(Il) (see section 3.1.3). Therefore,
by increasing the incubation time, the biofilm mass increased but the
inner layers were less active in the biosorption process. Although more
biosorption surface was available, leading to higher removal efficiency,
less biosorption surface to mass ratio was available for biosorption.
However, the biosorption capacity increased between day 21 and 28 for
all Cu(Il) concentrations (Fig. 4a). The reason for this increase was the
dispersion stage of the biofilm development where some parts of the
biofilm were detached and released in the bioreactor solution (Guilhen
et al., 2017). The mass (used for biosorption capacity calculations) of
biofilms on geotextiles harvested on day 28 showed less mass than day
21 and suggested that the dispersion stage happened between day 21
and 28 (due to a higher q,,,, for day 28 in Table 1).

Incubation time had a significant effect on the removal efficiency and
biosorption capacity of the biofilm where in more developed biofilms,
maximum removal efficiency and minimum biosorption capacity
occurred simultaneously due to the monolayer adsorption facilitation of
the process.

In order to evaluate the toxicity of Cu(Il) ions to the bacterial com-
munities, geotextile circles were harvested at different stages of the
biofilm growth prior to their exposure to 1-200 mg L™} Cu(II) concen-
tration for 120 min at pH 5.5 and 25 °C. The geotextile circles were
agitated in 10 mL of deionized water to disperse the bacteria into the
solution. A 1 mL sample of each treatment was serially diluted and
plated for the CFU count. Fig. 4b shows the toxicity of different con-
centrations of Cu(Il) ions to the bacterial communities on biofilm with
different incubation times. According to control values in Fig. 4b, CFUs
increased by 6 orders of magnitude, from day 1 to day 21, and this
indicated the development of the biofilm. However, a decrease was
observed between day 21 and 28 where the dispersion stage of the
biofilm development may have occurred. This observation might
address the removal efficiency increase between day 21 and 28 (Fig. 4a).

Journal of Environmental Management 282 (2021) 111950

According to Fig. 4b, CFUs decreased from 5.50 x 10'° to 3.04 x 108
where exposed to 200 mg L™ Cu(II) on day 1. However, the toxicity of
high concentrations of Cu(Il) decreased as the biofilm developed and led
to aless than 0.1 log unit decrease on day 21 compared with the control.
This observation can be associated with development of Extracellular
Polymeric substances (EPSs) that have a protection effect and shield the
bacterial communities (Costa et al., 2018; Yin et al., 2019). This pro-
tection was reduced between day 21-28 where the dispersion stage of
biofilm development occurred and as result, a reduction in CFUs was
observed. Possible EPS protection was also observed in Fig. 2c where Cu
(II) ions showed more toxicity to bacteria when removed from the
geotextile in comparison with bacterial communities inside the EPS
coat. This experiment indicated the efficiency of geotextile biofilms in
Cu(II) removal and the resistance of biofilm organisms to the toxicity of
Cu(ID).

3.2. Thermodynamics of biosorption: effect of temperature

Thermodynamic studies were carried out by varying the biosorption
temperature between 25 and 55 °C. Geotextile circles with 7 days in-
cubation time were harvested prior to the biosorption experiment (with
the same method described in section 3.1.1) at pH 5.5 with 4 different
temperatures (25, 35, 45 and 55 °C). The biosorption equilibrium (qe)
versus equilibrium concentration (Ce) of Cu(Il) removal by biofilm, at
temperatures between 25 and 55 °C are shown in Fig. 5. According to
this figure, the value of q. increased with increase of temperature from
25 to 35 °C and the maximum qe occurred at 35 °C. The maximum
biosorption of metals by the living mixed culture of bacteria, occurring
at temperatures between 32 and 35 °C have been reported previously by
researchers (Taragini and Satpathy 2009; Alpat et al., 2010). This could
be due to the structure of EPS at 35 °C, that has been reported to be the
optimum temperature for EPS production (Arun, 2014). However, by
increasing the temperature from 35 to 55 °C, the q. value decreased from
116 to 74 mg g '. The observed decrease in biosorption at higher
temperatures may be due to the formation of metal-biofilm complexes
and the instability of biofilm at high temperatures and as a result the
metal removal from the biofilm surface. Furthermore, high temperatures
can damage the active binding sites available on the surface of the
biofilm resulting to lower biosorption of Cu(II) at higher temperatures.

Thermodynamic parameters including AG, entropy (AS) and
enthalpy (AH) were calculated using Gibbs free energy change as
expressed below (El-Sheikh et al., 2011; El-Sheikh 2014):

K= QmaxKL

AG=RTInK

140 -

q. (mgg')

==25°C
=o=35°C
45°C
55°C

0 20 40 60 80 100 120 140 160 180
-1
C. (mgg?")

Fig. 5. Effect of temperature for 7 days incubated biofilms at pH 5.5 and 120
min contact time.
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AG=AH —T-AS

where AG (J mol™!) is Gibb’s free energy change for the biosorption, T is
the temperature in Kelvin, R is the universal gas constant (8.314 J mol
K1), K is an equilibrium constant. A plot of AG against T will provide a
linear plot and values of -AS and AH are slope and intercept,
respectively.

Thermodynamic parameters were calculated for all temperatures
and are presented in Table 2. The AG values were negative (—5.099 to
—6.735) for the biosorption at all temperatures, that indicated the
feasibility of spontaneous Cu(Il) removal by the living biofilm at all the
studied temperatures (Das and Dash 2017). However, the AG value
became less negative at higher temperatures, and predicted the decrease
in degree of spontaneity and favourability at higher temperatures
(O’Hayre 2014). The AG values were in the range of 0 to —20 kJmol™ for
all temperatures, showing that the Cu(II) removal by the biofilm was a
physisorption process (Erkey, 2011). Moreover, the negative value of
entropy (AS = —54.8) revealed the decrease in degrees of freedom and
randomness of the adsorbed metal ions on the surface of living biofilm
(Ben-Tal et al., 2000). Finally, the negative value of enthalpy (AH =
—23.2) indicated the exothermic nature of the biosorption process. As a
conclusion, thermodynamic parameters suggested that the Cu(II) bio-
sorption by the living biofilm was of a physical nature, feasible, spon-
taneous and exothermic under these research conditions.

3.3. Kinetics of biosorption

Batch kinetic studies were carried out to investigate the effect of
contact time on Cu(Il) biosorption by the living biofilm and provide
information on rate controlling processes. Geotextile circles were har-
vested on day 7 of incubation in the bioreactor prior to being exposed to
1,5, 10, 20, 50, 100, 150 and 200 mg L~ Cu(II) concentrations at pHS5.5
and 25 °C. The amount of metal adsorbed per unit of mass was calcu-
lated at 5, 10, 15, 30, 45, 60, 75, 90, 105 and 120 min of contact time.
The results of the experiment and kinetics of biosorption modelling are
presented in Fig. 6. According to this figure, at lower concentrations of
Cu(Il) ions (less than 50 mg L’l), the metal solution reached equilibrium
in less than 15 min of contact time. However, at higher concentrations of
Cu(Il) (100-200 mg L™ the equilibrium occurred after 45 min of
contact time.

Two main models used for modelling the kinetics of biosorption are
pseudo-first and pseudo-second equations (Xu et al, 2004). The
pseudo-first order equation (Lagergren, 1898), that assumes linear
driving force, is as follows:

dg,
dt =ki (qe - Qt)

where g, (mg g~ 1) is the biosorption capacity at equilibrium, q, (mg g
is the biosorption capacity at time t, and k; is model constant (min~1).
The equation to calculate thek; value is as follows:

9e — G k,
log(de—9) = _ X,
(M) -z

where k; is slope of the plotted line of log((q. — q) /q.)against t.
The pseudo-second order kinetic was offered Blanchard et al. (1984).
However, Ho and McKay, (1998) reviewed the equation and proposed

Table 2
Thermodynamic parameters for biosorption of Cu(Il) by living biofilm at pH 5.5
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Fig. 6. a) Effect of initial Cu(Il) concentration and contact time on Cu(Il)
biosorption by 7 days incubated living biofilm at pH 5.5, 25 °C. b) Intra-particle
diffusion model of the Cu(II) biosorption process.

the following:

dq[ 2

g _

a el —a)

where k, (g mg™! min~?) is the pseudo-second equation constant and is
calculated by:

t 1 1

—=—+—t
q h q

h=k.q,’

where h (mg g~! min™!) is the biosorption rate, q. and kare slope and
intercept of the line plotted by tq, against t, respectively.

Pseudo-first-order and pseudo-second-order adsorption rate con-
stants, were applied and the experimental biosorption capacities for
living biofilms incubated for 7 days, with different concentrations of Cu
(II) are presented in Table 3. According to the table, the R? values in the
pseudo-second order model are higher than pseudo-first order at all Cu
(II) concentration. Thus, the experimental data followed the pseudo-
second order kinetic model, that indicated the rate controlling nature
and significant contribution of diffusion in the external layer of the
living biofilm in the Cu(II) biosorption process (He et al., 2015; Simonin
and Boute, 2016; Russo et al., 2016; El-Sheikh 2014; El-Sheikh et al.,
2011).

T (kelvin) Qumax Ki R? K InK AG (kJ mol™1) AH (kJ mol 1) AS(J K mol™!)
298 94 0.15 0.991 14.1 2.65 —6.565 —23.2 —54.8

308 116 0.12 0.9784 13.9 2.63 ~6.735

318 100 0.085 0.9785 8.5 2.14 —5.658

328 74 0.088 0.9969 6.5 1.87 —5.099
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Table 3
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Comparison of pseudo-first-order and pseudo-second-order adsorption rate constants, calculated and experimental Cu(II) biosorption capacities of 7 days incubated

living biofilm at pH 5.5 and 25 °C.

1mgL™! 5mgL’ 10 mg L™! 20 mg L7} 50 mg L~} 100 mg L™* 150 mg L~} 200 mg L™*
Qeexp (Mg g H) 3 10 18 31 58 87 100 105
Pseudo-1st order
R? 0.5177 0.5854 0.5620 0.6617 0.6667 0.7853 0.7627 0.8865
Pseudo-2nd order
R? 0.9969 0.9987 0.9981 0.9983 0.9960 0.9990 0.9947 0.9981
Qescar (Mg g 1) 1.8 8.6 16.4 30.5 56.5 85.5 99.0 103.1
k(g mg~'min~1) 0.16 0.042 0.025 0.012 0.0045 0.0040 0.00002 0.0024

3.3.1. Intraparticle diffusion

Langmuir, Freundlich, Pseudo-first and second models do not take
diffusion into account (Majumdar et al., 2016). Film diffusion (external
mass transfer), pore diffusion (intraparticle pore diffusion) or both
processes may control the biosorption process and the slower one is the
rate limiting step (El-Sheikh 2014; Baraka, 2015;). The Weber and
Morris (1963) intra-particle diffusion model was used to evaluate the
kinetic experimental data and obtain more information about the
diffusion processes controlling the Cu(Il) biosorption by the living bio-
film. This model assumes that intraparticle diffusion is the rate con-
trolling stage in the biosorption process. The Weber and Morris
intraparticle diffusion equation is:

q:= k,-dto's +C

where kig (mg g~1/2 min~1/?) is the intraparticle diffusion rate constant
and C is the diffusion boundary layer thickness constant. Fig. 6b illus-
trates the intra-particle diffusion model of the Cu(II) biosorption process
by the biofilm. The shape of graphs for different initial concentrations
revealed the mechanism of the biosorption process.

According to Fig. 6b, During biosorption of low concentrations of Cu
(ID) (less than 50 mg L’l) intraparticle diffusion occurred between 05
values of 0 and 4 as there was only one straight line passing through the
origin. This observation revealed that for concentrations less than 50
mg L~! the biosorption process occurred with a single stage intraparticle
diffusion and was the rate-limiting stage before reaching the equilibrium
concentration. However, for higher concentrations of Cu(II) (100-200
mg L Ha biphasic (two linear lines) plot was observed. The first line
between t% values of 0 and 4 with a steeper slope indicated that film
diffusion (surface biosorption) was the rate limiting step and around
80% of the final biosorption capacity was occupied by the Cu(Il) ions.
However, the second rate-limiting step with t%> value between 4 and 5.5
was observed, where the line with lower slope was an indication of the
pore diffusion (intra-particle diffusion) process and reached the
maximum biosorption at t%° value of 7. The second line that represented
the intraparticle diffusion can be explained by higher concentration of
Cu(Il) that pushed the metal ions to inner layers of the living biofilm and
as a result showed a higher biosorption capacity at higher concentra-
tions. This observation could explain the 0.5 log reduction in CFUs count
at higher Cu(II) concentrations on day 7 (Fig. 4b), that can be due to the
second rate-limiting intraparticle diffusion stage of the biosorption
observed in Fig. 6b where protective EPS layer became saturated with
Cu(II) ions. However, the EPS showed a better efficiency in protecting
the bacteria at lower concentrations due to the lower ion pressure and
lack of intraparticle diffusion stage.

3.4. IR study: mechanism of Cu(Il) biosorption on living biofilm

Functional groups on the active sites of the biofilm are considered as
biosorption agents responsible for metal removal from solutions (Kapoor
and Viraraghavan, 1997). IR spectra of 28 days incubated biofilm before
and after binding with 200 mg L™ Cu(II) ions at pH 5.5 and 25 °C, was
carried out for identification of functional groups on the biofilm and
their contribution in the biosorption process. The IR spectra of Cu(II)

loaded and unloaded biofilm in the range of 700-4000 cm ™! is shown in
Fig. 7.

According to the IR spectra before binding with metal in Fig. 7, the
bands in the range of 3200-3400 cm ! were assigned to O-H and N-H
bands of hydroxyl and amine groups. The bands between 2910 and
2930 cm ™! were an indication of the presence of C-H bands of alkane
groups. The peak observed in the range of 1710-1740 cm ' was
recognized as C=O stretching in the carbonyl group. Stretching
appeared between 1540 and 1550 cm ™' and this was an indication of
COO- bands of carboxyl groups. Furthermore, -COOH bands of carboxyl
groups appeared at 1390 cm ™! and the peak at 1238 cm ™! was assigned
to C=0 stretching of carboxyl groups. Finally, P-O bands of phosphate
groups appeared between 1070 and 1075 cm™!. Changes in IR spectra
after Cu(II) ions loading were as follows:

A 30 cm ™! shift and broadening of the spectra was observed at 3270
cm™! after the metal loading, that indicated the possibility of binding
between N-H bands of primary amines available on the biofilm surface
and Cu(Il) ions. The IR spectra after the biosorption revealed the
stretching and shifting of the bands between 1710 and 1720 cm ™!, that
could be due to the involvement of C—=0 bands of carbonyl groups in the
Cu(ll) biosorption process. The increase, shifting byl0 cm™, and
broadening of the peak at 1390 cm ™! was an indication of a considerable
contribution of -COOH bands of carboxyl groups available on the bio-
film in the Cu(II) complexation and removal process. Higher absorbance
behaviour of the biofilm at bands between 1235 and 1238 cm ™! and also
shifting of the IR spectra was attributed to C=O0 stretching of carboxyl
groups and their interaction with Cu(II) ions. The occupation of carboxyl
groups by Cu(Il) ions resulted in the observed higher absorbance of the
biofilm after the binding process. Likewise, the shift and higher absor-
bance in IR spectra at 1075 cm ! verified the interaction between Cu(I)
ions and P-O bands of phosphate groups during the biosorption process.

FTIR analysis indicated that carboxyl, hydroxyl, amino and phos-
phate groups were the most important contributors in the Cu(II) ions
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complexation, binding and removal by the living biofilm. These func-
tional groups have been reported by various previous studies as the main
biosorption agents (Giotta et al., 2011; Huang et al., 2013; Xia et al.,
2015; Yang et al., 2017; Fathollahi et al., 2020b).

3.5. Control adsorption experiment

As discussed in section 3.1.2 the living biofilm incubated for 28 days,
showed removal efficiencies between 36% and 95% for initial concen-
trations of 200 and 1 mg L™}, respectively. It was necessary to carry out a
control batch adsorption experiment to measure the removal efficiency
of the geotextile used in this study without a biofilm layer involved. The
control study was intended to indicate the validity of the main study and
determine the contribution of clean geotextile fibres in the Cu(Il)
removal process. Two sets of 20 geotextile circles were washed thor-
oughly with detergent to remove all dust prior to soaking in 94% ethanol
solution to remove all living organism on the surface of the geotextile to
prevent any microbial growth. The first set of the geotextiles were
incubated in deionized water for 28 days. The second set of the geo-
textiles were soaked in a solution with the same medium as the original
bioreactor, with no microbial culture to prevent the biofilm growth. This
control experiment was designed to investigate the possible effect of
water and other ingredients on geotextile fibres after 28 days and any
increase in the adsorption of Cu(ll) efficiencies. Both sets of control
geotextile circles were harvested after 28 days prior to the batch
adsorption experiments with the same procedure discussed in section
3.1.2. The results of ICP-OES analysis showed removal efficiencies of
near 0% (below ICP-OES instrumentation detection limit) for all con-
centrations of Cu(II) (1-200 mg LY at pH 5.5 and 25 °C. This obser-
vation indicated the overwhelming role of the living biofilm in
biosorption of Cu(Il) ions from solution. This is in line with FTIR results
that indicated the involvement of carboxyl, hydroxyl, amino and phos-
phate functional groups available on the surface of the biofilm in the
biosorption process.

3.6. Comparison of different stages of living biofilm with other biosorbents

Table 3 compares the maximum Cu(II) biosorption capacities of the
living biofilm with different lengths of incubation time, against other
biosorbents in the literature. All stages of the biofilm growth showed
higher Cu(Il) biosorption capacities when compared with other reported
research values. However, a direct comparison was not feasible as
experimental methods including initial concentrations, initial bio-
sorbent dose, contact time, temperature and pH were different.

3.7. Implications for stormwater water quality improvements

As shown in Table 4, mixed bacterial communities present on a
geotextile as a biofilm, perform well in comparison with other bio-
sorbent materials. The research in this was report was deliberately
simplified in order to chemically describe the processes of biosorption,
but the current study differs from other reports of microbial biosorption
(e.g. Chen et al., 2005; Choudhary and Sar, 2009; Cerino-Coérdova et al.,
2012) in that the microbial communities in the present study were not a
single species. Like Chen et al., 2005, the biofilm in our studies used
living microbes, which have better biosorption performance than
non-living biomass. One reason that a living multi-species biofilm per-
forms well against chemical challenge, is that the microbes are
embedded in extracellular polymeric substances (EPS) which is thought
to both protect the biofilm, ensure hydration and to participate in the
biosorption process. The relatively small impact of 200 mg/L-1 of Cu(II)
on the survival of biofilm bacteria relative to controls with no Cu(Il) as
described in this study, provides evidence of a biosorption process that is
not necessarily harmful to the organisms that are involved. It was
observed that once the biofilm was detached from the growth platform
and not in the EPS on the geotextile, the survival of bacteria after
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Table 4
Comparison of biosorption capacities of different stages of living biofilm growth
for Cu(II) with other biosorbents.

Biosorbent Maximum Cu(II) adsorption References

capacity(mg L)

1 day incubated living 119 Current study
biofilm

7 days incubated living 92 Current study
biofilm

14 days incubated living 86 Current study
biofilm

21 days incubated living 61 Current study
biofilm

28 days incubated living 72 Current study
biofilm

Bacterial cellulose 24 Jin et al. (2017)

Sophora japonica pods 35 Amer et al. (2015)

Carbonized medlar-core 43 Langroodi and

Safaei, 2016
Watermelon shell 31 Gupta and Gogate
(2016)

Arachis hypagaea husk 14 Ingle et al. (2015)

Sawdust 4 Putra et al. (2014)

Eggshell 34 Putra et al. (2014)

Sugarcane bagasse 4 Putra et al. (2014)

interaction with Cu(II), measured by colony forming units, was much
reduced. It will be important to examine more complex developed bio-
films for their efficacy against dissolved metals and this work is under-
way (Coupe et al. in preparation). Larger scale more developed
biologically active stormwater systems have variable relations with
dissolved metals. Bioretention systems with compost as the source of
organic material, intended to prevent the export of dissolved metals,
facilitated copper export in the early life of the drainage system, and
complexing with dissolved organic matter DOM. This copper/DOM
complex was considered less toxic than free copper ions and later in the
life of the system, (after the first 3-5 storms) the bioretention system
became a sink for copper (Chahal et al., 2016).

LaBarre et al. (2016) examined the interactions between runoff from
copper clad roofs and bioretention swales and planter boxes positioned
to receive the runoff. The performance of both types of stormwater
control measure (SCM) was effective, in reducing both the concentration
of released copper, measured at 2.16 g/m?/year and the attenuation,
which had median values of 94% in the planters and 99% in the swales.
LaBarre et al. did not explore the retention mechanisms for Cu in the
SCM, either the complexing of Cu with the compost amended native soil
used as growth medium, or the role of the biological factors that
contributed to the attenuation performance.

Liu et al. (2019) examined the removal of copper in the layers of
laboratory scale permeable pavements and showed that depth of pave-
ment, smaller aggregate sizes and lower rainfall intensities correlated
with better copper removal efficiencies, but despite the presence of a
geotextile in the designs, there was no examination of the performance
of the geotextile layer in sorption of copper, nor the likelihood of the role
of microbes in the processes of attenuation. Many of the added model
pollutants were likely to sustain microbiological life (organic impurities
in TSS, phosphorus, nitrogen) and as noted by Liu et al., NH4-N is
trapped successfully by adsorbents, in this case kaolin, but equally
NH4-N could be utilised in microbial processes. Nitrogen is an impor-
tant macronutrient and NH4-N could be susceptible to
ammonia-oxidising bacteria (AOB), generating nitrite-nitrogen (NO
—-N), (Maharjan. et al., 2020), generating biomass and adding to bio-
sorption totals. Bradley et al. (2012) examined the removal of copper by
permeable friction course (PFC), which is an asphalt based shallow
permeable pavement type that decreased the Cu in effluent by 60%
relative to conventional impermeable highway surfacing material.

None of the studies cited above focused specifically on the environ-
mental challenge of dissolved copper in stormwater or examined the
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biological properties of biofilm for biosorption. Despite the great po-
tential shown in the performance of early growth biofilm on a common
building material such as Inbitex, attention must now focus on the
longer-term performance of living microbe biosorption, the impact of
other chemicals on the process, dehydration of the biomass, temperature
and whether biological processes may inhibit the biosorption process,
for example by bacterial competition or predatory behaviour by protists.

4. Conclusions

This study reports the impact of initial metal concentrations, contact
time, temperature and pH on living biofilm equilibrium, thermody-
namics and kinetics of Cu (II) biosorption. Moreover, the toxicity of
different concentrations of Cu(II) and pH on CFU number in different
stages of biofilm growth was carried out. FTIR analysis was conducted to
evaluate functional groups responsible for the Cu(II) removal. Langmuir
and Freundlich isotherms were used to model the equilibrium bio-
sorption data.

The maximum CFU number was observed on day 21 of incubation
time where the maximum resistance against 200 mg Lt Cu(II) was
observed that was due to a more developed EPS protection layer. The
maximum biosorption capacity was measured on day 1 of incubation
time, however the maximum removal efficiency (97%) was observed on
day 21 of biofilm growth. According to the thermodynamics parameters,
Cu(Il) biosorption by the living biofilm had a physical nature and was
exothermic, feasible and spontaneous. Kinetic of the biosorption indi-
cated that the diffusion in external layer of the biofilm controlled the
biosorption process in lower concentrations of Cu(Il). However, in
higher concentrations a combination of film and intraparticle diffusion
took place and fitted pseudo-second order model. Modelling of the
equilibrium data revealed that a monolayer on the living biofilm surface
was active in the metal binding process. FTIR analysis identified
carboxyl, hydroxyl, amino and phosphate groups as the functional
groups that contributed in Cu(Il) ions complexation by the living
biofilm.
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