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Development of composite alginate bead media
with encapsulated sorptive materials and
microorganisms to bioaugment green stormwater
infrastructure†
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Green stormwater infrastructure (GSI) is being increasingly implemented in urban areas as a nature-based

solution to improve water quality and increase groundwater recharge. Nevertheless, GSI is inefficient at

removing many trace organic contaminants (TOrCs) and dissolved nutrients, potentially risking

groundwater contamination. We developed and characterized novel engineered geomedia to rapidly

capture stormwater pollutants via sorption, including TOrCs and dissolved nutrients, while bioaugmenting

microorganisms to subsequently degrade captured contaminants in GSI. We created “BioSorp Bead”

geomedia by encapsulating powdered activated carbon [PAC] (sorbent), iron-based water treatment

residual [FeWTR] (density, sorbent), wood flour [WF] (growth substrate), white-rot-fungi [WRF] (model

biodegrading organism), and AQDS (model electron shuttle) in cation-alginate matrices (Ca2+, Fe3+). We

thoroughly mixed WRF culture with autoclaved PAC, FeWTR, AQDS, and WF in 1% alginate. This mixture

was added dropwise via peristaltic pump into 270.3 mM CaCl2/FeCl3 (on a platform shaker) to

instantaneously form beads that were then air-dried. Encapsulated fungi remained viable in dried beads

over an extended period (3 months at room temperature), demonstrating potential for bioaugmentation

applications. We quantified bead physical properties (i.e., surface area, pore volume, mechanical strength,

swelling, leaching), demonstrating that properties can be customized by adjusting composition parameters

(e.g., crosslinking with FeCl3 vs. CaCl2 increased bead mechanical strength). We also conducted preliminary

sorption experiments to evaluate capture potential for imidacloprid (neonicotinoid insecticide) from

synthetic stormwater runoff. The envisioned goal of the BioSorp Beads is to facilitate rapid contaminant

capture during infiltration of storm events and support microorganisms that subsequently degrade sorbed

chemicals, thus renewing GSI sorption capacity in situ.

1. Introduction

Urban areas generate rapid and voluminous stormwater
runoff during precipitation events, which contains complex

mixtures of both dissolved phase and particle-bound
contaminants that degrade water quality.1 Conventional
stormwater management methods are typically ineffective for
removing dissolved phase contaminants (e.g., dissolved
phosphorus [P], polar trace organics).1–3 Green stormwater
infrastructure (GSI) is being increasingly implemented as a
nature-based solution to improve urban stormwater runoff
quality, increase groundwater recharge,4–7 and address
broader societal needs.8 Bioretention cells are one of the
most widely-used GSI practices.3,9 Conventional bioretention
cells are typically filled with porous media consisting of sand,
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Water impact

Hydrophilic trace organic contaminants and dissolved-phase nutrients can pass through traditional stormwater management systems and create risk of
groundwater contamination. Biologically active sorptive media can rapidly capture many stormwater-relevant pollutants and bio-transform these
contaminants to sustain contaminant removal. We developed a novel scalable media, BioSorp Beads, that can bioaugment contaminant-degrading
microorganisms in stormwater infrastructure and have high pollutant sorption potential.
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compost, soil, and mulch with vegetation10 to maintain high
hydraulic conductivity/infiltration rates and prevent extended
ponding. These cells successfully remove particle-associated
pollutants, such as suspended solids, bacteria, some
nutrients, and some heavy metals.11 Nevertheless, dissolved
phase compounds that are polar and hydrophilic, including
many trace organic contaminants (TOrCs), demonstrate
inferior removal in conventional media11–13 and are more
likely to pass through bioretention cells.1 Failure to capture
TOrCs in conventional bioretention media can potentially
risk groundwater contamination.14–16 Therefore, improved
media for bioretention cells is necessary to remove TOrCs
from stormwater in GSI while protecting underlying
groundwater.

Amending conventional bioretention cell media with black
carbon materials can substantially improve stormwater
quality by rapidly capturing polar trace organic contaminants
via sorption. Bioretention cells containing black carbon
materials (i.e., biochar, granular or powdered activated
carbon [GAC or PAC]), can help remove multiple different
types of trace organics from stormwater runoff17,18 via
multiple sorption mechanisms.19 For instance, Ulrich et al.20

modified stormwater biofilters with biochar and achieved
superior TOrC removal over traditional unamended biofilters.
There are similar recent reports of improved high trace
organic21 and dissolved nutrient22 removal in black carbon
modified stormwater bioretention systems. Even amendment
of black carbon in bioretention cells, however, does not
represent a complete solution because sorption capacity can
be exhausted over extended time periods. Thus, there is a
growing need to develop improved media capable of
degrading contaminants in situ to renew sorption capacities
and sustain long-term pollutant removal of GSI while
minimizing maintenance.

Enhancement of biological processes in GSI modified with
black carbon could provide a sustained solution for the
removal of captured TOrCs. Microbial uptake/metabolism
can improve contaminant removal in bioretention cells by
facilitating biologically-mediated redox reactions during
inter-storm periods,23 which regenerates some of the GSI
media sorption capacity.24 Therefore, biologically active
sorptive media holds the potential to decouple the short
hydraulic residence time in bioretention cell necessary for
rapid stormwater infiltration from the longer chemical
residence time needed for biodegradation of TOrCs, ensuring
sustainable treatment. In addition to biodegradation,
microorganisms further enhance contaminant removal via
biotic sorption onto the biofilms.24 Hence, biodegradation of
TOrCs could be key to improvement of stormwater runoff
quality though in situ renewal of sorption capacities of the
treatment media.25

Studies related to contaminant biotransformation in GSI to
date mainly focus around bacterial and plant processes,26–28

while fungi are under-investigated in stormwater bioretention.
White rot fungi (WRF) are a class of well-known wood decaying
fungi that can produce a variety of both extracellular enzymes [

e.g., manganese peroxidase (MnPs), lignin peroxidase (LiPs),
laccases] and intracellular enzymes [e.g., CYP450]29 capable of
degrading recalcitrant organic compounds.30 Our lab recently
reported31 that WRF are capable of biodegrading some tire wear
compounds, which are becoming increasingly recognized for
their presence and persistence in urban stormwater and
impacts to aquatic life.32–35 WRF are also known to degrade
urban-use recalcitrant pesticides (e.g., Trametes versicolor can
degrade the phenylpyrazole-based pesticide fipronil36). When
WRF are proximal to black carbon materials, biotransformation
dynamics may potentially change because the redox-active
groups present on black carbon surfaces can function as redox
mediators of fungal extracellular enzymes.37 Black carbon
materials can also immobilize fungal enzymes via adsorption
onto the porous structures and by covalent bonds with the
surface functional groups, resulting in higher fungal
biodegradation potential.38,39 Nevertheless, the limited research
to date in bioretention has focused on fungal nutrient cycling
or interactions with plants, with a distinct paucity of work on
the potential to directly incorporate WRF into GSI systems.40–42

Bioaugmenting GSI with WRF holds promise for trace organic
biodegradation and improved stormwater quality, therefore
representing a critical research need.

The objective of this research was to develop a novel
biologically active sorptive geomedia with encapsulated white-
rot fungi to bioaugment green stormwater infrastructure. Here,
we encapsulated powdered activated carbon (PAC), wood flour,
iron water treatment residuals (FeWTR), anthraquinone-2,6-
disulfonate (AQDS), and Trametes versicolor as a model WRF in
Ca2+/Fe3+ alginate hydrogel structures to create “BioSorp beads”.
We verified fungal viability in the dried beads over an extended
time period and characterized a suite of BioSorp bead physical
properties (i.e., surface area, pore volume, mechanical strength,
swelling, leaching etc.). Black carbon (PAC) has multiple active
adsorption sites and is well-established to sorb various trace
organics and ionic contaminants.19 Iron oxides present in iron-
based water treatment residuals (FeWTR),43 can potentially sorb
dissolved phosphorus and PFAS.44–46 Practically, FeWTR also
increases the bead density to avoid floating media during
precipitation events and maintains bioretention structural
integrity. WRF secrete a variety of intra- and extracellular
enzymes and degrade different trace organic compounds.29,31

Wood flour acts as a carbon/energy source for fungi to maintain
fungal viability for extended time periods.47 AQDS (a commonly
used model electron shuttle) can enhance the degradation of
various recalcitrant organic contaminants by acting as redox
mediators for microbial metabolism/contaminant
transformation.48 To the best of our knowledge, this is the first
study to integrate the potentials of deploying composite fungi
alginate beads in bioretention cells for the goals of field
bioaugmentation and subsequent trace organic removal from
urban stormwater runoff, thus representing a novel assemblage
of materials and organisms. The BioSorp beads are, however,
fundamentally a platform technology that could be adapted to
encapsulate other microbes or materials for a suite of
environmental remediation (e.g., contaminated sediment
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bioaugmentation) or biotechnology applications (e.g., fluidized
bed bioreactor).

2. Materials and methods
2.1 Chemicals, materials, and cultures

Calcium chloride, ferric chloride, sodium alginate, sodium
nitrate, magnesium chloride hexahydrate and powdered
activated carbon (PAC) were purchased from Fisher Scientific.
Anthraquinone-2,6-disulfonate (AQDS), sodium sulfate, and
sodium bicarbonate were purchased from Sigma Aldrich.
Synthetic seawater was prepared by mixing 36 g “instant
ocean sea salt” (TopDawg Pet Supply, USA) per liter of
deionized water. The synthetic stormwater recipe can be
found in the ESI† [section S1]. Ferric sludge containing iron
water treatment residuals (FeWTR) was recovered from the
University of Iowa water treatment plant. The ferric sludge
was settled at room temperature for 24 hours. The top clear
water layer was carefully removed via peristaltic pump to
retain the bottom thickened FeWTR slurry. The remaining
FeWTR slurry was first oven dried at 70 deg C for 2 days, and
then powdered using mortar and pestle. The wood flour
(sanding dust residual; also known as wood dust) was
purchased from Shannon's Sawmill (Syracuse, New York,
USA). Malt extract broth, ammonium chloride, and sodium
phosphate dibasic were purchased from Research Products
International. Dr. Jordyn Wolfand from the University of
Portland graciously provided the white rot fungi (Trametes
versicolor) culture.

2.2 BioSorp bead preparation overview summary

Here, we present summary development of the novel sorptive
bioactive ‘BioSorp beads’ to amend bioretention cell media
for microorganism delivery and trace organic removal from
stormwater runoff via coupled sorption and biodegradation
[Fig. 1]. The materials are combined, and organisms
encapsulated using alginate as a biopolymer. Alginate is a
commonly used sorbent in wastewater treatment for heavy

metal and ionic dye removal49,50 and could also be used for
biofilm encapsulation and applied for bioaugmentation of
GSI. Alginic acid is a natural organic polymer (anionic
polysaccharide), which is found in brown algae.51 This
polymer contains abundant free hydroxyl and carboxyl groups
in the polymeric chain that form irreversible crosslinking
bonds with polyvalent cations51 (e.g., Ca2+, Fe3+, Al3+).
Calcium alginate beads form a two-dimensional ‘egg-box’
shaped structure, whereas Fe3+ alginate beads have a three-
dimensional structure and are more porous than Ca2+

alginate beads.52

Different variations of BioSorp beads were prepared using
powdered activated carbon (PAC), wood flour (WF), iron water
treatment residuals (FeWTR), AQDS, and T. versicolor culture
to probe the effects of varying material properties [Table S1†].
These materials were thoroughly mixed in varied
concentrations of sodium alginate solution (0.5% to 1.5% w/v
in DI water) and then added dropwise into calcium chloride
(270.3 mM or 450.5 mM tested; described in detail below) or
ferric chloride (270.3 mM) solution (made in DI water) using
a peristaltic pump. In every 100 mL of sodium alginate
solution, 1 g of PAC, 1 g of WF, and/or 1 g of FeWTR were
added. PAC, wood flour, water treatment residuals, and/or
fungi cells are trapped in the cross-links to form the final
BioSorp beads. During the preparation process, the beakers
containing calcium chloride or ferric chloride solutions were
maintained on a platform shaker and constantly shaken at
50 rpm. Wet beads were then air dried on wax paper at room
temperature for two to three days before being stored at
room temperature. Dried beads (2.5 to 3 mm diameter)
decrease in size by approximately 50% in diameter compared
to wet beads (5 to 5.5 mm diameter).

To encapsulate fungi within the BioSorp beads, bead
materials (i.e., PAC, wood flour, and FeWTR) were autoclaved at
121 °C for 60 minutes prior to starting the bead preparation
steps. DI water and 70% ethanol were flushed through the
peristaltic pump tubing to clean any residue. One week before
preparing the beads, the fungal strain was freshly inoculated by

Fig. 1 Schematic diagram of BioSorp bead making procedure. The final beads containing the encapsulated materials and culture are
approximately 3 mm in diameter and hard to the touch (FeWTR = iron water treatment residual; PAC = powdered activated carbon, AQDS =
anthraquinone-2,6-disulfonate).
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transferring into an Erlenmeyer flask containing malt extract
media from an agar plate using a sterile loop. The Erlenmeyer
flask was maintained on a shaker table for one week to allow
sufficient fungal growth (OD600 ∼ 1.5). After one week, the fungi
culture was homogenized using a handheld OMNI
homogenizer. In every 50 mL of 2% w/v sodium alginate
solution, we added 50 mL homogenized fungi culture
(containing fungi in malt extract media), 1 g PAC, 1 g WF, 1 g
FeWTR, and 0.1 g AQDS. This mixture was thoroughly
homogenized using the OMNI homogenizer to yield a 1% w/v
final sodium alginate concentration in the mixture). Lastly, we
added this mixture dropwise into 270.3 mM cationic (calcium
chloride or ferric chloride) solution using the peristaltic pump
to form the fungi containing beads. The beads were then air
dried on wax paper at room temperature for two to three days.

2.3 Bead characterization experimental design

We created a suite of abiotic beads (i.e., did not contain any
fungal culture) to isolate and systematically vary and
characterize the impacts of different preparation techniques on
important physical properties of the beads (i.e., varied sodium
alginate concentration [0.5% to 1.5%], varied crosslinker
concentration [3% vs. 5% CaCl2], divalent/trivalent crosslinker

type [CaCl2 vs. FeCl3], with vs. without AQDS). The systematic
bead experimental design and the impacts on different
measured physical properties are described in Tables 1 and S1.†
We quantified the bead surface area, pore volume, and
mechanical strength. We also imaged the bead surface using
scanning electron microscopy (SEM). To examine the bead
stability in solutions with different ionic strengths, we
determined the bead swelling ratio [eqn (1)] and bead
crosslinker leaching (i.e., dissolved calcium and iron
concentration) in deionized water, synthetic stormwater, and
synthetic seawater. We maintained 100 mg of dried Fe3+

crosslinked alginate beads and calcium crosslinked alginate
beads in 50 mL of the aforementioned solutions at room
temperature, and periodically weighed the wet beads to quantify
bead swelling [eqn (1)]. We also periodically measured the
dissolved phase calcium or iron concentrations in the solutions.

Bead swelling ¼ wet bead weight – dried bead weight
dried bead weight

× 100%

(1)

We prepared two types of biologically active BioSorp beads
(containing fungi; air dried beads and oven dried beads
[dried at 70 deg C for 8 hours]) and stored the finished beads

Table 1 Surface area and total pore volume of different calcium-alginate and ferric-alginate beads. The linking brackets in the experimental design
column highlight the testing of one variable while holding other factors constant

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

1-
11

-2
02

5 
16

:3
3:

32
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ew00289j


1894 | Environ. Sci.: Water Res. Technol., 2024, 10, 1890–1907 This journal is © The Royal Society of Chemistry 2024

at room temperature in sterile sealed tubes. The oven dried
beads were prepared to determine if drying temperature
impacted fungal viability. To verify the viability of the
encapsulated fungi, 250 mL growth media and 2 g of freshly
prepared dried BioSorp beads were combined and
maintained on a platform shaker at 100 rpm for two weeks,
whereupon the wet beads (and residual drops of the growth
media) were imaged with an optical stereoscope to observe
the fungal growth. The viability experiment was also repeated
with beads stored at room temperature for three months.

2.4 Analytical methods, QA/QC, and statistical analysis

We measured bead surface area and porosity using a
Quantachrome Nova 4200e BET instrument and bead
mechanical strength using a molecular force probe 3D classic
(MFP-3D) atomic force microscope. Dissolved calcium and
dissolved iron concentrations were measured using an
Agilent 7900 ICP-MS. We imaged the bead surface using
Hitachi S-4800 scanning electron microscope and Olympus
SZX12 Stereoscope. A more detailed description of the analytical
methods can be found in section S2.† All fungal culture work
was conducted in a laminar flow biosafety cabinet (BSC). The
BSC was decontaminated before and after each usage with 10%
(v/v) bleach, 70% (v/v) ethanol, and UV-sterilization. Fungal
culture preparation and maintenance procedures were followed
from our earlier work.31 Any solution or culture not immediately
needed was stored in a refrigerator at 4 °C for later usage.
GraphPad Prism 9.0.0 (San Diego, CA) was used to perform all
statistical analyses. Normality of the data distribution was
evaluated using the Shapiro–Wilk test and normal QQ plot.
When the data were significantly different from a normal or log-
normal distribution (α = 0.05), non-parametric analysis was
performed (e.g., Mann–Whitney rank sum test rather than
t-tests). ANOVA (α = 0.05) with Tukey post hoc tests were
performed to quantify statistical significances among matched-
paired datasets.

3. Results and discussion
3.1 Summary description of the produced geomedia

Our main objective of this phase of research was the
development of sorptive engineered geomedia (BioSorp
beads) that can be used as vehicles for GSI bioaugmentation.
We tailored our design to employ non-toxic materials,
incorporate recycled/valorized waste products, and maintain
an inexpensive production process that is scalable for
practical applications to field stormwater management
systems. The produced beads have an extended viable shelf-
life for the encapsulated organisms (at least 3 months when
stored at room temperature). Previous literature indicates
that white rot fungi can remain highly viable in calcium
alginate beads for at least one year when stored at 5°
Celsius.47 The BioSorp bead design is intended to rapidly
capture a spectrum of environmentally relevant dissolved
stormwater pollutants and to bioaugment contaminant
degrading microorganisms in GSI, thereby facilitating trace

organic contaminant biodegradation while renewing the
GSI's sorption capacities. Furthermore, the BioSorp beads are
mechanically robust and appear sufficiently stable to even
sustain high ionic strength stormwater runoff (i.e., relevant
in winter when high amounts of de-icing salts are applied),
as we detail below.

The final produced dried BioSorp beads, designed for
bioaugmentation and contaminant capture/bioremediation,
are approximately 2.5–3 mm in diameter [Fig. 1]. This
physical size is desirable to maintain high hydraulic
conductivity in GSI systems. The Ca2+ alginate beads are
spherical when freshly prepared, whereas the Fe3+ alginate
beads generate a more disk-like/spheroidal shape, indicating
denser crosslinks due to the presence of trivalent iron ions.
The ‘final’ beads all contain PAC (to rapidly capture different
trace organics), white rot fungi (as a model organism to
bioaugment the bioretention cells, enabling contaminant
biodegradation), wood flour (to support and maintain fungal
growth), AQDS (as a redox mediator), and FeWTR (to increase
bead density as well as dissolved nutrient and PFAS removal).
We produced and tested multiple bead iterations with
different combinations before optimizing the final bead
recipe. The recipe of all the bead iterations can be found in
Table S1.† Regardless of composition, alginate beads
crosslinked with calcium chloride had higher pH (around 6
to 6.5) than beads crosslinked with ferric chloride (around
3.3 to 3.6). The details of different bead properties and the
bead geomedia potential to bioaugment green stormwater
infrastructure are described below.

3.2 Physical properties of BioSorp beads

3.2.1 Effects of bead composition on surface area and pore
volume. We systematically probed the effects of alginate and
cationic crosslinker concentration on bead surface area and
porosity [Table 1 and Fig. 2]. We observed a substantial
decrease in surface area from the original PAC to the beads
(approximately 5- to 43-fold decrease). This loss of surface
area for the beads compared to the PAC is attributed to the
encapsulation of PAC in the alginate gel structure, and is
entirely expected based on the literature.53 Similar surface
area decreases are also reported in other activated carbon
hydrogel beads53 (e.g., unencapsulated activated carbon
surface area was 897.9 m2 g−1, whereas a chitosan bead
containing the activated carbon had a surface area of 165.8
m2 g−1). Both the surface area and pore volume of the
BioSorp beads decreased with increasing alginate
concentrations in the recipe, likely due to the denser
crosslinked structures.54 When we increased the sodium
alginate (SA) concentration of the beads from 0.5% to 1%,
the surface area decreased by 46%. Surface area further
decreased when the alginate concentration was raised to
1.5%. We also observed similar effects when we increased the
crosslinker concentrations. Beads made with 5% CaCl2 (450.5
mM) had 57.9% lower surface area than the beads made with
3% CaCl2 (270.3 mM). Beads created with equimolar ferric
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chloride (270.3 mM FeCl3) crosslinker had a higher surface
area (69.1% higher) and total pore volume (66.2% higher)
than beads made with calcium chloride (270.3 mM CaCl2).
Ferric-alginate beads have three-dimensional binding
structures and calcium-alginate beads have two-dimensional
planar binding structures.52 Therefore, we hypothesize that
the two-dimensional planar structures in calcium-alginate
beads result in lower porosity than ferric-alginate beads.

Hence, surface area and pore volumes can be customized
by either adjusting the alginate concentration or the
crosslinking concentration or the crosslinker type [Fig. 2(a)].
We systematically demonstrated the effects of increasing
alginate and/or increasing crosslinker concentrations using
the calcium alginate beads for testing for testing a single
variable. Changes in surface area and pore volume would be
also entirely expected for ferric cross-linked alginate beads if
the alginate and/or FeCl3 concentrations were changed.54

Because of the three-dimensional binding structures in ferric
cross-linked alginate hydrogel versus the two-dimensional
binding structures in calcium cross-linked alginate,52 the
surface area and pore volume values will likely be different
for these two types of composite alginate beads. Nevertheless,

the key point that BioSorp bead surface area and pore volume
can be customized according to the needs by changing the
bead recipe remains consistent. We conclude that the ferric
cross-linked alginate beads are likely to be better candidates
for most GSI applications due to the higher porosity and
surface area. When we added AQDS to the bead recipe (using
calcium alginate as test beads), surface area and pore volume
of the AQDS containing beads decreased marginally by 13%
and 3.3%, respectively, compared to the beads that did not
contain any AQDS. AQDS is a model quinone substance that
can facilitate microbial and abiotic degradation of various
recalcitrant trace organics by facilitating e− transfer.55–58

Considering potential for the added benefits external electron
shuttles provide, we hypothesize that the presence of AQDS
would likely have a net positive impact on the bead
performance and AQDS should be included in the recipe.
Future research will evaluate biodegradation in the presence
the exogenous electron shuttle addition.

As a quality assurance measure, we characterized the BET
adsorption isotherms (volume of nitrogen gas adsorbed by
PAC, ferric-alginate beads, and calcium-alginate beads as a
function of relative pressure), which were used to quantify

Fig. 2 (a) Effects of systematically varying bead compositions on the surface area and the total pore volume of different BioSorp beads.
Compositions: (1) varied sodium alginate (SA) concentration [crosslinker concentration was constant (3% CaCl2)], (2) varied crosslinker
concentration [sodium alginate concentration was constant (1%); 3% CaCl2 = 270.3 mM CaCl2; 5% CaCl2 = 450.5 mM CaCl2], (3) varied crosslinker
type [equimolar concentrations of CaCl2 and FeCl3 (270.3 mM); sodium alginate concentration was constant (1%)], and (4) beads including/
excluding AQDS [both sodium alginate (1%) and crosslinker concentrations (3% CaCl2) were constant]. (b) BET adsorption–desorption isotherms for
PAC, Fe beads, and Ca beads. (c) Mechanical strengths (Young's modulus measurements) of Fe3+ alginate beads and Ca2+ alginate beads (n = 5;
multiple measurements made on 5 beads of each type; p-value calculated from non-parametric Mann–Whitney rank sum test).
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bead surface areas and pore volumes [Fig. 2(b)]. All isotherms
followed IUPAC type IV (a) isotherms, where capillary
condensation and hysteresis coexist. We observed capillary
condensation (gas phase transitions into liquid phase) and
hysteresis (adsorption and desorption pathway do not
overlap) in our alginate gel bead isotherms. The hysteresis
loop follows loop type H4, where noticeable adsorption at
low relative pressure indicates micropore filling. This type of
isotherm occurs when mesopores larger than 4 nm are
present in the structures. Type IV (a) isotherms and H4 loops
are common in activated carbons59 and oxide gels like
zeolite.60

3.2.2 Effects of bead composition on mechanical strength.
Fe3+ alginate beads possess higher mechanical strength than
Ca2+ alginate beads [Fig. 2(c)]. Mean values for the Young's
modulus of our Fe3+ beads and Ca2+ beads were 169.7 MPa and
131.4 MPa, respectively (p = 0.023). Because the trivalent Fe3+

binds to both polyguluronate (GG) and polymannuronate (GM)
groups of alginates in a porous three-dimensional structure,
ferric alginate beads form stronger bonds than calcium alginate
beads (calcium binds to the GG groups only).52 As a result, Fe3+

beads have higher mechanical strength and higher porosity
[Fig. 2] and swell less than Ca2+ beads [Fig. 4]. The Young's
moduli of our BioSorp beads (made with 1% alginate;
encapsulated 1% PAC, 1% WF, and 1% FeWTR) are 36 to 850
times higher than the typical reported61,62 mechanical strengths
of alginate beads containing no amendments (i.e., nothing
encapsulated; beads made with 10% alginate concentration
exhibited a Young's modulus of 3.6 Mpa,62 whereas the values

for 2% to 5% alginate beads ranged from 0.2 MPa to 0.6
MPa).61 Other organic hydrogel beads are reported to have even
lower mechanical strength than alginate beads (e.g., 1.5%
chitosan bead have a reported Young's modulus of 0.187
MPa).63 This finding indicates that the bioretention cells would
likely be able to maintain structural integrity (i.e., not to
subside) if BioSorp beads were incorporated in the cell media.

3.2.3 SEM Microscopy to characterize bead surface. We
also analyzed the surface morphology of the dried composite
alginate beads using scanning electron microscopy for visual
characterization (images are presented at equal
magnification; scale bar = 50 μm) [Fig. 3]. All types of beads
have rough and porous surface structures containing
multiple cracks and pores (many >10 μm). When the sodium
alginate concentration was increased in the calcium alginate
bead recipe (0.5 to 1.5% sodium alginate), thicker and
smoother alginate gel structures formed.64 We observed
similar effects when we increased the crosslinker
concentration (3% to 5% CaCl2). When we changed the
crosslinker cation composition from CaCl2 to FeCl3, we noted
a denser alginate coating with many large cracks and pores.
Similarly rough and porous surfaces of composite alginate
beads are also reported in previous studies.65 Additional SEM
images can be found in the ESI† section [Fig. S13].

3.2.4 Bead swelling. Calcium alginate beads swelled more
than ferric alginate beads when in the presence of a high
ionic strength solution [Fig. 4]. We observed that calcium
alginate beads did not swell differently in DI water and in
synthetic stormwater ( p > 0.9999); however, the Ca2+ beads

Fig. 3 Effects of varying bead compositions on the bead surface (SEM image scale bar = 50 μm). Increasing sodium alginate concentration
smoothed the bead surface (crosslinker concentration was constant). Increasing the crosslinker concentration (3% to 5% CaCl2) or changing the
crosslinker to FeCl3 from CaCl2 also smoothed the bead surface (sodium alginate concentration was constant). Large cracks and pores were
evident in beads crosslinked with FeCl3.
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swelled ∼3 times more in synthetic seawater than in
synthetic stormwater ( p = 0.0372). Conversely, Fe3+ alginate
beads exhibited similar swelling under the three ionic
strength conditions tested ( p = 0.9684). There were no
significant differences when comparing swelling of Ca2+

alginate beads and Fe3+ alginate beads in DI water ( p =
0.9742) and in synthetic stormwater ( p = 0.9651); however,
when the solution ionic strength increased to the level of
synthetic seawater, the Ca2+ alginate beads swelled
approximately 3 times more than Fe3+ alginate beads ( p =
0.0476). Synthetic seawater had 140 times greater ionic
strength than synthetic stormwater (0.7 M vs. 0.005 M). The
trivalent Fe3+ beads have a complex three-dimensional Fe3+-
alginate structure, whereas the divalent Ca2+ beads have two-
dimensional Ca2+-alginate structure.52 The Fe3+-alginate
structure contains a higher density of crosslinking bonds
than Ca2+-alginate structure, resulting in stronger beads with
a lower swelling property.52 Analogous trends in swelling
results have also been reported for trivalent Al3+ alginate

beads compared with divalent Ca2+ alginate beads.66 Because
both Ca2+ beads and Fe3+ beads swelled approximately the
same amount in synthetic stormwater ( p = 0.9651; the
relative difference in swelling ratios were <2% after 42 days),
both types of beads will also likely exhibit similar swelling in
most relevant GSI applications. For potential applications
where the beads would be exposed to high ionic strength
conditions such as bioremediation/bioaugmentation of
sediments in estuaries, Fe3+ beads may be a better choice
than Ca2+ beads.

3.2.5 Bead leaching. Calcium alginate beads were
maintained in DI water, synthetic stormwater, and synthetic
seawater to quantify calcium release in the dissolved phase.
There was a net increase in dissolved calcium concentration
in the DI water of ∼57 mg L−1 after 22 days (initial Ca
concentration = 0.73 mg L−1; Ca concentration after 22 days =
57.5 mg L−1). The dissolved Ca concentration in synthetic
stormwater also increased by ∼22 mg L−1 after 22 days (initial
concentration = 47.1 mg L−1; Concentration after 22 days =

Fig. 4 (a) and (b) Percent change in weight of calcium-alginate and ferric-alginate beads, kept in DI water, synthetic stormwater, and synthetic
seawater (Bead swelling: eqn (1)). Error bars represent the standard deviation of the mean (n = 2 experimental replicates; error bars too small to be
visible are obscured by the data points). (c) Ferric-alginate beads and calcium-alginate beads do not disintegrate in synthetic stormwater (ionic
strength = 0.005 M), 10× synthetic stormwater (ionic strength = 0.046 M), 20× synthetic stormwater (ionic strength = 0.093 M) even after 10
months.
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69.6 mg L−1), and in synthetic seawater the dissolved Ca
concentration increased by ∼71 mg L−1 (initial concentration
= 337.21 mg L−1; Concentration after 22 days = 408.4 mg L−1)
[Fig. 5 and Table S2†].

Separate mechanisms likely contributed to leaching in the
different types of solutions. We hypothesize that the ∼57 mg
L−1 increase in DI water Ca concentration was due to osmotic
pressure equilibrium (i.e., ion concentration gradient
induced from the deionized water). Conversely, ion exchange
likely facilitated Ca leaching in synthetic stormwater and
seawater, a process known to impact crosslinker leaching.66

Indeed, calcium leaching was lower in synthetic stormwater
(∼22 mg L−1 dissolved Ca concentration increase in 22 days)
than in high ionic strength seawater (∼71 mg L−1 dissolved
Ca concentration increase in 22 days). To ensure the beads
remained stable in different ionic strength runoff, we
maintained beads in DI water, synthetic stormwater, 10×
synthetic stormwater, 20× synthetic stormwater, and synthetic
seawater for 10 months; the beads did not disintegrate
[Fig. 4(c) and S10†]. We tested leaching for all the ionic
strength conditions for Ca beads as part of the experimental
design. Because we did not observe any leached dissolved
iron in seawater, which has a significantly higher ionic
strength (0.7 M) than 10× synthetic stormwater (0.046 M) and
20× synthetic stormwater (0.093 M), we tested Fe bead iron
leaching only in DI water, synthetic stormwater, and
synthetic seawater [Fig. 5]—representing both the most
extreme and environmentally relevant conditions. BioSorp
beads are likely stable under environmentally relevant
conditions for stormwater systems, such as typical freshwater
up to road salt induced deicing influxes.

Iron release from Fe3+ alginate beads was lower than calcium
release from Ca2+ alginate beads (e.g., after 42 days, dissolved
iron concentration in synthetic stormwater was ∼20 times lower
than dissolved calcium concentration in synthetic stormwater)
[Fig. 5]. We hypothesize that the stronger bonds between

trivalent iron and alginate improve bead durability (i.e., less
swelling/leaching). Dissolved total iron concentrations in DI
water were 0.003 mg L−1 on day 0, 3.36 mg L−1 on day 22
(increased 1120-fold), and 2.95 mg L−1 on day 42 (increased 983-
fold). In synthetic stormwater, iron concentrations were below
the detection limit on day 0, 0.17 mg L−1 on day 22, and 0.10
mg L−1 on day 42. Dissolved iron concentrations were under the
detection limit for synthetic seawater on day 0 and day 22
(synthetic seawater data could not be collected on day 42). Iron
beads will thus not likely leach concerning quantities of iron
crosslinkers in environmentally relevant high ionic strength
stormwater runoff (i.e., dissolved iron concentrations were even
lower than dissolved calcium concentrations in both synthetic
stormwater and synthetic seawater). The dissolved iron values
measured, however, did not likely constitute all the iron leached
from the beads. Specifically, visible brown iron precipitates were
present in the synthetic seawater, whereas no precipitates were
visible in DI water [Fig. S10†]. Ferric beads in DI water yielded a
solution pH of ∼3.5, whereas the pH was ∼6.15 in synthetic
seawater (stored in sealed containers; no change in solution pH
over the course of 5 months). Iron solubility is strongly
associated with the pH and the redox potential of the solution.67

As the solution container was sealed and there was de minimis
headspace, the redox potential of the synthetic seawater is
unlikely to change due to oxidation due to air presence in the
vial (redox potential of seawater68 varies between 0.7 and 0.8 V).
When pH is below 5, dissolved iron can exist as Fe3+, FeOH++,
and Fe(OH)2+, whereas stable dark brown colloidal suspensions
of ferric hydroxides precipitate in the pH range of 5 to 8 at
equilibrium.67 Because Ca2+ alginate beads and Fe3+ alginate
beads do not disintegrate even under high ionic strength
solution conditions, both the beads could be applied in
environmentally relevant field bioretention cells to treat
stormwater runoff.

The durability of the beads in the field environment may
not be limited by ion exchange but by microbial degradation.

Fig. 5 Dissolved calcium concentration [leaching from Ca beads] and dissolved iron concentration [leaching from Fe beads] in solutions with
different ionic strength (n = 1). 10× synthetic stormwater, 20× synthetic stormwater, and synthetic seawater data could not be collected on day 42.
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Because alginate is a natural organic polymer, the alginate in
the beads may eventually be degraded in GSI by soil
microbes. Very slow biodegradation of dried alginate beads
(with no materials encapsulated, made with 2% sodium
alginate and 1% CaCl2) has been reported in a microbe-
enriched soil environment.69 In contrast, in an extremely
microbially active environment such as a wastewater
treatment bioreactor, alginate beads may only last ∼15–30
days.70 Thus, the encapsulated materials in BioSorp beads
may be released in a field setting after an extended period.
Nevertheless, we do not consider the likely slow
biodegradation of alginate and potential the release of the
encapsulated materials as a fatal design flaw for stormwater
bioretention applications. From a stormwater management
perspective, we wanted to create a non-toxic carrier that could
deploy sorptive materials and TOrC biodegrading
microorganisms in GSI systems. We envision our beads
working as biological seeds and spreading microbes
throughout the bioretention cells. Hence, an encapsulation
process that fully immobilizes the white rot fungi (does not
let fungi spread out in the system) would indeed be counter-
productive for stormwater treatment. Additionally, BioSorp
beads are strong enough to remain stable to enable
bioretention cell bioaugmentation and likely (based on our
ionic strength experiments) to achieve the design goal of
coupled TOrC sorption with subsequent biodegradation.
Additional testing under environmentally relevant field
conditions will evaluate durability of deployed beads.

3.3 Bioaugmentation potentials of BioSorp beads.

3.3.1 Viability of encapsulated fungi. White rot fungi
(WRF) were able to remain viable in the BioSorp beads and
could grow from the beads following an extended dried
storage period, which is critical for practical bioaugmentation
efforts. We successfully encapsulated Trametes versicolor
fungi in our beads along with PAC, FeWTR, wood flour, and
AQDS by entrapping fungi in either Ca2+ alginate or Fe3+

alginate crosslinkers. When added to growth media (malt
extract media and modified Kirk's liquid culture media71 in
this case), dried BioSorp beads were capable of growing
fungal fruiting bodies on the surface of the beads [Fig. 6],
thereby demonstrating viability of the encapsulated
organisms (i.e., no microbial growth occurred in beads that
did not contain any fungal culture). We also observed that
WRF diffused out of the dried BioSorp beads into the culture
media through the cracks and pores, demonstrating potential
for bio-augmenting the bioretention cells. Encapsulation is
known to increase the shelf life of microorganisms.72 We
maintained our air-dried beads in sealed tubes at room
temperature for three months and observed similar fungal
growth from stored beads and freshly prepared beads. This
extended storage scenario has also been observed for alginate
coated entomopathogenic fungus (Metarhizium anisopliae),
where the authors reported fungal growth even after ten
months.73 Fungal viability can reportedly be substantially
increased by storing beads refrigerated (at ∼4–5 deg C).47

Fig. 6 White rot fungi can grow from the BioSorp beads, demonstrating viability following drying and extended storage periods (i.e., 3 months). (a)
and (b) Trametes versicolor grew from the BioSorp beads (made with 1% sodium alginate, 1% powder activated carbon, 1% wood flour, and 3%
CaCl2) when the beads were kept in malt extract media, (c) closeup stereoscope image of T. versicolor growth from BioSorp beads (made with 1%
sodium alginate, 1% powder activated carbon, 1% wood flour, and 3% CaCl2), (d) closeup stereoscope image of T. versicolor growth from BioSorp
beads (made with 1% sodium alginate, 1% powder activated carbon, 1% wood flour, 1% iron water treatment residual, and 3% CaCl2).
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The viability of encapsulated fungi appears robust. We
prepared oven-dried beads to investigate if bead drying could
be accelerated; air drying took ∼2–3 days, whereas oven
drying took ∼8 hours. Because heat is a common
environmental stressor, we decided to check fungal viability
in the oven dried beads. We observed similar fungal growth
for both air-dried and oven-dried beads (OD600 was 1.5 after
two weeks of bead inoculation into malt extract media).
Encapsulation is known to protect microorganisms by
providing a higher resistance to the environment.74 This was
evident in the case of our oven-dried beads. Even though the
oven-dried beads were dried at 70 degrees Celsius for 8
hours, we did not observe any visible decline in fungal
growth compared to the air-dried beads. Freeze drying could
also be an alternate process to dry the beads faster but, like
oven drying, would require an external energy supply.
Encapsulated microorganisms are known to exhibit a
decreased tendency to wash out and have higher viability,
stability, and activity.75 Encapsulated microorganisms also
reportedly produce more extracellular enzymes that can
degrade contaminants outside of the cells.75 Multiple organic
and inorganic polymer matrices could potentially be applied
to accomplish this encapsulation process; however, all
matrices do not have the same beneficial impacts on
microorganisms. Inorganic polymer matrices, such as sol-
gels, hold a higher resistance toward microbial and chemical
attack and are more durable, but natural organic polymers
are non-toxic, biodegradable, and affordable.76,77 Chitosan is
another natural organic polysaccharide (like alginate) that
could alternatively be used to encapsulate microorganisms
for water treatment.78 Chitosan powder is often mixed with
alginate to increase the mechanical strength of the hybrid gel
beads.79–81

3.3.2 Creating a beneficial micro-environment to enhance
viability and biodegradation. We incorporated wood flour into
the BioSorp beads with the goal of providing a maintenance
substrate (nutrient supplement) for the fungi to promote
longevity when deployed in the field. Loomis et al.47 reported
that Phanerochaete chrysosporium encapsulated alginate beads
(stored at room temperature) exhibited high viability even after
nine months when an external nutrient supplement (i.e., wood
flour or corncob grits) was present in the bead structure,
whereas drastic depletion in viability occurred after only two
months in beads that did not contain any nutrient
supplementation. This type of maintenance substrate
application is not exclusive to WRF and wood flour. For
example, shredded straw,82 grass,82 newspaper,83 cotton,83 rice
husk,84 wood flour,85 and chlorella86 have previously been used
as external/supplemental carbon sources to increase
denitrification in synthetic wastewater and domestic sewage.
Maintenance substrates are also reported to increase pollutant
removal efficiencies in stormwater bioretention systems. For
example, woodchips act as carbon sources and electron donors
in biological denitrifying woodchip bioreactors.87–90 Newspaper
(as carbon source and electron donor) has also been added in
bioretention cells to improve the stormwater denitrification

performance.91,92 BioSorp beads could also be adaptively
prepared by encapsulating alternative carbon sources and
contaminant degrading microbes and used for stormwater and/
or wastewater treatment applications.

The acidic environment created by ferric alginate beads
may specifically promote fungal growth in bioretention cells.
Indeed, Johannes et al.93 demonstrated that bacterial and
fungal growth in soil were dramatically impacted by
variations of pH, where fungal growth increased with
decreasing pH (optimum at ∼pH 4–5) and bacterial growth
increased with increasing pH (optimum at ∼pH 7–8).
Because Fe3+ alginate beads generate lower pH conditions
(∼3.5) than Ca2+ alginate beads (∼6.2), Fe3+ alginate beads
could improve fungal deployment in bioretention cells by
creating favorable conditions wherein fungi can more
successfully outcompete bacterial biofilms. Fe3+ alginate
beads could also be suitable for bioaugmenting acidophilic
heterotrophic bacteria capable of degrading various aromatic
hydrocarbons.94 Fe3+ alginate beads could also potentially
facilitate PFAS sorption and biodegradation in bioretention
systems (in the presence of adequate NH4

+ ions) by providing
the acidic environment (optimal around pH 4) and Fe3+ ions
needed by the PFAS-degrading acidophilic Feammox bacteria
(i.e., Acidimicrobium sp. strain A6).95 Conversely, calcium
alginate beads may be more suitable for bioaugmenting
neutrophilic microbes (most bacteria are neutrophiles96).

We incorporated AQDS [as external electron shuttles (EES)]
in the beads with the goal of enhancing fungal viability
potential and biodegradation rates in GSI system. Electron
shuttles are capable of reversible oxidation and reduction
reactions and can aid biological transformations by acting as
redox mediators.97 Electron shuttles are known to also enhance
degradation of some recalcitrant organic contaminants by either
donating/accepting electrons for microbial metabolism or
donating/accepting electrons to microorganisms for
contaminant transformation.98 Previous studies have reported
increased biodegradation of a variety of contaminants in the
presence of AQDS. For example, Aulenta et al.99 used AQDS as
EES to facilitate microbial dechlorination of trichloroethene
(TCE)102 and Zhou et al.100 demonstrated that AQDS,
encapsulated in chitosan gel beads, can provide efficient and
environmentally friendly anaerobic decolorization of azo
dyes.103 Thus, the addition of AQDS in BioSorp beads may
enhance trace organic biodegradation in bioretention cells.
Furthermore, AQDS may also facilitate denitrification in GSI in
the presence of ferric sludge (FeWTR). Denitrifying and iron
reducing bacteria, present in saturated anaerobic bioretention
zone, can use AQDS and iron oxide rich FeWTR to stimulate
dissolved N removal.43,55,101–103 PAC itself can also act as an
electron shuttle by accepting and/or donating electrons because
of the condensed conjugated pi-electrons present in the
structure.98,104 We will conduct further testing to quantify the
impacts of AQDS on contaminant biodegradation in our future
studies. Fungal viability in bioretention cell may further
improve because PAC can act as growth surface for the
biofilms.105
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3.4 BioSorp beads as a platform technology

We view the work presented herein as a first proof-of-concept
for enabling targeted microorganism deployments, i.e.,
bioaugmentation specifically designed for GSI applications;
however, the BioSorp beads are fundamentally platform
technology. BioSorp beads are able to provide favorable micro-
environments for microbial growth and bioaugmentation. The
beads are made of non-toxic materials (i.e., alginate), are
physically durable, and incorporate valorized/recycled waste
products84 (i.e., ferric sludge, wood flour). Because the
production process is economical and scalable, the bead—
through tuning of materials and encapsulated organisms—can
be practically applied and adapted for field bioaugmentation.

The sorptive materials used in the beads could also be
potentially interchanged with other types of sorptive
materials, such as powdered biochar,18 aluminum-based
water treatment residuals,106 iron oxide coated sorbents,107

zinc oxide coated sorbents,108 manganese oxide coated
sand,109,110 etc. to specifically tune capture different
contaminants. Because our design goal for the beads was
stormwater treatment, we decided to use iron-based sorptive
materials because iron materials have previously been
applied for dissolved P removal in stormwater111,112 and
because Al- or Zn-based sorbents hold the risks of spreading
toxic Al or Zn metals113,114 in the environment. Because
coagulant dosage can change according to needs and the
influent water quality, the characteristics of FeWTR may also
vary temporally or if sourced from different water treatment
plants; however, FeWTR would still be produced from iron-
based water treatment processes.43 Powdered iron oxides
could alternatively be used in the beads instead of FeWTR to
potentially control performance more carefully.44–46 Because
incorporating FeWTR enables valorization of a common
waste product and lowers costs in scaled production, we
decided to use FeWTR in our beads.

Although we specifically encapsulated white rot fungi in
this study as the model bioaugmentation organism for the
design application goal in green stormwater infrastructure,
the BioSorp bead could easily be modified to encapsulate
other types of fungal or bacterial species for specific needs.
For example, BioSorp beads containing denitrifying bacteria
could be incorporated in the bottom anaerobic saturated
zones found in some bioretention designs,115–117 while beads
containing nitrifying bacteria could be added to the upper
aerobic unsaturated bioretention zones to maximize nitrogen
nutrient removal from stormwater runoff. Along with AQDS,
the encapsulated black carbon (PAC) itself or other black
carbons could also facilitate redox mediation.37 Because
AQDS is a model electron shuttle and can enhance
biodegradation of many recalcitrant TOrCs,48 we elected to
also deploy AQDS to additionally support biodegradation
reactions.

BioSorp beads are a platform technology potentially able
to encapsulate and deploy multiple types of microorganisms
or nutrients for a variety of wastewater or other biotechnology

applications. The bead physical properties could also be
tuned according to specific needs by adjusting alginate and/
or crosslinker concentrations and crosslinker types. One
example potential application of BioSorp beads could be
incorporation into fluidized bed reactors (FBR), a highly
effective technology to treat high strength wastewater.118,119

Some key challenges while operating FBR are preventing
microbial washout, retaining active biomass, and
maintaining minimum substrate concentrations needed to
sustain microbial redox reactions. BioSorp beads could
address this problem by working as microbial seeds and/or
reservoirs by retaining the encapsulated microorganisms in
FBR system. Preventing microbial washout is also critically
important for slow growing microorganisms, such as
anammox bacteria (capable of removing high strength
ammonia from wastewater).84 Another possible application of
adapted BioSorp beads could be in bioremediation of
hazardous materials.120 Along with contaminant degrading
microorganisms, critical limiting micronutrients/vitamins for
biodegradation of many hazardous materials could also be
incorporated into the beads. For example, encapsulated
vitamin B12 and PCB degrading microorganisms could
potentially enhance and sustain both chemical and microbial
reductive dechlorination of PCBs in contaminated
sediments.121

3.5 Preliminary performance results: efficacy of BioSorp bead
sorption

Because encapsulation of sorptive materials can decrease
surface area, as we observed herein, we conducted a
preliminary investigation of the BioSorp beads sorption
efficacy. We selected imidacloprid as a representative
hydrophilic TOrC and conducted sorption experiments with
several types of abiotic beads (i.e., did not contain any fungi)
to quantify BioSorp bead's contaminant capture capability.
Imidacloprid is a neonicotinoid insecticide (representative
highly polar TOrC; logKow = 0.57) that is frequently applied
in urban gardens, lawns, and for treating household pets and
thus commonly detected in urban stormwater.122 Here, we
spiked imidacloprid in synthetic stormwater to create a
solution of contaminated runoff (imidacloprid concentration
= ∼30 mg L−1). We transferred 100 mL of the prepared
contaminated stormwater in serum vials and added 100 mg
of BioSorp Beads to each vial. After sealing the vial tops, we
maintained the vials on a platform shaker in the dark for
∼two weeks (until equilibrium is reached, based on prior
work122). We used the modified Langmuir equation122 to
predict the maximum sorption capacities for two
representative BioSorp beads in this proof-of concept
preliminary experiment.

Encapsulation of the sorptive materials did decrease
sorption capacity, but much less than the decreased surface
area would predict. Imidacloprid sorption capacity for the
PAC_WF_WTR_CaCl2 bead was 25.52 mg g−1 (bead recipe:
1% alginate, 1% PAC, 1% WF, 1% FeWTR, and 270.3 mM
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CaCl2) and 18.52 mg g−1 for the PAC_WF_WTR_FeCl3 bead
(bead recipe: 1% alginate, 1% PAC, 1% WF, 1% FeWTR, and
270.3 mM FeCl3). We determined the imidacloprid sorption
capacity for this raw PAC (112 mg g−1) in one of our previous
studies.122 When we normalized the sorption capacities with
respect to the mass of PAC in the beads, sorption capacities
of PAC_WF_WTR_CaCl2 beads and PAC_WF_WTR_FeCl3
beads were 99.53 mg g−1 and 70.93 mg g−1, respectively. Thus,
even though the average surface area loss in the beads was
∼87% (with respect to raw PAC), average PAC normalized
imidacloprid sorption capacity loss was only ∼23% [Fig. 7]. It
is likely that some of PAC's sorption sites were blocked
during encapsulation, thereby limiting imidacloprid sorption.
The lower imidacloprid sorption onto PAC_WF_WTR_FeCl3
beads compared to PAC_WF_WTR_CaCl2 beads may relate to
the denser crosslinked hydrogel formation in Fe beads than
in Ca beads. In our future work, we will quantify detailed
sorption values for a suite of TOrCs and dissolved nutrients
relevant to urban stormwater and probe coupled sorption
and biodegradation via the BioSorp beads.

4. Conclusions

The main objective of this research was to develop a cost-effective
method to enable rapid capture and subsequent sustained
biodegradation of dissolved contaminants while delivering
contaminant-degrading microorganisms (i.e., bioaugmentation)
in green stormwater infrastructure. We developed a novel
composite alginate bead media (i.e., ‘BioSorp bead’) containing
PAC, WRF, wood flour, AQDS, and iron-based water treatment
residuals, and demonstrated the bead's potential toward the
application design goal of bioaugmenting GSI. This mechanically
robust novel assemblage of materials holds promise to enable
bioaugmentation and sustained contaminant degradation in GSI,
including bioretention cells, without compromising hydraulic

conductivity needed for rapid infiltration. Bead properties, such
as surface area, pore volume, mechanical strength, etc. are
customizable and vary with respect to the changes in the recipes.
We also demonstrated that white rot fungi remain viable in a
protected microenvironment created by the encapsulated
conditions and thus BioSorp beads have the practical potential to
bioaugment GSI and provide superior stormwater treatment than
traditional management systems.

Urban stormwater is well-known to contain a diverse suite of
contaminants that have deleterious impacts on the environment.1

The short hydraulic residence time and low sorption potential
associated with most high-hydraulic conductivity, sand-based
porous media in GSI perform poorly at removing many dissolved
phase contaminants, including polar trace organics and dissolved
nutrients, thereby generating concomitant risk for groundwater
contamination.3 Indeed, amended bioretention media are
capable of capturing increased quantities of trace organic
contaminants.123 BioSorp beads could be incorporated into new
bioretention systems or amended post-construction into existing
GSI systems for bioaugmentation. BioSorp beads are designed to
directly address the wicked problem of hydrophilic compounds
by: (1) rapidly capturing contaminants onto the black carbon
materials via chemical sorption during the rapid infiltration
stages and (2) encapsulating and bioaugmenting contaminant
degrading microorganisms in GSI systems. Even if some of the
non-toxic encapsulated materials or microorganisms (presuming
selection of non-invasive species) were to eventually leach from
the beads in the field, coupled contaminant sorption and
biodegradation are likely to occur simultaneously in bioretention
cells and be benefited by the presence of materials. For example,
a recent study estimated that black carbon amended biofilters
(5% biochar, v/v) could sustain TOrC removal for at least 17 years
before the effluent water quality dropped to the levels that pose
threats to aquatic lives.24 Further field-scale studies will be
required to accurately quantify lifetimes of BioSorp beads in field
bioretention cells. We posit that synergizing rapid chemical
capture during storm events with subsequent, slower
biodegradation during inter-storm periods could optimize GSI
system performance by maximizing stormwater volume
infiltrated and contaminant mass removed. Decoupling the
hydraulic residence time from contaminant residence time using
BioSorp beads could elevate GSI performance for hydrophilic
organic contaminants, in much the same way activated sludge
revolutionized wastewater treatment by decoupling hydraulic
residence time from solids retention time. Our future research
will quantify the performance of these beads for contaminant
sorption and biodegradation.
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Fig. 7 Imidacloprid sorption capacities of raw PAC and BioSorp beads
(n = 3 experimental replicates; error bars represent standard errors of
the means. Some error bars are obscured by the data bar plots as the
error bars are small). Here, PAC = powdered activated carbon, WF =
wood flour, WTR = iron water treatment residuals.
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