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• We tested whether living biofilm layer
would remove Hg(II) in urban runoff.

• The biofilm provided different biosorp
tion capacities during development
stages.

• Hg removal by biofilm was spontane-
ous, exothermic, and thermodynami-
cally feasible.

• Living biofilm removed Hg(II) with a
physical biosorption mechanism.

• Amine, hydroxyl, and carboxyl groups
were Hg biosorption agents of living
biofilm.
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This study reports on the evaluation of the equilibrium, thermodynamics and kinetics ofmercury (II) biosorption
using a living biofilm, developed on a nonwoven polypropylene and polyethylene geotextile, typically used
within the structure of Sustainable Drainage System (SuDS) devices. Batch biosorption assays were carried out
with variables such as pH, initial concentrations, contact time, temperature and biofilm incubation time. Lang-
muir, Freundlich and Dubinin Radushkevich (D-R) models were applied to the equilibrium data which revealed
the maximum biosorption capacities and efficiencies at pH 5.5 with a contact time of 120 min at 25 °C. With
20 mg L-1 added Hg (II), living biofilm samples with incubation times of 1, 7, 14, 21 and 28 days, biosorption
values were 101.31 (55.72%), 24.41 (67.12%), 16.81 (61.37%), 9.70 (62.57%) and 13.34 (65.38%) mg g-1, respec-
tively. Free mean biosorption energy from the D-R model was between 2.24 and 2.36 kJ mol-1 for all biofilm de-
velopment incubation times, that revealed the physical biosorption mechanism for Hg(II). The thermodynamic
studies showed that the Hg(II) biosorption of living biofilmwas thermodynamically feasible and had a spontane-
ous and exothermic nature. Kinetic parameters revealed that Hg(II) biosorption onto living biofilm had a good
correlation with a pseudo second-order kinetic model. FTIR spectra after biosorption suggested that amine, hy-
droxyl and carboxyl groups were the main functional groups available and responsible for Hg(II) biosorption
onto living biofilm. Experimental data suggested that a living biofilm developed on a nonwoven polypropylene
and polyethylene geotextile can be efficient in the removal of mercury ions from contaminated urban and indus-
trial runoff.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Sustainable Drainage Systems (SuDS) are designed tomanage runoff
volume as well as to reduce urban water pollution (Ashley et al., 2015;
Woods Ballard et al., 2015). Improving water quality is defined as the
pollutant removal efficiency by detention of suspended solids, nutrients
and trapping of particulate phase metals (Allen et al., 2017).

Newman et al. (2002) reported that SuDS such as permeable pave-
ment systems (PPS) are efficient in-situ aerobic bio-reactors, as demon-
strated by their retention and biodegradation of lubricating mineral oil.
This has been confirmed by respirometry, oil in effluent results, andmi-
crobiological investigations showing highmicrobial numbers and biodi-
versity, and scanning electron microscopy showing well developed
biofilms. Newman et al. identified a significant knowledge gap in the
field of stormwater management and the investigation of the main
physical and biological processes occurring within the system and
how they contributed to water quality performance. The work by
Coupe et al. (2003) increased the knowledge on microbiological func-
tions in PPS and the impact ofmicrobes on hydrocarbon biodegradation,
PPS biofilms reaching removal efficiencies up to 98.7%, with all micro-
bial groups in the PPS contributing to the oil removal. This research
opened a new perspective for SuDS, where geotextiles were shown to
play a central role, including the work of Spicer et al. (2006) that ex-
plored potential uses of this layer as a medium for slow-release phos-
phate beads that have been shown to maintain nutrient balance and
to maintain bacterial communities that biodegrade the oil in PPS.
Gomez-Ullate et al. (2010) highlighted the impact of different types of
geotextile on the water management properties of car parks using
PPS. Other developments (Nnadi et al., 2014) demonstrated that
geotextiles improved infiltration and volume attenuation, which con-
tributed to an increase in the treatment time; also improving the quality
of stormwater that could be stored and later used for irrigation.

Mbanaso et al. (2013) and Theophilus et al. (2018) investigated the
impact of glyphosate based herbicides and fertilisers on the removal ef-
ficiency capacity of the geotextile layer andMbanaso et al. (2020) dem-
onstrated that the concentration ofmetals in thedifferent layers of a PPS
containing a geotextile, found in the structure by the end of the opera-
tional life, were below the regulatory limits indicated by the FAO for
irrigation purposes. This finding suggested that PPS aggregates
might be reused, not disposed of after single use due to the perceived
environmental risk presented by the presence of remaining metals
and organics.

Metal concentrations in urban runoff have been widely studied for
roads and trafficked areas, to identify the main causes of their occur-
rence and the impact they have on receiving systems. Heavy metals
can occur in the dissolved phase and this represents a knowledge gap,
regarding the way stormwater management systems remove dissolved
metals (Huber et al., 2016). Vadas et al. (2017), tested a method for im-
proving the dissolved metal trapping abilities of pervious concrete, by
adding sorbents to the concretemixture, and reported removal efficien-
cies of 85–95%, 30–95%, 60–90% and 95+% for dissolved Cu, Zn, Cd and
Pb respectively in synthetic stormwater.

Water pollution derived from industrialisation and urbanisation has
increased significantly in the past decade (Rajeshkumar et al., 2018).
Rodriguez Martin et al. (2015) reported a substantial increase of metal
concentrations in urban areas due to human activities with Cd, Ni and
Cr concentrations 10, 13 and 16 times higher than in 1941. Mercury
(Hg) is generally considered to be one of the most toxic heavy metals,
eventually discharged into stormwater as a result of human activities,
and is a threat to humans and the environment (Nascimento and
Chartone-Souza, 2003).

Several studies have addressed the presence of mercury concentra-
tions in storm water and street dust. Lawson et al. (2001) reported
higher concentrations of mercury in rivers passing through cities (22
μg m−2 yr−1) than in rural rivers (1.35 μg m−2 yr−1). In a research on
the concentration ofmercury in street dust of Nanning, China,moderate
to heavy pollution (338 ± 222 μg kg−1) has been reported (Lin et al.,
2019). In recent decades, contaminated runoff has been an area of inter-
est due to its importance and influence on water quality in urban and
rural catchments, encouraging researchers to look for toxic compounds
in urban runoff (Gill et al., 2014; Han et al., 2014; Borne et al., 2014). Ac-
cording to a USEPA report (EPA-452/R-97-005) this phenomenon is a
result of two main factors. First, various sources release mercury into
the environment and a huge increase of impermeable surface area in
cities, generates contaminated runoff which is conveyed to surface
and underground water receptors.

In general, severalmethods are used for heavymetal removal fromef-
fluent, including chemical precipitation, oxidation or reduction, filtration,
ion exchange, electrochemical approaches and membranes, that are ei-
ther ineffective or expensive (Green-Ruiz et al., 2008; Tsekova et al.,
2010). In contrast with the above methods, biosorption is considered as
a cost effective and low energy pollution treatmentmethod that involves
microbial communities in the process of runoff decontamination. Bacte-
ria, fungi, algae, and activated sludge have been under investigation as
potential biosorption agents for the removal of mercury available in
aqueous systems in recent years (Rani et al., 2010; Subhashini et al.,
2011; Viraraghavan and Srinivasan, 2011; Mamisahebei et al., 2007).
The biosorption efficiency of biomass is reliant on prevailing environ-
mental conditions such as temperature, pH, and contact time (Volesky,
2003).

It is well understood that different chemical compounds can alter
biofilm structure and function (Sabater et al., 2007). The effects of
heavy metals on biofilm structures include shift in taxonomic groups,
morphological conversions, and also changes in biomass growth
(Sabater et al., 2007). Biofilm exposure toHg differentially distresses tax-
onomic groups and leads to the growth of a biofilm with more mercury
tolerance (Blanck andDahl, 1996). Peres et al. (1997) observed a 2.5-fold
reduction of cell size in microorganisms exposed to 1.5–2 μg L−1 Hg.
However, Extracellular Polymeric Substance (EPS) acts as a shield in bio-
film and protects the bacteria (Najera et al., 2005). Studies have shown
that exposure to Hg ions will disturb microbial metabolism (Le
Faucheur et al., 2014). The metabolic blockage can lead to faster break-
down of the biofilm and as a result, the biofilm will more readily slough
off the surface (Scott et al., 1995). However, there is a lack of sufficient
experimental research addressing towhat extent and atwhat concentra-
tion, biofilm sloughs off in interaction with heavy metals.

In order to achieve sustainability within road construction, it is best
practice design to approach a contaminated runoff remediationmethod
within or adjacent to, the structure of the pavement. Geotextiles are
widely used in porous pavements as a barrier to contain fine aggregates
travelling through the pavement structure and to promote water
infiltration.

The use of geotextiles in SuDS has been mainly focused on highway
filter drains (HFD) and PPS (Abbar et al., 2017; Sañudo Fontaneda et al.,
2016). The distance from the surface of the pavement of the geotextile is
important in the performance both of volume attenuation (Sañudo-
Fontaneda et al., 2018) and water quality (Zhao et al., 2018). However,
more research is necessary to find out to what extent dissolved metals
are influenced by interaction with a geotextile, and whether or not the
presence of a biofilm on the geotextile makes a difference to the rate
and extent of metal removal.

In this study, the feasibility of growing a living, mixed species biofilm
on the structure of a nonwoven polypropylene and polyethylene
geotextile, widely used in sustainable drainage systems was investi-
gated. After establishing a biofilm on the geotextile, the main aim of
the researchwas tomeasure the efficiencyof this layer in the biosorption
of emerging heavy metals, present in urban runoff, in this case mercury.
Mercury was chosen as the analyte of interest in this work for two main
reasons. Firstly, it is a non-biologically useful metal which is toxic in
some degree to all living things, and secondly, it does not form a part
of microbial biomass unless it is contributed by exogenous sources, typ-
ically from contaminatedwater.Mercury is also a substance of interest in
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SuDS due to its toxicity and the high probability of it occurring in
stormwater as discussed by Lodeiro et al. (2019).

We listed three main questions from the scope of this study:

1. What are the biosorption efficiencies of different stages of living bio-
film growth?

2. What are the factors controlling the biosorption of Hg(II) by the liv-
ing biofilm?

3. What physical and chemical processes are taking place during the
biosorption and what are the kinetics and thermodynamic of the
Hg(II) biosorption?
Question 1 and 2 are evaluated by conduction batch biosorption ex-

periments in different physical and environmental conditions. Question
3 is addressed by analyzing the data from different experimental assays
using thermodynamic, kinetics and various analytical techniques.

2. Materials and methods

2.1. Chemicals and reagents

Different concentrations of mercury solutions were prepared by
adding appropriate volumes of a 1000 mg L−1 stock Hg (II) in 2%
HNO3 solution into deionised water, prior to pH adjustment where
necessary. The analytical grade Hg(II) stock solution used in this re-
search was provided by Perkin Elmer (Waltham, Massachusetts,
United States). Analytical grade sodium hydroxide (Sigma Aldrich,
98% purity) was used to prepare 0.5MNaOH solution for the purpose
of pH adjustment. Analytical grade 70% nitric acid solution was used
to prepare samples prior to analysis (Fisher Scientific, Waltham,
Massachusetts, United States).

2.2. Biofilm reactor system

2.2.1. Preparation of geotextile sheets and biofilm reactor
In this research a conventional geotextile layer used in Sustainable

Drainage Systems (SuDS) was used as the biofilm substratum. Properties
of the employed non-woven geotextile with a composition of 70% poly-
propylene and 30% polyethylene are presented in Table Supporting Infor-
mation (SI) 1.

Geotextile sheets were cut into circles with a surface area of 65 cm2

prior to biofilm bioreactor setup. All geotextile circles were washed, la-
belled and the weights were measured using a 5 decimal place scale
(Sartorius analytical scale), prior to their addition to the bioreactor.
The lab scale experimental bioreactor was a 12-litre plastic container
equipped with two air pumps fixed in the base to provide aerobic con-
dition for the microbial growth. This installation provided the required
oxygen for microorganisms and caused the circulation of oxygen and
microbial culture.

2.2.2. Composition of the growth medium
The laboratory scale reactor in this research operated using 10 L of

medium with the following composition: 9800 mL of deionised water,
200 mL of mixed microbial culture liquid containing microorganisms
isolated from an established pervious pavement system in Coventry
(UK) including oil degradingmicrobes, 10 g engine oil and 28 mL liquid
plant food containing 14% Nitrogen (N) and 3% phosphorus (P) as re-
sources for bacterial growth. This medium composition was used for
all assays carried out in this study.

2.2.3. Operating conditions
In order to keep aerobic conditions within the reactor medium dur-

ing biofilm growth, the liquid in the reactorwas aerated on regular basis
to keep dissolved oxygen (DO) in range of 4–6 mg L−1. The bioreactor
mediumpHwas kept in the range of 7–8 at 20 °C away from light to pre-
vent the growth of algae. Geotextile sheets were harvested after varying
incubation times (1, 7, 14, 21, and 28 days).
2.3. Equilibrium biosorption experiments

In this research, the biosorption capacity of different concentra-
tions of Hg (II) (1, 2, 5, 10, 20 mg L−1) by a living biofilm grown on
a non-woven polypropylene and polyethylene geotextile was stud-
ied with different pH values (2, 3, 4, 5, 6, 7) and incubation times
(1, 7, 14, 21 and 28 days growth in a bioreactor). Biosorption exper-
iments were carried out after harvesting the geotextile circles from
the biomass reactor. 10 mL of different concentrations of Hg (II) in
deionised water were applied to harvested geotextile circles where
the pH of the mixture was adjusted using 0.5 M NaOH and filtered
through the permeable geotextile after 120 min of contact time. All
adsorption experiments were carried out with 20 replicates along-
side control and blank samples at a controlled of 25 °C. Samples
were collected and the Hg concentration was measured by use of a
Perkin-Elmer optima 5300 DV ICP-OES. Hg (II) concentrations in
samples were measured in triplicate at three wavelengths. After tak-
ing the samples, the geotextile circles were oven dried at 60 °C prior
to weight measurement and biofilm mass calculations. Due to the
nature of the biofilm growth on geotextiles and uncertainty about
the mass of biofilm on geotextiles, all assays were done with 20 rep-
licates in order to calculate a representative average biofilm mass
and adsorption rate.

2.4. Modelling of biosorption experiments

Langmuir (1916) and Freundlich (1906) isotherm equations were
used tomodel the biosorption data. The Langmuir equation (in its linear
form) is given by the equation:

Ce=qe ¼ 1=qmaxð Þ � Ce þ 1= qmax � KLð Þ

where qe is the surface Hg(II) concentration on the biofilm (mg g−1), Ce
is the concentration of Hg (II) at equilibrium in the solution (mg L−1),
qmax is the maximum biosorption capacity of the biofilm (mg g−1), KL

is the affinity of Hg (II) binding on biofilm (L mg−1) (Sweileh et al.,
2014).

The Freundlich isotherm is given by the linear equation:

log qe ¼ 1=nð Þ � log Ce þ log KF

where KF and n are biosorption extension and nonlinearity indicators
which are evaluated by plotting log qe vs. log Ce and calculating slope
and intercept (El-Sheikh et al., 2012).

qe was calculated using the following equation:

qe ¼ C0−Ceð Þ V
M

� �

where V is the volume of Hg (II) solution applied to biofilm (L), Co is the
initial concentration of Hg(II) (mg L−1), Ce is the concentration of Hg (II)
in solution at equilibrium (mg L−1) and M is the dry weight of the
biosorbent (g). The dry weight of biofilm in this study was measured
by weighing the dry and clean geotextile circles before and after biofilm
development. All labelled geotextile circles were collected after the
biosorption experiment andwere placed in 60 °C oven for 72 h to obtain
the dry weight of biofilm to be used in data evolution.

2.5. Effect of temperature on biosorption (thermodynamic studies)

Thermodynamic analysis and effect of temperature on Hg (II)
biosorption was carried out at 25, 35, 45 and 55 °C, pH 5.5 and
120 min contact time with the same experimental set-up described
in Section 2.3. After the measurement of Hg (II) concentrations at
equilibrium, thermodynamic parameters were calculated.
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2.6. Control biosorption experiment

At all stages of biosorption experiments including the effect of pH,
incubation time, and initial Hg (II) concentration on biosorption capac-
ity, 20 geotextile circles with the same physical conditions were soaked
in synthetic media of deionisedwater and the same concentration of oil
which was used in the bioreactor. The same procedure described in
Section 2.3 was applied after harvesting the geotextiles at the same
time interval as the biofilm carrying geotextiles. Samples were pre-
served for ICP-OES analysis. These control experiments were carried
out to evaluate possible interaction of geotextile and oil in deionised
water without any microorganisms (no biofilm) and compare the Hg
(II) sorption capacities of geotextiles with and without biofilm.

2.7. Kinetic biosorption experiments

Biosorption kinetic studies were carried out to evaluate the mini-
mum contact time required to reach equilibrium in metal biosorption
and calculate the rate of Hg(II) ions bonding to the biofilm. Results
from the kinetics reveal the complex mechanism of biosorption. Mer-
cury biosorption by living biomass was carried out at various contact
times (0, 5, 10, 15, 30, 45, 60, 75, 90, 105 and 120 min) for six different
concentrations (0.2, 1.0, 2.0, 5.0, 10.0 and 20.0 mg L−1) of Hg(II). All
kinetic studies were conducted at pH 5.5 and 25 °C before analysis by
ICP-OES. Kinetic adsorption coefficients were calculated for pseudo
first-order and pseudo-second order kinetic models as described later,
in the Results and discussion section. An intra-particle diffusion model
was also applied as described later.

2.8. FTIR analysis

Fourier Transform Infrared (FTIR) spectroscopy was used to charac-
terise the functional groups available on biofilm, onmicrobial cells, their
exudates and their role in the biosorption process of Hg(II) ions. Reflec-
tion FTIRwith a cooled detector techniquewas used in this study. Clean,
biofilm grown and 20.0 mg L−1 Hg (II) loaded geotextile circles were
analyzed using a Nicolet iN10 Infrared Microscope (Thermo Fisher Sci-
entific) in reflection mode to analyze the absorption spectra of the
bond in the range of 400 to 4000 cm−1. Spectra from Hg (II) loaded
and unloaded biofilm-geotextiles, were compared to identify possible
functional groups available on the biofilm and occupied by Hg(II) ions.

3. Results and discussion

3.1. FTIR analysis of biofilm

FTIR analysis was carried out to evaluate the functional groups avail-
able on biofilm and compare the spectra after loadingHg(II) ions to reveal
the functional groups involved in biosorption. The absorbance spectra for
living biofilm and Hg(II) loaded biofilm are shown in Fig. 1, that shows
shifts and peaks changes after the biosorption process. Amine groups ap-
peared at 3200 to 3300 cm−1, C=C-H links of alkene groups were ob-
served at 3020 to 3100 cm−1. The bands located at 2850 to 2975 cm−1

were attributed to C\\H alkane groups, while the band at 1739 cm−1

was assigned to COO− anions. Moreover, alkene C_C chains have a
band within the range of 1640 to 1680 cm−1. Bands located at 1550
and 1460 cm−1were attributed to theN\\O stretching andC\\Hbending
groups, respectively.

Wavenumbers between 1380 and 1385 cm−1 were an indication of
C\\H links of alkane groups. Bands between 1310 and 1370 cm−1

were a sign of O\\H bending groups and the chains at 1237 cm−1

were an indication of S_O antisymmetric stretching. The wavenumber
1162 cm−1 and bands between 1030 and 1070 cm−1 were assigned to
C\\O and S_O stretching groups, respectively. Finally, absorption
bands characterizing C_C link of alkene groups appeared atwavelength
960 to 980 cm−1. By comparing the spectra of biofilm before and after
the Hg (II) biosorption, the following interpretations were made:

The shifting and broadening of the band associatedwith amine groups
occurred within the range of 3280 to 3290 cm−1, that characterises the
presence of amine groups and interaction between Hg and N\\H links
on biofilm. The bands between 3300 and 3600 cm−1 that are associated
with OH- groups, were broader after the biosorption process which is a
sign of Hg complexation by biofilm. The band at 1739 cm−1 was attrib-
uted to loading of Hg (II) as a result of interaction with carboxylate
groups. The shifting and broadening of the bands located at 1650 to
1660 cm−1 that represent the presence of C_C groups, indicates an inter-
action betweenHg and C_C bonds of alkene chains. The bands located at
1385 cm−1 had shifted after the biosorption that is a result of interaction
between alkene groups and Hg through C\\H bonds. The bands located
between 1150 and 1300 cm−1, show that the interaction has taken
place after the biosorption on alkyl halide groups as the bands shifted,
stretched, and became broader after Hg and C-X bond interactions. The
shifting of the bands between 1235 and 1335 cm−1 after the biosorption,
assigned to aromatic amines, provided information on the interaction be-
tweenHg and C\\Nbonds available on the biofilm. The shifting, broaden-
ing, and stretching of the band at 1050–1100 cm−1 after the biosorption
were associated with C\\O bonds, the process of Hg complexation and
their interaction with loaded metal ions.

In general, the absorbance of the peaks in the metal loaded biofilm
was significantly higher than unloaded biofilm that indicated changes
in the absorptivity of the functional groups due to interactions with
Hg (II). The noticeable change in absorbance of hydroxyl and amine
groups between 3100 and 3400 cm−1 and aromatic amine groups at
1200 to 1300 cm−1, showed that these groups are responsible for mer-
cury complexation and biosorption.

The interpretations above indicated that amine, hydroxyl and car-
boxyl groups were the main functional groups involved in the mercury
biosorption process. These observations were similar to reports in pre-
vious studies on the biosorption of metals (Le Cloirec et al., 2003; Gabr
et al., 2009; Joo et al., 2010; Liu et al., 2017) that reported amine, car-
boxyl and hydroxyl groups as the main functional groups associated
with heavy metal biosorption.

3.2. Equilibrium adsorption studies

Estimation of the equilibrium adsorption of Hg(II) by living biofilm
was carried out using different Hg (II) concentrations, applied to har-
vested geotextiles at pH 5.5, 25 °C with a contact time of 120 min. The
adsorption data are shown in Fig. 2(a, b, c). Adsorption isotherms (qe
vs. Ce) are shown in Fig. 3.

3.2.1. Effect of initial concentration of Hg (II) on biosorption
Fig. 2 demonstrates the effect of initial concentration of Hg (II) on the

removal efficiency and biosorption capacity using geotextiles incubated
for various times (day 1, 7, 14, 21, 28). The removal percentage of differ-
ent Hg(II) concentrationwasmost altered at day 1 incubation timewith a
decrease from 81% to 56% for 1 mg L−1 and 20 mg L−1, respectively. This
trend was observed for all incubation times as at day 7, 14, 21 and 28 the
removal efficiencieswere reduced by 18%, 21%, 21% and 20%, respectively.
This indicated that geotextile circles harvested after 7 days of incubation
time were less altered by initial Hg(II) ion concentrations. According to
Fig. 1, Hg(II) ion removal efficiencies decreased with increasing initial
concentrations. The highest efficiencies were observed at 1 mg L−1 with
81% to 85% removal with the maximum occurring at 28 days incubation
time for geotextile circles. The least removal efficiencies were observed
at 20mgL−1Hg(II) concentration, rangingbetween56%and67%. This ob-
servation suggests that at higher Hg(II) concentrations the number of
sorption siteswere decreased. According to Fig. 2, the removal efficiencies
decrease faster between 1 mg L−1 to 5 mg L−1 in comparison to
10 mg L−1 to 20 mg L−1, that indicates the critical reduction of sorption
sites in lower concentrations. This is due to the fact that at lower initial



Fig. 1. FTIR spectrum of unloaded (purple) and Hg(II) loaded (red) biofilm.
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concentrations the ratio of metal ions to the accessible adsorption sites of
the biofilm is lower than higher concentrations that result in a higher
removal efficiency. However, at higher concentrations (e.g. 10 to
20 mg L−1) residual Hg(II) ions that did not occupy active biosorption
sites remained in the metal solution (Radnia et al., 2012).

The Hg(II) ion equilibrium biosorption capacity increased from
7 mg g−1 to 101 mg g−1 by increasing the initial concentrations
from 1 mg L−1 to 20 mg L−1 at day 1 of incubation time. At higher
concentrations of Hg(II) ions, the active adsorption sites on the bio-
film were covered by more Hg(II) ions, that resulted in an increased
equilibrium biosorption capacity for living biofilm as the initial con-
centration of metal ions in aqueous solution increased (Ghorbani
et al., 2008). The same pattern was observed for day 7, 14, 21 and
28 incubation times. The maximum increase in biosorption capacity
was observed at day 1 with an increase of 94 mg g−1. However, this
increase pattern was lower with 7, 14, 21 and 28 days incubations
times biofilms, showing an increase of 23 mg g−1, 16 mg g−1,
9 mg g−1 and 12 mg g−1, respectively.

According to the results, the maximum biosorption capacity was
observed at day 1 of incubation time, that the biofilm had the lowest
mass. This observation indicated that a presumed monolayer of at-
tached microbes at day 1, delivered the highest biosorption capacity of
101.31 mg g−1 for 20 mg L−1 initial concentration of Hg(II) ions. How-
ever, the biosorption capacity decreased as the biofilm started to de-
velop and more layers of microbes were recruited and attached to the
biofilm. According to Figs. 2 and 3, the biosorption efficiency of day 1
was as high as more developed biofilms of day 7, 14, 21 and 28, how-
ever, less developed biofilms showed higher biosorption capacities.
This observation indicated that the monolayer attached biofilm was re-
sponsible for the biosorption. However, the deeper layers in more de-
veloped biofilms were less available for Hg(II) ions and as a result,
were less active in the biosorption process.

3.2.2. Effect of biofilm incubation time on biosorption of Hg (II)
The effect of incubation time onHg(II) biosorption capacities and ef-

ficiencies by the living biofilm is shown in Fig. 2. According to thisfigure,
by increasing the initial concentration from 1 mg L−1 to 20 mg L−1 for
geotextile circles incubated for 1 day, the Hg(II) uptake increased from
7mg g−1 to 101mgg−1, respectively. The increase of biosorption capac-
ity at higher concentrationswas observed for all stages of biofilm devel-
opment (day 1, day 7, day 14, day 21 and day 28), that was due to the
higher concentration gradient acting as a force towards a facilitation of
the biosorption process (Balakrishnan et al., 2017).

It was also clear that themaximumbiosorption capacity occurred on
the first day of biofilm development. However, the uptake capacity of
the biofilm decreased as the biofilm develops further. This was due to
the increase of mass and addition of new microbial layers, making the
innermost layers less active in the biosorption process. The biosorption
capacity increased at day 28 in comparison to day 21 that could be due
to the occurrence of a dispersion stage of biofilm development and a de-
tachment of some parts of biofilm. This led to a decrease in biofilmmass
and as a result a higher biosorption capacity.

3.2.3. Control biosorption experiment
In order to evaluate the adsorption capacity of the nonwoven

polypropylene-polyethylene geotextile and confirm the accuracy of
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Fig. 2. The effect of initial Hg(II) concentration on the removal efficiency and biosorption capacity of living biofilm at pH 5.5, 25 °C and different incubation times of living biofilm.
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biosorption capacity of the living biofilm, a comprehensive set of control
experimentswere carried out. A sets of geotextile circles were soaked in
autoclaved deionised water for a period of 28 days as well as a second
set of geotextile circles soaking in a synthetic medium with same con-
centration of oil thatwas used in the bioreactor, butwith nobacterial in-
oculum to avoid the biofilm growth. These control experiments were
carried out to assess the possible effect of water and oil on adsorption
capacities of the geotextile circles without biofilm growth. Geotextile
circles were harvested after 28 days, prior to addition of 10 mL of 1,
10 and 20mg L−1 Hg(II) solution at pH 2, 4 and 6 and 25 °C for a contact
time of 120 min. Samples were taken for each Hg(II) concentration and
pH prior to ICP-OES analysis.

The adsorption efficiencies of all sets of control experiments condi-
tions were below the detection limits of the ICP-OES instrumentation.
This observation indicated that soaking in deionised water and oil did
not alter the adsorption behaviour of the polypropylene-polyethylene
geotextile and adsorption remained negligible (below the detection
limit). Control experiments showed that the geotextile filter had a neg-
ligible contribution in relation to the detected Hg (II) removal capacities
of the living biofilm.

3.2.4. Modelling of equilibrium adsorption data
The equilibrium adsorption data were modelled by plotting qe vs. Ce

(see Fig. 3). The data were then fitted by applying the linearized forms
of Langmuir and Freundlich isotherm equations (see Section 2.4) for
the adsorption of Hg(II) onto the living biofilm incubated for varying
days. The linear correlation coefficient (r2) of Langmuir and Freundlich
isotherms for biofilms with different incubation times are presented in
Table 1 alongside isotherm constants. The high r2 value in the Langmuir
model suggests that the adsorption of Hg(II) primarily has occurred via
amonolayer reaction, that supports the results discussed in the effect of
incubation time section, and also the observed maximum biosorption
capacity of geotextile filters when harvested on day 1. The Qmax has de-
creased constantly from day 1 to day 21. However, an increase of Qmax

value at day 28 is thought to be due to the detachment phase of the bio-
film growth, leading to a lowermass and as a result, a higher adsorption
capacity compared with day 21.

As presented in Table 1, the r2 value in the Freundlich model was
higher than 0.995 for all stages of biofilm development, that indicated
the adsorption data fitted this model. This is due to the complex and
heterogeneous nature of the biofilm and the fact that Freundlich
model is the best for this type of adsorbent. The KF value decreased
from day 1 to day 21, however, an increase in the KF value in day 28
was a result of decreased biofilm mass as discussed earlier. As shown
in Fig. 3, all biofilm stages from day 1 to day 28 had an L shape isotherm.
0

20

40

60

80

100

120

0 2 4

q e
(m

g 
g-1

)

Ce

Day 1 Day 7

Fig. 3.Modelling of equilibrium biosorption data (qe vs. Ce) fo
The L-shaped isotherm was indicating a decreasing slope as initial con-
centration increased that suggested the vacant active biosorption sites
on the living biofilms had decreased as the adsorption monolayer sites
were covered by the Hg(II) ions. This biosorption behaviour could be
described by the excessive affinity of the biofilm for the Hg(II) ions at
low concentrations, that decreased as initial concentrations increased.

3.2.5. Free energy of adsorption (E)
In order to calculate the mean free energy of Hg(II) biosorption by

the living biofilm, the Dubinin and Radushkevich (1947)model was ap-
plied to the experimental data. The linearized equation of D-R model is
as follows:

ln qe ¼ ln qm−B R:T: ln 1þ 1=Ceð Þ½ �2

where B is a constant related to the mean free energy of adsorption
(mol2 J−2); R is the gas constant (8.314 J mol−1 K−1) and T is the
temperature (K).

The free energy of adsorption E (J mol−1) is calculated using the fol-
lowing equation (Hasany and Chaudhary, 1996):

E ¼ −2Bð Þ−1=2

E is defined as the change in free energy when one mole of adsor-
bate in solution is transferred from infinity to the adsorbent surface.
The E (kJ mol−1) parameter is normally used to interpret the domi-
nated biosorption process. In other words, it indicates whether the
biosorption process is a chemical ion-exchange or physical adsorp-
tion. If 8 b E b 16 kJ mol−1, the adsorption is classified as a chemical
or ion-exchange process; whereas if E b 8 kJ mol−1, the biosorption is
considered as a physical process. According to Table 1, it is clear that
the calculated E values of different stages of biofilm growth were less
than 8 kJ mol−1, that indicated the biosorption of Hg(II) ions, by all
stages of biofilm growth, was a physical adsorption process.

3.2.6. Effect of pH on living biofilm biosorption
Hg(II) ion uptake by biofilm depends on pH, as the speciation of Hg

ions is a function of the acidity of the metal solution. Moreover, the pH
of the solution affects the protonation and deprotonation of the func-
tional groups available on the living biofilm and as a result can change
the removal efficiencies (Romera et al., 2007). The pH of theHg(II) solu-
tion affects the competition ofmetal and hydrogen ions to bindwith the
biosorbent surface (Gupta et al., 2010). Fig. SI 1 shows the species distri-
bution of Hg(II) ions at different pH values. The effect of pH on
10mg L−1 Hg (II) biosorption by living biofilm on harvested geotextiles
6 8 10
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Day 14 Day 21 Day 28

r different incubation times of biofilms at pH 5.5, 25 °C.



Table 1
Adsorption constants of Langmuir, Freundlich and D-R isotherms.

Langmuir Model Freundlich Model D-R Model Isotherm shape

Qmax

(mg g-1)
KL

(L mg-1)
r2 KF N r2 E

(kJ mol-1)

Day 1 154.6 0.19 0.9328 22.4 1.4 0.9987 2.24 L-1
Day 7 43.5 0.18 0.9177 6.1 1.3 0.9976 2.36 L-1
Day 14 28.2 018 0.9027 3.9 1.4 0.9973 2.24 L-1
Day 21 16.2 0.18 0.9050 2.3 1.4 0.9956 2.36 L-1
Day 28 21.4 0.21 0.9095 3.4 1.4 0.9994 2.36 L-1
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at 25 °C and pH 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0, was carried out in this re-
search. The Hg(II) removal efficiency (%) and adsorption equilibrium
(qe) of 7 days incubated geotextile circles are presented in Table SI 2.

According to Table SI2 the maximum biosorption efficiency was
achieved at pH 6, whereas, minimum capacities were observed at
pH 2 with percentages of 73% and 66%, respectively. The observed in-
crease of biosorption as the pH increased, was due to the fact that
high concentrations and mobility of H+ ions occupy the active sites on
biofilm surface at low pH values and reduce the Hg(II) ions biosorption.
The phenomena decreases with the increase of pH value, as lower con-
centrations of H+ are available in the solution, and as a result more Hg
(II) ions are involved in the biosorption process (Feng et al., 2011).

As discussed earlier in the FTIR section, amine, carboxyl and hy-
droxyl groups were themain functional groups available on this biofilm
and associated with the Hg(II) biosorption process. The increase of pH
leads to deprotonation of these functional groups. This deprotonation
and negatively charged moieties bond with the precipitated Hg(OH)2
at pH 5–6, by H-bonding or by complexation with the vacant d-
orbitals of Hg (II). As was indicated in the FTIR section, it was suggested
that amine, hydroxyl and carboxyl groupswere involved in themercury
biosorption process. This fact describes the higher biosorption efficien-
cies observed at higher pH in this study. Furthermore, at lower pH, the
surface of the biofilm is positively charged and as a result, pushes the
positively charged Hg (II) ions away, causing a lower biosorption effi-
ciency (Farooq et al., 2010).

3.3. Effect of temperature on biosorption (thermodynamic studies)

The effect of temperature of the metal solution on biosorption of Hg
(II) ions onto living biofilm was investigated at 25 °C, 35 °C, 45 °C and
55 °C. 10 mL of Hg(II) solution at pH 5.5 with concentrations of
0.2 mg L−1, 1 mg L−1, 2 mg L−1, 5 mg L−1, 10 mg L−1 and 20 mg L−1
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Fig. 4. Biosorption equilibrium (qe) versus equilibrium concentration (Ce) for 7 days
were applied to 7 day incubated geotextile circles for 120 min contact
time. Fig. 4 illustrates the biosorption equilibrium (qe) versus equilib-
rium concentration (Ce) of the living biofilm at different temperatures.
This figure shows the exothermic nature of Hg(II) biosorption onto the
living biofilm. The decrease in biosorption capacity and efficiency at
higher temperatures was due to the tendency of Hg(II) ions to escape
from the biofilm surface into the solution. This decrease of biosorption
efficiency may also be attributed to destruction of adsorption active
sites on the living biofilm and as a result less available biosorption ca-
pacity (Meena et al., 2005).

Thermodynamic behaviour of Hg(II) biosorption by living biofilm
was carried out by calculation of the thermodynamic parameters in-
cluding free energy charge (ΔG, classic Vant Hoff equation), entropy
(ΔS) and enthalpy (ΔH) using the following equations (Gibbs free en-
ergy change):

ΔG ¼ −RTlnK

K ¼ QmaxKL

ΔG ¼ ΔH−T � ΔS

where R (8.314 J mol−1 K−1) is the universal gas constant and T is the
sorption temperature in Kelvin. Values of ΔH and ΔS were calculated by
plotting the ΔG versus T and estimating the graph intercept and slope.
Thermodynamic parameters (ΔG, ΔS and ΔH) of living biofilm
biosorption ofHg(II) are presented in Table 2. TheΔGparameter indicates
the spontaneity of the biosorption. Values of ΔG in the range of 0 to−20
kJmol−1 are a sign of physisorption, whereas, aΔG value between−80 to
−400 kJ mol−1 is assigned to an adsorption with chemisorption nature.
Moreover, theΔHvalue specifieswhether the enthalpy of the biosorption
is exothermic or endothermic. Finally, the ΔS value reveals the alteration
of randomness and disorder of the biosorption.
6 8 10
g g-1)

35°C 45°C 55°C

incubated biofilms at pH 5.5, different temperatures and 120 min contact time.



Table 2
Thermodynamic parameters for biosorption of Hg(II) by living biofilm at pH 5.5.

Temp (°K) ln K ΔG
(kJ mol-1)

ΔH
(kJ mol-1)

ΔS
(J K-1mol-1)

298 2.47 −6.1 −26.2 −68
308 1.97 −5.0
318 1.72 −4.5
328 1.46 −4.0
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The ΔG values were calculated using the equation above and found
to be −6.1, −5.0, −4.5 and −4.0 kJmol−1 for 25 °C, 35 °C, 44 °C and
55 °C, respectively. The negative values of ΔG in the range of 0 to −20
kJmol−1 indicated the physisorption nature of Hg(II) biosorption pro-
cess by the living biofilm. Moreover, the negative ΔG value indicated
that the living biofilm biosorption of Hg(II)was thermodynamically fea-
sible and had a spontaneous nature. As is illustrated in Table 2, the ΔG
value has increased with the increase of temperature, that indicates
the adsorption process became less spontaneous at higher tempera-
tures and thus the process became less favourable. The ΔH value of
the biosorption process was calculated using the equations mentioned
earlier and found to be−26.2 kJmol−1. The negative value of ΔH spec-
ified the exothermic nature of the Hg(II) biosorption by the living bio-
mass at 25 °C to 55 °C. On the other hand, the calculated value of ΔS
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Fig. 5. a) Kinetic adsorption data. b) Intra-particle diffusion model (bioso
was−68 J K−1 mol−1, that showed the decrease in randomness during
the biosorption process at the living biofilm and Hg(II) solution
boundary.

3.4. Kinetics of the biosorption of Hg(II)

Kinetic studies of the biosorption process were carried out in
order to better understand the mechanism for living biofilm
biosorption of Hg(II) and find out the possible rate-controlling
phases that involve mass transport and chemical processes. The in-
vestigation of biosorption rates provides valuable information for
designing batch biosorption systems with optimum conditions
(Tuzen and Sari, 2010). The kinetic biosorption data are shown in
Fig. 5.a. The biosorption kinetics mechanism was investigated using
pseudo-first-order and pseudo-second-order kinetic models to eval-
uate the kinetic experimental data. The pseudo-first-order kinetic
equation (Lagergren, 1898) assumes that metal ions bind to just
one biosorption site on the biosorbent (Ghaedi et al., 2013) and
this is presented in the linear form as follows:

qe−qtð Þ ¼ ln qe−K1t

where K1 is the pseudo-first-order rate constant (min−1), qe and qt
(mg g−1) are the amount of metal ions adsorbed on the adsorbent per
unit mass at equilibrium and at any time t (min), respectively. The value
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of K1 and qewere calculated by plotting the graph using log (qe - qt) ver-
sus (t) and estimating the slope and intercept of the diagramwhich are
presented in Table 3.

The pseudo-second-order kinetics model reported by Ho andMcKay
(1998) assumes that the biosorption process rate is likely to be limited
by chemical interactions binding the metal ions to the biosorbent sur-
face, using bonds as strong as covalent (Gupta and Bhattacharyya,
2011). The pseudo-second-order kinetic model equation is expressed
in the linear form as follows:

t
qt

¼ 1
K2qe2

þ 1
qe

� �
t

where K2 (g mg−1 min−1) is the second-order rate constant of adsorp-
tion. The values of K2 and qe are estimated by plotting t/qtversus t and
calculation of the slope and intercept of the graph (which are shown
in Table 3) along with the corresponding regression correlation coeffi-
cients (r2). According to Table 3 the r2 value was higher in pseudo-
second order model than pseudo-first order model and also qe values
calculated using themodel were in a goodmatchwith the qe values ob-
tained from the experimental data. This observation reveals that the
biosorption of Hg (II) by the living biofilm followed the pseudo second
order kinetic model which can be used to calculate the equilibrium
biosorption capacities, biosorption rate constants and Hg(II) ions re-
moval efficiencies.

3.4.1. Intra-particle diffusion
Previous studies have shown the importance of using kinetic data in

mechanism investigation of adsorption process (El-Sheikh et al., 2012).
The biosorption processes are normally controlled by following three
stages (Boparai et al., 2011):

1) Film or surface diffusion which is defined as mass transfer of metal
ions from the solution to the surface of the sorbent.

2) Pore or intraparticle diffusion where metal ions penetrate the inner
layers of the biosorbent.

3) Biosorption on interior parts of the biosorbent.
The slowest stage of these three is considered as the rate-limiting

phase.
The Weber and Morris intra-particle diffusion model assumes that

three previousmentioned diffusion stages occur until the surface of sor-
bent is saturated. The domination of intraparticle diffusion can be con-
firmed by evaluating the Weber and Morris (1963) equation which is
expressed as follows:

qt ¼ kid t0:5 þ C

where kid is the rate constant of intra-particle diffusion (mg g-1/2min-1/2)
and C is a constant that is related to the thickness of the boundary layer at
the surface diffusion stage. Fig. 5.b is provided by plotting qt versus t0.5 to
evaluate the existence of intraparticle diffusion of Hg(II) ions onto living
biofilm at 25 °C and pH 5.5.

The shape of the graphs of qt versus t0.5 provides valuable informa-
tion about the adsorption mechanism. Depending on whether plots
Table 3
Comparison of pseudo-first-order and pseudo-second-order adsorption rate constants, calcula

Ci 0.2 mg L-1 1.0 mg L-1 2.0 m

qe,exp (mg g -1) 0.3 1.4 2.5
Pseudo-1st order

r2 0.715 0.702 0.430
qe, cal (mg g -1) 0.086 0.325 0.721
k1 (min-1) 0.012 0.015 0.040

Pseudo-2nd order
r2 0.999 0.999 0.998
qe,cal (mg g -1) 0.3 1.4 2.6
k2(g mg-1min-1) 0.94 0.240 0.080
have one or more than one line and also pass through the origin or
not, rate limiting steps can be interpreted. The value of intercept in plot-
ted graphs reveals the effect of the boundary layer. According to Fig. 5.b,
three linear sections were present which was a sign that there were
three stages involved in Hg(II) ions biosorption by the living biofilm.
The sharp beginning of the graph (t0.5 = 0 to 3) revealed the diffusion
of the Hg(II) ions through the solution to the outer layer of biofilm sur-
face as film or surface diffusion occurs.

The second stagewhich started at t0.5= 3 to 7, indicated the gradual
biosorption process in which intraparticle diffusion was taking place
and controlled the rate. The third stage (t0.5 = 7) was where the
intraparticle diffusion gradually stopped due to the lower Hg(II) ion
concentration in the solution. Therefore, the Hg(II) biosorption by the
living biomass was a three staged process, dominated by surface
biosorption and intraparticle diffusion. The intraparticle step seemed
slower between t0.5 = 3 to 7 and therefore could be considered as the
rate limiting stage.

3.5. Comparison with other metal attenuation studies

As a model environmental toxic metal, mercury serves as a guide for
how biologically activated geosynthetics may beneficially interact with
variable trace concentrations of metals from human societies. Work by
Nnadi et al. (2014) and Mbanaso et al. (2020) showed that synthetic
stormwater, including metal residues was treated by PPS including a
geotextile, to an extent where it was shown to present a much lower en-
vironmental threat if discharged as effluent, compared with untreated
runoff conveyed by traditional drainage systems. Stormwater manage-
ment device options that can be deployed due to there being a large
amount of available space, such as constructed wetlands, are known to
be effective at runoff remediation (Usharani and Vasudevan, 2013) and
to be driven by active and adaptablemicrobial communities in the decon-
tamination of wastewater (Sánchez, 2017). The use of grey, engineered
SuDS devices to develop adsorbentmedia for solublemetals, in particular
on an established geosynthetic material, is new and significant advance
on the concept of ecosystem services or ecosystem function for SuDS.

Other work to determine the fate ofmetals in paving has shown that
PPS can treat zinc and copper in stormwater, reducing thesemetals sig-
nificantly in discharge (Ostrom andDavis, 2019). It has also been shown
that novel paving materials, in this case lime and sand bricks (Zhang
et al., 2019), can reduce the concentration of soluble copper, and that
this process was capable of reaching a maximum adsorption capacity
of 7 mg g−1. However, this research results showed that a living biofilm
has a biosorption capacity of 9–101mg g−1 for a 20mg L−1mercury so-
lution depending on development stage of the biofilm. Zhang et al.
(2019) found that physical adsorption and ion exchange were impor-
tant for copper removal, which contrasts with the present study show-
ing a predominance of physisorption in the biofilm removal of mercury.
In the two referenced studies above, both strategies utilised new formu-
lations of paving and/or sub basematerials in order to achieve themetal
removal, which contrasts with the 1 mm−1 thick geotextile employed
as the adsorbent in this study. Ostrom andDavies used 50mm−1 of sub-
strate depth and Zhang et al. used a depth of 200 mm−1, showing a
ted and experimental adsorption capacities.

g L-1 5.0 mg L-1 10.0 mg L-1 20.0 mg L-1

6.0 11.0 21.0

0.688 0.899 0.874
1.816 4.677 8.570
0.030 0.020 0.021

0.999 0.999 0.998
6.2 12.0 22
0.034 0.017 0.008
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significantly greater commitment of materials per unit area of pave-
ment to achieve metal adsorption, than that found with a biologically
active geotextile. What differentiates this study from other research
into adsorption of stormwater-borne metals in pavements, is the
proven contribution of the biofilm to the removal of mercury.

In previous PPS research, biofilms were shown to grow on geotextiles
and degrade oils (Newman et al., 2002) or metals were shown to be at-
tenuated by passage through PPS, many of which used a geotextile, but
the removal mechanism for soluble metals in effluent was not deter-
mined (Nnadi et al., 2014; Mbanaso et al., 2020). In addition, in the
above studies there was no clear separation of metals into dissolved and
particulate fractions, only the total metal concentrations applied and re-
leased in effluent were reported. The present study specifically used
only soluble mercury to examine worst case conditions. The potential
for inexpensive, readily available, standard geotechnical materials to be-
comebiosorbentswhencolonised bynaturally occurring, batchgrown, al-
lochthonous microbes has been demonstrated in this study. Indeed, the
speed at which significant biosorption occurs (24 hour incubation in cul-
ture liquid) and the relative paucity of adsorption on clean geotextile,
shows the affinity for mercury, even in a probable monolayer on the
geotextile surface.

Design guidance on the inclusion of geotextiles for PPS has often
specified that they are an extra barrier against the discharge of contam-
inated stormwater (Woods Ballard et al., 2015), andmany PPS deployed
in the field already use geotextiles, meaning that the benefits of
biosorption from PPS covered geotextiles may bemaking a contribution
to enhancedwater quality across theworld. It will be necessary to study
this beneficial effect more fully to determine the lifetime of the micro-
bial biomass, the possible release of adsorbed metal over time, the con-
stituents of the biofilm organisms and the efficacy of biologically active
geotextiles when challenged by other metals. It is planned to test more
metals in soluble single doses, e.g. cadmium, copper, lead against bio-
film covered geotextiles, with metals in combination and ultimately
along with organics such as PAH, BTEX and plastic residues.

4. Conclusions

In this study, the equilibrium, thermodynamics, and kinetics of Hg
(II) biosorption onto living biofilm grown on a nonwoven polypropyl-
ene and polyethylene geotextile, widely used in sustainable drainage
systemswere investigated regarding the impact of initial metal concen-
trations, contact time, temperature and pH of the solution. Investigation
of the Hg(II) biosorption capacity and efficiency of different stages of
biofilm development was carried out. The Langmuir, Freundlich and
Dubnin Radushkevich models were used to better understand the
mechanism of Hg(II) biosorption to the living biofilm. It was observed
that the equilibrium concentrations fitted perfectly to the Freundlich
model and with a lower degree to the Langmuir isotherm.

The thermodynamic studies indicated that the Hg(II) biosorption of
living biofilm is thermodynamically feasible and has a spontaneous and
exothermic nature. Moreover, kinetic studies of equilibrium data
showed that Hg(II) biosorption onto living biofilm had a better correla-
tion with pseudo second order kinetic model compared to pseudo first
order model. Finally, FTIR results showed that amine, hydroxyl and car-
boxyl groupswere themain functional groups involved in the process of
Hg(II) biosorption by the living biofilm. Moreover, controlled adsorp-
tion experiment showed negligible Hg(II) removal capacity of the
geotextile without living biofilm. It can be concluded that a living bio-
film grown on a nonwoven polypropylene and polyethylene geotextile
can be considered an efficient and cleanmethod for the removal ofmer-
cury ions from stormwater within the structure of SuDS devices.
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