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ABSTRACT: Green stormwater infrastructure such as bioretention can reduce stormwater
runoff volumes and trap sediments and pollutants. However, bioretention soil media can
have limited capacity to retain phosphorus (P) or even be a P source, necessitating addition
of P-sorbing materials. We investigated the potential trade-off between P removal by
drinking water treatment residuals (DWTRs) and hydraulic conductivity to inform the
design of bioretention media. Batch isotherm and flow-through column experiments showed
that P removal varied greatly among three DWTRs and across methodologies, which has
implications for design requirements. We also conducted a large column experiment to
determine the hydraulic and P removal effects of amending bioretention media with solid
and mixed layers of DWTRs. When DWTRs were applied to bioretention media, their
impact on hydraulic conductivity and P removal depended on the layering strategy.
Although DWTR addition in solid and mixed layer designs improved P removal, the solid
layer restricted water flow and exhibited incomplete P removal, while the mixed layer had no
effect on flow and removed nearly 100% of P inputs. We recommend that DWTRs be mixed
with sand in bioretention media to simultaneously achieve stormwater drainage and P reduction goals.

KEYWORDS: green stormwater infrastructure, phosphorus, bioretention, sorption, hydraulic conductivity,
drinking water treatment residuals, column study

1. INTRODUCTION

Stormwater volumes and pollutant loads are detrimental to the
health of surface water bodies1 and are expected to increase
due to the interactive effects of urbanization and climate
change.2,3 As an alternative to conventional “gray” infra-
structure, some cities are implementing green stormwater
infrastructure (GSI) to provide both hydrologic control and
water quality improvement. Mitigating phosphorus (P) in
runoff is particularly important in many regions because
excessive P loading causes eutrophication and harmful algal
blooms in freshwater ecosystems, degrading water quality.4

However, while GSI performs well for mitigating runoff
volumes and sediments, P removal has been highly variable in
field studies, with some systems functioning as net sources of
P.5−10

One way to enhance P retention within GSI systems is
through addition of materials with a high P sorption
capacity.11−13 Industrial byproducts, such as steel slag, fly
ash, and drinking water treatment residuals (DWTRs), are
promising amendments for GSI due to their availability, low
cost, and high concentration of metal oxides.14,15 Incorporating
these otherwise waste products into GSI for eutrophication
control represents a potential win−win opportunity for many

municipalities. However, P-sorbing materials tend to have very
fine grains, large surface areas, and low hydraulic conductiv-
ities.16−19 This trade-off between hydraulic conductivity and P
sorption capacity poses a significant challenge for simulta-
neously achieving stormwater drainage goals and P load
reductions with GSI.
The trade-off between hydraulic conductivity and P sorption

is particularly relevant for bioretention systems. These GSI
systems are designed to reduce peak flow rates and pollutant
loads by infiltrating stormwater through a porous media, which
typically consists of mixtures of sand and compost.20 Despite
their well-documented ability to remove particulate P,
bioretention systems have exhibited an inconsistent ability to
retain dissolved P.21,22 Authors attribute this inconsistency to
the low P sorption capacity of sand,16,23 the short contact time
of P with media surfaces,24 and leaching of P from compost,
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organic sediments, and plant residues.5,7,12,13 Amending
bioretention media with P-sorbing materials could enhance
dissolved P removal, but it could also restrict infiltration rates
and cause preferential flow, excessive ponding, or localized
flooding during storm events. Clear guidance on how to use
these materials in bioretention media to achieve long-term P
removal, without adversely affecting hydraulic conductivity, is
therefore needed.15

The manner in which P-sorbing materials are incorporated
into bioretention media may significantly impact both system
hydraulics and P removal. Studies investigating P-sorbing
materials in bioretention have applied them as solid layers
within the media profile5,25 and mixed them with the other
media constituents.11,25−27 Solid layers of P-sorbing materials
may restrict water flow because their hydraulic conductivity
tends to be lower than that of sand.16,28 Mixed layers of P-
sorbing materials may mitigate their hydraulic impacts but
reduce their P removal efficiency.25 Mechanistic knowledge of
how amendment layering strategies influence trade-offs
between hydraulic conductivity and P removal is essential for
the design of bioretention media. While a few studies have
evaluated the hydraulic effects of P-sorbing amend-
ments,16,25,29 no study has determined how these effects
impact P removal dynamics or offered solutions for mitigating
potential trade-offs between hydraulic conductivity and P
removal.
The amount of P-sorbing material added to bioretention

media may also affect system hydraulics and P removal. For
example, adding too much P-sorbing material may have
undesirable hydraulic impacts that lead to media bypass
flooding. Conversely, adding too little may prevent long-term P
removal by limiting the number of P sorption sites and their
contact time with phosphate ions. The recommended amount
of P-sorbing material to add to bioretention media varies
widely across studies and media amendments.11,26,30 Ulti-
mately, the amount to include depends on the amount of P a
material can retain under field conditions and the total
dissolved P load a system will receive over its operational
lifetime.28 However, different methods for quantifying P
removal capacity can yield very different results,31−34 and a
standardized method for estimating this metric in GSI contexts
has not yet been established.
In this study, we conducted several laboratory-scale

experiments to investigate the application of DWTRs to
bioretention media for enhanced P removal from stormwater,
with emphasis on providing novel insights into balancing
hydraulic conductivity and P sorption. DWTRs were selected
for analysis due to their widespread availability and high P
sorption capacity in laboratory studies.35−39 Our specific study
objectives were (a) to quantify the P removal capacity that
DWTRs exhibit across a range of P concentrations, contact
times, and experimental methodologies, (b) to determine the
physicochemical properties of DWTRs that govern hydraulic
conductivity and P removal, (c) to determine the hydraulic and
P removal impacts of two different DWTR layering strategies
in bioretention media, and (d) to offer practical media design
recommendations for simultaneously achieving hydrologic
control and long-term P removal in bioretention systems.

2. MATERIALS AND METHODS
DWTR Sources. Three different DWTRs were obtained

from the Champlain Water District (Burlington, VT), the
Portsmouth Regional Water System (Portsmouth, NH), and

the University of New Hampshire Water Treatment Plant
(Durham, NH). These DWTR sources will henceforth be
termed CWD, PORT, and UNH, respectively. The CWD plant
uses aluminum sulfate (“alum”) along with a cationic polymer
as a coagulant, while the PORT and UNH plants use
polyaluminum chloride. Alum and polyaluminum chloride
are the two most commonly used coagulants for drinking water
treatment in the northeast United States and other regions of
the world.39 All materials were dewatered via freeze−thaw
cycling, air-dried, and passed through a 2 mm sieve before
being tested.

Material Characterization. Physical Properties. The
particle size distributions of the DWTRs were determined
with the conventional dry-sieving technique.40 Grain size
distribution plots were used to estimate effective grain sizes
(d10) and uniformity coefficients (d60/d10). Specific surface
areas (square meters per gram) were obtained using the three-
point BET N2 gas adsorption method (Particle Lab
Technologies, Downers Grove, IL). Bulk densities (grams
per cubic centimeter) were determined by calculating the dry
weight to bulk volume ratio of the media.41 Porosities were
measured as the amount of water needed to saturate a known
volume of media.42 Saturated hydraulic conductivities (Ksat;
centimeters per hour) were obtained using a constant head
permeameter. Collected water volumes were converted to
saturated hydraulic conductivity using Darcy’s law.16

Chemical Properties. DWTR chemical compositions were
obtained using acid digestion, lithium borate fusion, and ICP-
MS analysis (ALS Geochemistry, Reno, NV). Amorphous
aluminum (Al) and iron (Fe) oxide contents were determined
using a 1:100 material:solution extraction ratio in 0.2 M acid
ammonium oxalate.43 Samples were analyzed for oxalate-
extractable Al, Fe, and P using ICP-AES analysis. The P
saturation ratio (%) was calculated as [(Pox/(0.5 × (Alox +
Feox))) × 100],44 with Pox, Alox, and Feox expressed as
millimoles per kilogram.

Phosphorus Retention. Batch isotherm and flow-through
column experiments were performed in triplicate to quantify
the capacity of DWTRs to remove P from solution under
different experimental conditions. All water samples in this
study were filtered through a 0.45 μm filter before being
analyzed for soluble reactive P (SRP) using the Murphy−Riley
molybdate blue method45 on a Lachat colorimetric flow
injection system (Lachat Instruments QuickChem8000 AE,
Hach Inc., Loveland, CO). The analytical detection limit for
PO4-P was 0.01 mg of P L−1, and samples that measured below
that value were set to 0.005 mg of P L−1 for statistical
purposes.8,11,26 All P removal values are expressed on an oven-
dry mass basis.

Batch Isotherm Experiment. A multipoint batch isotherm
technique46 was used to estimate the maximum P sorption
capacity of the DWTRs. Twenty milliliters of eight P
concentrations (0, 1, 10, 25, 50, 75, 150, and 300 mg of P
L−1 in 0.01 M KCl) added as KH2PO4 was continuously
shaken (∼175 rpm) with 1 g of DWTRs in centrifuge tubes for
24 h. Water samples were then centrifuged and analyzed for
SRP. Three additional P concentrations of 600, 900, and 1200
mg of P L−1 were used for the CWD DWTR to ensure
saturation of its sorption complex. The maximum P sorption
capacity (Qmax) was estimated using an optimization program47

to fit the nonlinear Langmuir adsorption equation:
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where Qe is the quantity of P bound to the adsorbent at
equilibrium (milligrams of P per kilogram), Qmax is the
maximum P sorption capacity of the adsorbent (milligrams of
P per kilogram), K is the Langmuir binding strength constant,
and Ce is the equilibrium P concentration (milligrams of P per
liter).
Flow-Through Column Experiments. Two continuous

vertical upflow column experiments were conducted to
determine P retention for each DWTR under flow-through
conditions under opposing environmental extremes. The first
experiment assessed the P retention of DWTRs under
conditions ideal for sorption (i.e., high P concentration, low
pH, and prolonged media contact time), while the second
assessed P retention under field-like conditions (i.e., low P
concentration, neutral pH, and short media contact time).
These experiments will henceforth be termed the “high-P/low-
flow” experiment and the “low-P/high-flow” experiment,
respectively.
In the high-P/low-flow experiment, 500 g of each DWTR

was added to PVC columns (50 cm length, 5 cm diameter)
and a peristaltic pump was used to continuously feed a
synthetic P solution (300 mg of P L−1 in 0.01 M KCl, pH 4.6)
vertically through the columns at a hydraulic loading rate of 1.5
L day−1 (∼5−9 h media contact time). In the low-P/high-flow
experiment, 5 g of each DWTR was mixed with 15 g of sand to
prevent media bypass and added to miniature columns (10 cm
length, 2.5 cm diameter). A peristaltic pump was used to
continuously feed a synthetic P solution (1 mg of P L−1 in 0.01
M KCl, pH 7) vertically through the columns at a hydraulic
loading rate of 4.5 L day−1 (∼3 min media contact time). The
DWTR masses, P concentrations, and hydraulic loading rates
used in these experiments were selected to capture the range of
parameter values used in column studies.15,34,38,48,49

In both experiments, effluent volumes and P concentrations
were repeatedly measured until effluent P concentrations
equaled influent P concentrations (i.e., P saturation). Overall P
retention values were determined by summing the total
amount of P retained during each sampling interval.49 When
P saturation was achieved, columns were drained and oven-
dried at 40 °C for 2 weeks. To quantify the effects of
prolonged dry periods on potential regeneration of P sorption

capacity, dried columns were re-fed a P solution until the
DWTRs returned to a state of P saturation. Finally, the P-free
0.01 M KCl solution was continuously fed through the
columns for 1 week to measure P desorption.

P Removal Kinetics. A batch kinetic experiment was
conducted in triplicate to determine the rate of P removal by
DWTRs. Rates of P removal were determined by measuring P
removal across a range of shake times. Twenty milliliters of a P
solution (10 mg of P L−1 in 0.01 M KCl) was added to 1 g of
DWTR in centrifuge tubes and shaken continuously for
variable lengths of time (1, 10, 60, and 360 min). P removal
was calculated by subtracting effluent P concentrations from
influent P concentrations. A flow-through kinetic experiment
was also performed to determine P removal rates under more
realistic conditions (influent P concentration of 0.2 mg of P
L−1, contact times of 1, 2, 4, 8, and 16 min), where P ions have
limited contact opportunities with media surfaces (see the
Supporting Information).

Large Column Experiment. A large column experiment
was conducted in triplicate to determine how DWTRs affect
the hydraulic and P removal performance of bioretention
media. Two different DWTR layering strategies [solid vs mixed
(Figure 1)] were assessed among the three DWTR sources and
compared to a non-amended control.

Bioretention Media Constituents and Designs. The
control media tested in this experiment consisted of washed
gravel (2.5 cm diameter), washed pea stone (0.5 cm diameter),
washed sand (<2 mm diameter), and a relatively small quantity
of “low-P” compost derived from leaf litter (Figure 1). For the
solid layer DWTR design, DWTR was placed on top of the pea
stone, replacing 10% (3.05 cm) of the sand layer volume
(Figure 1). For the mixed layer DWTR design, DWTR was
mixed into the sand layer in 90% sand 10% DWTR
proportions (Figure 1). Then, 10% DWTR by volume was
added to the sand layer for all DWTR treatments, representing
5% of the total media volume above the pea stone layer (i.e.,
5% of the volume in the top 61 cm of each column).

Experimental Setup and Design. Test columns were
composed of bioretention media in clear polycarbonate tubes
(1.3 m in length, 15 cm in diameter) held in place by PVC
end-caps (15 cm in diameter). For each of 10 days, columns
received a 15 L dose of synthetic stormwater (0.5 mg L−1

NH4-N, 0.5 mg L−1 NO3-N, and 0.2 mg L−1 PO4-P in 0.01 M
KCl, pH 7). On the basis of the design assumptions of a 20:1

Figure 1. Profile of designs of bioretention media used in a large column experiment. Columns were 1.3 m in length and 15 cm in diameter.
Drinking water treatment residuals (DWTRs) were added to offset 10% of the sand layer volume in both the solid and mixed layer designs. This
amount of DWTR represents 5% of the total media volume above the pea stone layer (i.e., the top 61 cm).
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catchment:treatment area ratio, 100 cm of annual rainfall, a
runoff coefficient of 1.0, and an average dissolved P
concentration of 0.1 mg of P L−1, each dose of synthetic
stormwater was approximately a 2.5 cm storm event and the
total P added over the 10 day period was roughly equivalent to
a 1 year P load. The parameter values listed above are based on
results from bioretention field studies conducted in the eastern
United States5,7,8,13,50,51 and assume a 100% impervious
drainage area typical of parking lot and roadside environments.
Before the experiment began, 15 L of reverse osmosis water
was passed through each of the columns to remove potential
air pockets within the media and weaken the influence of
capillary suction forces.
The daily simulated storm events were administered with

constant-head Mariotte bottles, which maintained a 10 cm
ponding depth above the media surface and facilitated top-
down flow. Effluent volumes were collected for 1 min to
calculate saturated hydraulic conductivity.16 These volumes
were collected when more than three-quarters of the synthetic
stormwater had passed through the columns to allow the
maximum time for a steady state to be achieved. When the
entire volume passed through the column and into an effluent
container, the effluent was stirred, and one sample was
collected from each container and analyzed for P to determine
P removal for that event. Four columns could be tested at a
time, so six iterations of the experiment were performed over a
12-week period.
Statistical Analyses. Statistical analyses were performed in

R.52 For the P sorption and retention experiments, one-way
analyses of variance were used to determine whether the three
DWTR sources differed in their P sorption capacity and P
retention values. To assess how the DWTR sources differed,
the glht function in the multcomp package53 was used to
perform post hoc pairwise comparisons with the Tukey HSD
test. For the large column experiment, two-way ANCOVAs
were used to assess the interactive effects of the DWTR source
and layering strategy on hydraulic conductivity and P removal.
Linear models were fit to the data that regarded the DWTR
source and layering strategy as fixed categorical variables and
simulated storm number as a fixed continuous variable. When
linear models violated the assumptions of error normality and
homogeneity, the gls function in the nlme package54 was used
to generate unique variance structures for each DWTR source
by a layering strategy combination using varIdent. To assess

how the DWTR source and layering strategy affected the
hydraulic conductivity and P removal, post hoc pairwise
comparisons were performed using the Tukey HSD test.

3. RESULTS AND DISCUSSION

Material Characterization. DWTRs analyzed in this
study differed substantially in their physical and chemical
properties. As indicated by the effective grain size and
uniformity coefficient values (Table 1), UNH was the coarsest
material and CWD was the finest material, though similar to
PORT. The coarsest material (UNH) had the highest Ksat
value, while the finer materials (CWD and PORT) had lower
Ksat values (Table 1). These results indicate that the material
texture and particle size exert strong control over hydraulic
conductivity. CWD and PORT exhibited Ksat values that were
41% and 34% lower than that of washed sand (89.3 ± 7.6 cm
h−1), respectively. However, the Ksat of UNH was slightly
higher than that of washed sand, suggesting that additions of
UNH to bioretention media would have little impact on water
flow. Despite their similar textures, CWD exhibited more than
7 times the specific surface area of PORT (Table 1). This
discrepancy between the texture and specific surface area was
due in part to the fact that PORT was nearly twice as dense as
CWD (Table 1). CWD may also have contained more
colloidal particles and micropores, which contribute greatly to
a material’s surface area.
Al oxides were the dominant form of metal oxides found in

these DWTRs, accounting for 15−28% of their overall mass
(Table 2). PORT and UNH contained similar amounts of Al
oxides, which were nearly twice that of CWD (Table 2).
PORT and UNH also contained greater amounts of
amorphous Al and Fe oxides and lower P saturation ratios,
meaning that a lower percentage of their amorphous metal
oxides was already occupied by P. The amorphous metal oxide
content has been shown to correlate with P sorption
capacity,24,43 as it better represents the metal oxides that
exist at mineral surfaces where sorption occurs.
Although the DWTRs analyzed in this study exhibited large

physicochemical variation, the observed values are comparable
to those of DWTRs from other studies. For example, the few
studies that have measured the specific surface areas of
DWTRs with the BET N2 gas adsorption method reported
values ranging from 3.0 to 36.0 m2 g−1.46,55 The total Al oxide
contents range from 2.9% to 16.9%, and the amorphous Al

Table 1. Summary of the Physical Properties for Each Drinking Water Treatment Residual Source

DWTR effective grain size (d10, μm)
uniformity coefficient

(d60/d10) specific surface area (m2 g−1) bulk density (g cm−3)a porositya Ksat (cm h−1)a

CWD 75.4 5.76 12.25 0.55 ± 0.01 0.62 ± 0.02 53.1 ± 8.6
PORT 82.7 5.54 1.69 0.93 ± 0.02 0.51 ± 0.02 59.0 ± 10.0
UNH 211.6 3.77 3.21 0.79 ± 0.02 0.46 ± 0.01 98.5 ± 15.1

aValues are means ± one standard deviation (n = 3).

Table 2. Summary of the Chemical Properties for Each Drinking Water Treatment Residual Source

oxalate-extractable (mmol kg−1)a

DWTR Al2O3 (%) Fe2O3 (%) CaO (%) MgO (%) Alox Feox Pox P saturation ratio (%)b

CWD 15.05 1.99 0.87 0.51 2417.2 ± 89.2 54.9 ± 3.6 46.0 ± 2.5 3.66
PORT 25.5 2.28 0.31 0.19 2618.1 ± 183.4 129.5 ± 7.2 14.1 ± 1.1 1.04
UNH 28.4 1.78 0.25 0.09 2710.6 ± 257.4 199.7 ± 16.6 17.9 ± 2.6 1.22

aOxalate-extractable Al, Fe, and P values are means ± one standard deviation (n = 3). bThe P saturation ratio was calculated as [(Pox/(0.5 × (Alox +
Feox))) ×100].
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oxide contents range from 516 to 6133 mmol kg−1 in past
studies.16,24,35,38,55 Ksat values of DWTR-amended bioretention
media range from 52.2 to 95.7 cm h−1 in the literature,16,25 but
the Ksat of pure DWTRs has rarely been assessed. The
physicochemical differences between DWTRs observed in this
study and other studies likely arise from differences in the
composition of source water, the type and dosage of coagulants
used during water treatment, and the DWTR management
strategies used.39,56

Phosphorus Retention. Substantial variation in P
retention was observed among the DWTRs and across the
three experiments. In all of the experiments, the P sorption
capacity (flow-through column experiments) or retention
values (column experiments) of the DWTR sources showed
significant differences (p < 0.001), with CWD exhibiting values
much higher than those of both PORT and UNH (Tukey’s
post hoc contrasts; p < 0.001). In the batch isotherm
experiment, CWD, PORT, and UNH exhibited P sorption
capacity (Qmax) values of 11675 ± 440, 1347 ± 645, and 1479
± 35 mg of P kg−1, respectively (Figure 2). These values were

similar to the P retention values derived from the low-P/high-
flow experiment, where CWD, PORT, and UNH retained
9576 ± 50, 1463 ± 13, and 1284 ± 49 mg of P kg−1,
respectively (Figure 3a). P retention values derived from the
high-P/low-flow experiment, however, were substantially
greater, with CWD, PORT, and UNH retaining 40026 ±
1069, 10019 ± 3702, and 8668 ± 662 mg of P kg−1,
respectively (Figure 3b). Additionally, DWTRs in both flow-
through column experiments exhibited large, but variable,
increases in P retention after columns were dried, regaining
13−78% of their initial P retention capacities (Tables S1 and
S2). Furthermore, DWTRs desorbed only 3−8% of the total P
they retained in the column experiments, suggesting that the P
sorbed by DWTRs is largely stable (Tables S1 and S2).
Differences in P sorption capacity or retention between the

DWTRs were more associated with physical properties than
chemical properties. For the three materials tested, the ranking

of total and amorphous metal oxide contents did not
correspond with the ranking of P sorption capacity or
retention values. CWD exhibited more than 4 times the P
removal of PORT and UNH across all experiments, despite its
lower Al oxide content and higher P saturation ratio (Table 2).
Of the physical properties measured, the specific surface area
was the best indicator of P sorption capacity, as CWD
exhibited by far the largest surface area and the highest
sorption capacity. These results suggest that the surface area is
the dominant factor governing P sorption in DWTRs when
chemical properties (i.e., amorphous metal oxide content) are
similar. This finding has been reported in other studies55,57 and
aligns with the understanding of sorption as a surface process.
The results from this study clearly illustrate a trade-off

between hydraulic conductivity and P removal for DWTRs.
CWD was the finest material and had the lowest Ksat and
highest P sorption capacity. UNH was the coarsest material
and had the highest Ksat and the lowest P sorption capacity.
However, the hydraulic conductivity was driven mostly by
texture and particle size, whereas P sorption was driven mostly
by surface area. Consequently, fine materials with low
hydraulic conductivity may have lower than expected sorption
capacities if their surface area is small (e.g., PORT) and coarse
materials with high hydraulic conductivity may have higher
than expected sorption capacity (e.g., UNH) if they have a
large surface area due to micropores and colloidal particles.
The effectiveness of DWTRs as bioretention amendments
therefore depends critically upon the physicochemical proper-
ties of the DWTR source.

Variation in P Sorption Capacity among DWTRs and
Experimental Methods. The large differences in P removal
values observed between the DWTRs in this study have major
implications for bioretention media design recommendations.
Previous studies have added P-sorbing materials to bio-
retention media at a level of 3−30% by volume11,24,25,27,30,58

but have not based those values on a quantitative assessment.
A recent review of P-sorbing amendments found that the P
retention of Al-DWTRs taken to saturation in column studies
ranged from 1400 to 55300 mg of P kg−1 amendment.15

Similarly, the DWTRs in this study varied >4-fold in their P
sorption capacity or retention values across experimental
methods (batch isotherms, 1347−11675 mg of P kg−1; low-P/
high-flow, 1284−9576 mg of P kg−1; high-P/low-flow, 8668−
40026 mg of P kg−1). In light of this variability, generic
recommendations that ignore P removal capacity estimates in
their designs risk dramatically underusing, or overusing, P-
sorbing amendments.
Intermethodological differences in P removal values may

account for some of the variation in the literature and have
implications for bioretention media design recommendations.
While most column studies use synthetic stormwater with P
concentrations of <5 mg of P L−1,15 some have used very high
P concentrations (5−400 mg of P L−1).36,37,49,59 The use of
unrealistically high P concentrations in column experiments
could inflate P retention estimates and lead to designs of media
that perform poorly in the field. Furthermore, total cumulative
P retention in the column studies was greater than the Qe
values predicted by the final Langmuir models with Ce set
equal to the column influent concentrations (i.e., 1 or 300 mg
of P L−1) (Table S3).
In this study, the high-P/low-flow experiment yielded P

retention values that were 4−7 times greater than those of the
low-P/high-flow experiment. The P retention values from the

Figure 2. Phosphorus (P) sorption results from batch isotherm
experiments. The points on the graph represent the mean (n = 3)
quantity of P retained at equilibrium (Qe) and the corresponding
mean equilibrium concentrations (Ce) across a range of influent
concentrations (0, 1, 10, 25, 50, 75, 150, and 300 mg of P L−1). The
values are expressed on an oven-dry mass of drinking water treatment
residual (DWTR) basis. DWTRs from the Champlain Water District
(CWD), Portsmouth Regional Water System (PORT), and the
University of New Hampshire Water Treatment Plant (UNH) were
analyzed.
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high-P/low-flow experiment represent the theoretical P
retention capacity of the DWTRs under conditions ideal for
P removal, where a high P concentration with prolonged
medium contact drives increased adsorption, diffusion of P
into micropores, and precipitation processes.49,55 The high-P/
low-flow experiment therefore captures P retention mecha-
nisms beyond those that typically occur in bioretention
systems, and the high P retention values obtained from this
experiment are unlikely to be observed in field applications.
Conversely, values from the low-P/high-flow experiment
represent the P sorption capacity that can realistically be
expected in field bioretention contexts, where P concentrations
and contact times are relatively low and rapid ligand exchange
reactions are likely the dominant mechanisms of P
removal.28,58 The large discrepancy in P removal between
these experiments highlights the importance of basing media
designs on experiments that accurately reflect field conditions.
If P-sorbing amendments like DWTRs are suggested for use in
stormwater design manuals or other regulations, media design
recommendations should vary by the method used to quantify
P removal capacity for a particular amendment.
The batch isotherm experiment yielded P sorption capacity

values nearly identical to the cumulative P retention observed
in the low-P/high-flow experiment. Batch isotherms have been
criticized as being unrealistic due to their mechanical shaking,
prolonged contact times, and use of very high P concen-
trations.32,34 Flow-through column experiments have been
recommended as a more realistic alternative to batch isotherm
experiments32,34 but are often avoided due to the high time
and resource requirements of achieving P saturation. Given
that the low-P/high-flow experiment is most representative of
field bioretention conditions, its similarity to batch isotherm P
sorption capacity values suggests that isotherms based on the
methods used in this study can produce reasonable estimates
of DWTR P sorption capacity in GSI contexts. However,
estimates of Qmax using the Langmuir model can be influenced
by batch experiment parameters,49,60 and similar agreement
between batch isotherm experiments and column studies may
not be observed for other P-sorbing materials.34 Consequently,
we recommend that application rates for DWTRs and other P-
sorbing materials in GSI be informed by either low-P/high-
flow column experiments that approximate field conditions or

predictive models calibrated by field parameters (e.g., P
concentration, pH, and water residence time). Future research
should test these recommendations on additional materials and
consider the potential for competing anions and dissolved
organic matter to reduce the P sorption capacity of
amendments in field settings.

Sorption Kinetics. The rate of P sorption was rapid for all
DWTRs in the batch kinetics (Figure 4) and flow-through

kinetic (Figure S1) experiments. After 1 min of shaking in the
batch experiment, CWD, PORT, and UNH removed
approximately 90%, 67%, and 62% of the added P, respectively
(Figure 4). After 360 min of shaking, CWD, PORT, and UNH
removed approximately 100%, 100%, and 94% of added P,
respectively (Figure 4). In the flow-through experiment, all
DWTRs removed a maximum 97.5% of P inputs (due to
detection limits) across all contact times (1, 2, 4, 8, and 16
min), though the influent concentration was 0.2 mg of P L−1

instead of the value of 10 mg of P L−1 used in the batch

Figure 3. Phosphorus (P) retention results from (a) low-P/high-flow column experiment (influent concentration of 1 mg of P L−1, contact time of
3 min) and (b) high-P/low-flow column experiment (influent concentration of 300 mg of P L−1, contact time of 5−9 h). The points on the graph
represent the mean cumulative P retained (n = 3) by drinking water treatment residuals (DWTRs) at different levels of cumulative added P on an
oven-dry mass basis. DWTRs from the Champlain Water District (CWD), Portsmouth Regional Water System (PORT), and the University of
New Hampshire Water Treatment Plant (UNH) were analyzed. Note that the x- and y-axes differ between panels a and b.

Figure 4. Batch kinetic experiment results. Graph points represent the
mean phosphorus (P) concentration (n = 3) of the supernatant across
shake times of 1, 10, 60, and 360 min. The initial P concentration of
the added solution was 10 mg of P L−1. Drinking water treatment
residuals (DWTRs) from the Champlain Water District (CWD), the
Portsmouth Regional Water System (PORT), and the University of
New Hampshire Water Treatment Plant (UNH) were analyzed.
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experiment. These results indicate that P sorption is rapid
enough to be effective in relatively high-flow bioretention
contexts but can be improved with an extended contact time.
They also indicate that sorption processes are highly effective,
even at low P concentrations common in stormwater runoff.
Large Column Experiment. The effect that DWTRs had

on the hydraulic performance of the designs of media
depended on both the DWTR source and layering strategy
(DWTR source × layering strategy interaction; p < 0.001). In
the solid layer design, the addition of CWD and PORT
significantly decreased the hydraulic conductivity relative to
the control (Tukey’s post hoc contrasts; p < 0.001), but the
addition of UNH had no relative impact on hydraulic
conductivity (Figure 5; Tukey’s post hoc contrasts; p > 0.1).

These results correspond with the Ksat values from Table 1,
which show that the hydraulic conductivities of CWD and
PORT were lower than that of sand and the hydraulic
conductivity of UNH is slightly higher than that of sand. Solid
layers of CWD and PORT would thus restrict flow rates
relative to the sand control, but a solid layer UNH would not
(Figure 5a,b). In the mixed layer design, however, addition of
DWTRs had no impact on hydraulic conductivity relative to
the control (Tukey’s post hoc contrasts; p > 0.1), regardless of
DWTR source (Figure 5a,c). These results demonstrate that
fine-textured amendments such as DWTRs can restrict water
flow when amendment Ksat values are lower than that of the
surrounding media. However, these hydraulic restrictions can
be alleviated by mixing DWTRs with slightly coarser
constituents like sand.
Similar to the hydraulic conductivity results, the effect of

DWTRs on P removal performance depended on both the
DWTR source and layering strategy (DWTR source × layering
strategy interaction; p < 0.001). The P removal performance of
DWTR-amended media was dramatically better than the
control across all DWTR source and layering strategy
combinations (Figure 6; Tukey’s post hoc contrasts; p <
0.001). However, the mixed layer design exhibited better P
removal than the solid layer design for UNH and PORT
(Figure 6b,c). The P sorption capacity of the added DWTRs
(2670, 690, and 535 mg of P for CWD, PORT, and UNH,
respectively, based on results from the low-P/high-flow

experiment) far surpassed that of the experimental P load
(30 mg of P). Consequently, the failure of UNH, and to a
lesser extent PORT, to remove all of the P inputs is likely due
to hydraulic bypassing of the DWTRs in the solid layer design.
The higher Ksat of UNH relative to sand (Table 1) may have
produced an unstable wetting front in the DWTR layer, which
allowed preferential flow paths to develop through the layer, in
a process called “finger flow”.61,62 Conversely, the lower Ksat of
PORT relative to sand may have stifled water flow through the
media and promoted preferential flow paths around the
column edges or through particularly porous flow paths. The
decreasing removal efficiency of UNH and PORT shown in
Figure 6b supports the notion of preferential flow paths, which
may have become saturated with P over the course of the
experiment. Evidence of preferential flow was not found,
however, in the mixed layer designs. These results suggest that
the uniform hydraulic conditions promoted by the mixed layer
design allowed water to come into better contact with
DWTRs, resulting in nearly complete P removal. The mixed
layer design therefore achieved better hydraulic and P removal
results than the solid layer design.
Despite these promising large column results, various

environmental factors could alter how the mixed and solid
layer designs perform in the field. For example, prolonged
antecedent dry periods can increase the hydraulic conductivity
of soils and engineered media.63,64 Plants may also facilitate
preferential flow along root networks, allowing water to bypass
portions of the media.65−68 The hydraulic and P removal
impacts of these and other field dynamics should be directly
addressed in future research to field-validate our results.
However, natural phenomena that increase pore sizes and
connectivity would likely produce greater hydraulic bypassing
in solid layer designs, where flow through areas adjacent to
preferential flow paths is more restricted.
On the basis of P retention values from the low-P/high-flow

experiment and the design assumptions stated above (see
Experimental Setup and Design), 5% DWTR by total media
volume above the pea stone layer would provide approximately
89, 23, and 18 years of P removal for CWD, PORT, and UNH,
respectively. These longevity estimates should be interpreted

Figure 5. Large column hydraulic conductivity results. The points on
the graph represent the mean hydraulic conductivity ± one standard
deviation (n = 3) for each simulated storm event. Drinking water
treatment residuals (DWTR) from the Champlain Water District
(CWD), the Portsmouth Regional Water System (PORT), and the
University of New Hampshire Water Treatment Plant (UNH) were
analyzed.

Figure 6. Large column phosphorus (P) removal results. The points
on the graph represent the mean P removal (%) ± one standard
deviation (n = 3) for each simulated storm event. The initial P
concentration of added solution was 0.2 mg of P L−1, so a maximum
of 97.5% removal was possible due to analytical detection limits.
Drinking water treatment residuals (DWTRs) from the Champlain
Water District (CWD), the Portsmouth Regional Water System
(PORT), and the University of New Hampshire Water Treatment
Plant (UNH) were analyzed.
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with some caution. They do not account for the additional P
sorption that can occur following prolonged dry periods in the
field (Tables S1 and S2). On the other hand, P removal
efficiencies decrease rapidly as P-sorbing materials are
saturated (Figure 3), which limits their effectiveness over
time, and hydraulic bypassing is possible (especially for solid
layer designs). Competing anions in stormwater may further
reduce P sorption capacities in the field,69 and some fraction of
P-sorbing materials could migrate out of the media during
storm events and repeated wetting and drying cycles.24 While
5% DWTR by total media volume above the pea stone layer
may be a sufficient quantity for high-performance materials like
CWD, larger proportions may be required for DWTR
amendments with lower P sorption capacities, or in cases in
which P-rich compost is included in the bioretention media.

4. CONCLUSION
This is the first study to clearly document the possible trade-off
between hydraulic conductivity and P removal that can emerge
when using fine-textured P-sorbing materials in stormwater
bioretention systems. Our batch isotherm and flow-through
column experiments demonstrated that materials with high P
removal capacity tend to have relatively fine grains and low
hydraulic conductivity, while those with lower P removal
capacity tend to have relatively coarse grains and greater
hydraulic conductivity. The results from our large column
experiment show that solid layers of DWTRs can decrease
hydraulic conductivity and promote preferential flow paths that
allow hydraulic bypassing of DWTRs and incomplete P
removal. These findings validate the concern that P-sorbing
materials can restrict flow and cause clogging when applied to
bioretention media15,16,25,29 and show that P removal perform-
ance is linked to hydraulic performance in bioretention
systems.
Furthermore, our results have practical implications that can

inform media design specifications. Our low-P/high-flow
column experiments, which most closely resemble field
conditions, indicate that 5% DWTR by total media volume
above the pea stone layer is likely a sufficient quantity for long-
term (e.g., >10 years) P removal in urban bioretention systems,
provided that other DWTR sources have physicochemical
properties similar to those of the DWTRs used in this study.
However, field data are required to confirm long-term
performance. Finally, the hydraulic and P removal performance
in the mixed layer design in our large column experiment was
better than that of the solid layer design. We therefore suggest
mixing fine-textured P-sorbing materials with slightly coarser
materials, such as washed sand, to mitigate potential trade-offs
between hydraulic conductivity and P removal in bioretention
media designs.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestwater.0c00178.

Flow-through kinetics experiment (Supplementary
Methods), phosphorus retention, binding site regener-
ation, and desorption results from flow-through column
experiments (Table S1 and S2), isotherm and column
study comparisons at matching equilibriums (Table S3),
and results of flow-through kinetic experiments (Figure
S1) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Eric D. Roy − Gund Institute for Environment and Rubenstein
School of Environment and Natural Resources, University of
Vermont, Burlington, Vermont 05405, United States;
orcid.org/0000-0001-6315-3061; Phone: +1 802-656-

7359; Email: eroy4@uvm.edu

Authors
Michael R. Ament − Department of Plant and Soil Science,
University of Vermont, Burlington, Vermont 05405, United
States

Stephanie E. Hurley − Department of Plant and Soil Science,
University of Vermont, Burlington, Vermont 05405, United
States; Gund Institute for Environment, University of
Vermont, Burlington, Vermont 05405, United States

Mark Voorhees − United States Environmental Protection
Agency, Boston, Massachusetts 02109-3912, United States

Eric Perkins − United States Environmental Protection
Agency, Boston, Massachusetts 02109-3912, United States

Yongping Yuan − United States Environmental Protection
Agency, Office of Research and Development, Research
Triangle Park, North Carolina 27711, United States

Joshua W. Faulkner − Department of Plant and Soil Science,
University of Vermont, Burlington, Vermont 05405, United
States; Extension Center for Sustainable Agriculture,
University of Vermont, Burlington, Vermont 05405, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestwater.0c00178

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank A. Cheifetz, A. DeJarnett, O. Johnston, D.
Needham, P. Richardson, M. Rogers, and D. Ross for
assistance in the laboratory. The authors are grateful to the
Champlain Water District, the Portsmouth Regional Water
System, and James Houle of the University of New Hampshire
Stormwater Center for providing DWTRs analyzed in this
study. This research was supported by the United States
Environmental Protection Agency (U.S. EPA), Office of
Research and Development, in addressing EPA Region 1’s
needs and priorities in improving the phosphorus removal
efficiency of Green Infrastructure (bioretention media) as a
Regional Applied Research Effort (RARE) (Project 1937).
Funding was made available to the University of Vermont
through an interagency agreement with the National Oceanic
and Atmospheric Administration (NOAA) National Sea Grant
College Program Award NA18OAR4170099 to the Lake
Champlain Sea Grant Institute. Although the manuscript was
reviewed and approved for publication by the agencies, the
views expressed herein are those of the authors and do not
necessarily represent the views or policies of the U.S. EPA or
NOAA-Sea Grant. The authors thank Drs. Brent Johnson and
Heather Golden from the U.S. EPA ORD for their technical
review and valuable comments.

■ REFERENCES
(1) U.S. Environmental Protection Agency. National Water Quality
Inventory: Report to Congress - 2004 Reporting Cycle. 2009.

ACS ES&T Water pubs.acs.org/estwater Article

https://dx.doi.org/10.1021/acsestwater.0c00178
ACS EST Water XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acsestwater.0c00178/suppl_file/ew0c00178_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00178?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.0c00178/suppl_file/ew0c00178_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+D.+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6315-3061
http://orcid.org/0000-0001-6315-3061
mailto:eroy4@uvm.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+R.+Ament"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephanie+E.+Hurley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Voorhees"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Perkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongping+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+W.+Faulkner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00178?ref=pdf
pubs.acs.org/estwater?ref=pdf
https://dx.doi.org/10.1021/acsestwater.0c00178?ref=pdf


(2) Wang, R.; Kalin, L. Combined and synergistic effects of climate
change and urbanization on water quality in the Wolf Bay watershed,
southern Alabama. J. Environ. Sci. (Beijing, China) 2018, 64, 107−121.
(3) Demuzere, M.; Orru, K.; Heidrich, O.; et al. Mitigating and
adapting to climate change: Multi-functional and multi-scale assess-
ment of green urban infrastructure. J. Environ. Manage. 2014, 146,
107−115.
(4) Carpenter, S. R. Phosphorus control is critical to mitigating
eutrophication. Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (32), 11039−
11040.
(5) Shrestha, P.; Hurley, S. E.; Wemple, B. C. Effects of different soil
media, vegetation, and hydrologic treatments on nutrient and
sediment removal in roadside bioretention systems. Ecol Eng. 2018,
112, 116−131.
(6) Song, K.; Xenopoulos, M. A.; Marsalek, J.; Frost, P. C. The
fingerprints of urban nutrients: dynamics of phosphorus speciation in
water flowing through developed landscapes. Biogeochemistry 2015,
125 (1), 1−10.
(7) Hunt, W. F.; Jarrett, A. R.; Smith, J. T.; Sharkey, L. J. Evaluating
Bioretention Hydrology and Nutrient Removal at Three Field Sites in
North Carolina. J. Irrig Drain Eng. 2006, 132 (6), 600−608.
(8) Dietz, M. E.; Clausen, J. C. A field evaluation of rain garden flow
and pollutant treatment. Water, Air, Soil Pollut. 2005, 167 (1−4),
123−138.
(9) Li, H.; Davis, A. P. Water Quality Improvement through
Reductions of Pollutant Loads Using Bioretention. J. Environ. Eng.
2009, 135 (8), 567−576.
(10) Brown, R. A.; Hunt, W. F. Impacts of Media Depth on Effluent
Water Quality and Hydrologic Performance of Undersized Bio-
retention Cells. J. Irrig Drain Eng. 2011, 137 (3), 132−143.
(11) Lucas, W. C.; Greenway, M. Phosphorus Retention by
Bioretention Mesocosms Using Media Formulated for Phosphorus
Sorption: Response to Accelerated Loads. J. Irrig Drain Eng. 2011,
137 (3), 144−153.
(12) Hunt, W. F.; Davis, A. P.; Traver, R. G. Meeting Hydrologic
and Water Quality Goals through Targeted Bioretention Design. J.
Environ. Eng. 2012, 138 (6), 698−707.
(13) Cording, A.; Hurley, S.; Adair, C. Influence of Critical
Bioretention Design Factors and Projected Increases in Precipitation
due to Climate Change on Roadside Bioretention Performance. J.
Environ. Eng. 2018, 144 (9), 04018082.
(14) Buda, A. R.; Koopmans, G. F.; Bryant, R. B.; Chardon, W. J.
Emerging Technologies for Removing Nonpoint Phosphorus from
Surface Water and Groundwater: Introduction. J. Environ. Qual 2012,
41 (3), 621−627.
(15) Marvin, J. T.; Passeport, E.; Drake, J. State-of-the-Art Review of
Phosphorus Sorption Amendments in Bioretention Media: A
Systematic Literature Review. J. Sustain Water Built Environ 2020, 6
(1), 03119001.
(16) Yan, Q.; James, B. R.; Davis, A. P. Bioretention Media for
Enhanced Permeability and Phosphorus Sorption from Synthetic
Urban Stormwater. J. Sustain Water Built Environ 2018, 4 (1),
04017013.
(17) Zhang, W.; Brown, G. O.; Storm, D. E.; Zhang, H. Fly-Ash-
Amended Sand as Filter Media in Bioretention Cells to Improve
Phosphorus Removal. Water Environ. Res. 2008, 80 (6), 507−516.
(18) Duranceau, S. J.; Biscardi, P. G. Comparing Adsorptive Media
Use for the Direct Treatment of Phosphorous-Impaired Surface
Water. J. Environ. Eng. 2015, 141 (8), 04015012.
(19) Randall, M. T.; Bradford, A. Bioretention gardens for improved
nutrient removal. Water Qual. Res. J. Can. 2013, 48 (4), 372−386.
(20) Davis, A. P.; Hunt, W. F.; Traver, R. G.; Clar, M. Bioretention
Technology: Overview of Current Practice and Future Needs. J.
Environ. Eng. 2009, 135 (3), 109−117.
(21) Le Fevre, G. H.; Paus, K. H.; Natarajan, P.; Gulliver, J. S.;
Novak, P. J.; Hozalski, R. M. Review of dissolved pollutants in urban
storm water and their removal and fate in bioretention cells. J.
Environ. Eng. (Reston, VA, U. S.) 2015, 141 (1), 04014050.

(22) Li, J.; Davis, A. P. A unified look at phosphorus treatment using
bioretention. Water Res. 2016, 90, 141−155.
(23) Hsieh, C.; Davis, A. P.; Needelman, B. A. Bioretention Column
Studies of Phosphorus Removal from Urban Stormwater Runoff.
Water Environ. Res. 2007, 79 (2), 177−184.
(24) O’Neill, S. W.; Davis, A. P. Water Treatment Residual as a
Bioretention Amendment for Phosphorus. I: Evaluation Studies. J.
Environ. Eng. 2012, 138 (3), 318−327.
(25) Poor, C. J.; Conkle, K.; MacDonald, A.; Duncan, K. Water
Treatment Residuals in Bioretention Planters to Reduce Phosphorus
Levels in Stormwater. Environ. Eng. Sci. 2019, 36 (3), 265−272.
(26) O’Neill, S. W.; Davis, A. P. Water Treatment Residual as a
Bioretention Amendment for Phosphorus. II: Long-Term Column
Studies. J. Environ. Eng. 2012, 138 (3), 328−336.
(27) Palmer, E. T.; Poor, C. J.; Hinman, C.; Stark, J. D. Nitrate and
Phosphate Removal through Enhanced Bioretention Media: Meso-
cosm Study. Water Environ. Res. 2013, 85 (9), 823−832.
(28) Penn, C. J.; Bowen, J. M. Design and Construction of Phosphorus
Removal Structures for Improving Water Quality; Springer International
Publishing: Cham, Switzerland, 2018.
(29) Erickson, A. J.; Gulliver, J. S.; Weiss, P. T. Capturing
phosphates with iron enhanced sand filtration. Water Res. 2012, 46
(9), 3032−3042.
(30) Liu, J.; Sample, D. J.; Owen, J. S.; Li, J.; Evanylo, G. Assessment
of Selected Bioretention Blends for Nutrient Retention Using
Mesocosm Experiments. J. Environ. Qual 2014, 43 (5), 1754−1763.
(31) Mateus, D. M. R.; Pinho, H. J. O. Phosphorus Removal by
Expanded Clay-Six Years of Pilot-Scale Constructed Wetlands
Experience. Water Environ. Res. 2010, 82 (2), 128−137.
(32) Klimeski, A.; Chardon, W. J.; Turtola, E.; Uusitalo, R. Potential
and limitations of phosphate retention media in water protection: A
process-based review of laboratory and field-scale tests. Agric. Food Sci.
2012, 21 (3), 206−223.
(33) Cyrus, J. S.; Reddy, G. B. Sorption and desorption of
phosphorus by shale: Batch and column studies. Water Sci. Technol.
2010, 61 (3), 599−606.
(34) Penn, C. J.; McGrath, J. M. Predicting Phosphorus Sorption
onto Steel Slag Using a Flow-through approach with Application to a
Pilot Scale System. J. Water Resour. Prot. 2011, 03 (04), 235−244.
(35) Dayton, E. A.; Basta, N. T. Use of Drinking Water Treatment
Residuals as a Potential Best Management Practice to Reduce
Phosphorus Risk Index Scores. J. Environ. Qual 2005, 34 (6), 2112−
2117.
(36) Babatunde, A. O.; Zhao, Y. Q.; Burke, A. M.; Morris, M. A.;
Hanrahan, J. P. Characterization of aluminium-based water treatment
residual for potential phosphorus removal in engineered wetlands.
Environ. Pollut. 2009, 157 (10), 2830−2836.
(37) Adhikari, R. A.; Bal Krishna, K. C.; Sarukkalige, R. Evaluation of
phosphorus adsorption capacity of various filter materials from
aqueous solution. Adsorpt. Sci. Technol. 2016, 34 (4−5), 320−330.
(38) Stoner, D.; Penn, C.; McGrath, J.; Warren, J. Phosphorus
Removal with By-Products in a Flow-Through Setting. J. Environ.
Qual 2012, 41 (3), 654−663.
(39) Ippolito, J. A.; Barbarick, K. A.; Elliott, H. A. Drinking Water
Treatment Residuals: A Review of Recent Uses. J. Environ. Qual 2011,
40 (1), 1−12.
(40) Day, P. R. Particle Fractionation and Particle-Size Analysis. In
Methods of Soil Analysis. Part 1, 9th ed.; American Society of
Agronomy, 1965; pp 545−566.
(41) Drizo, A.; Frost, C. A.; Grace, J.; Smith, K. A. Physico-chemical
screening of phosphate-removing substrates for use in constructed
wetland systems. Water Res. 1999, 33 (17), 3595−3602.
(42) Brix, H.; Arias, C. A.; del Bubba, M. Media selection for
sustainable phosphorus removal in subsurface flow constructed
wetlands. Water Sci. Technol. 2001, 44 (11−12), 47−54.
(43) Dayton, E. A.; Basta, N. T. A Method for Determining the
Phosphorus Sorption Capacity and Amorphous Aluminum of
Aluminum-Based Drinking Water Treatment Residuals. J. Environ.
Qual 2005, 34 (3), 1112−1118.

ACS ES&T Water pubs.acs.org/estwater Article

https://dx.doi.org/10.1021/acsestwater.0c00178
ACS EST Water XXXX, XXX, XXX−XXX

I

https://dx.doi.org/10.1016/j.jes.2016.11.021
https://dx.doi.org/10.1016/j.jes.2016.11.021
https://dx.doi.org/10.1016/j.jes.2016.11.021
https://dx.doi.org/10.1016/j.jenvman.2014.07.025
https://dx.doi.org/10.1016/j.jenvman.2014.07.025
https://dx.doi.org/10.1016/j.jenvman.2014.07.025
https://dx.doi.org/10.1073/pnas.0806112105
https://dx.doi.org/10.1073/pnas.0806112105
https://dx.doi.org/10.1016/j.ecoleng.2017.12.004
https://dx.doi.org/10.1016/j.ecoleng.2017.12.004
https://dx.doi.org/10.1016/j.ecoleng.2017.12.004
https://dx.doi.org/10.1007/s10533-015-0114-3
https://dx.doi.org/10.1007/s10533-015-0114-3
https://dx.doi.org/10.1007/s10533-015-0114-3
https://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:6(600)
https://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:6(600)
https://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:6(600)
https://dx.doi.org/10.1007/s11270-005-8266-8
https://dx.doi.org/10.1007/s11270-005-8266-8
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000026
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000026
https://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000167
https://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000167
https://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000167
https://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000243
https://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000243
https://dx.doi.org/10.1061/(ASCE)IR.1943-4774.0000243
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000504
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000504
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001411
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001411
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001411
https://dx.doi.org/10.2134/jeq2012.0080
https://dx.doi.org/10.2134/jeq2012.0080
https://dx.doi.org/10.1061/JSWBAY.0000893
https://dx.doi.org/10.1061/JSWBAY.0000893
https://dx.doi.org/10.1061/JSWBAY.0000893
https://dx.doi.org/10.1061/JSWBAY.0000836
https://dx.doi.org/10.1061/JSWBAY.0000836
https://dx.doi.org/10.1061/JSWBAY.0000836
https://dx.doi.org/10.2175/106143008X266823
https://dx.doi.org/10.2175/106143008X266823
https://dx.doi.org/10.2175/106143008X266823
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000951
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000951
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000951
https://dx.doi.org/10.2166/wqrjc.2013.016
https://dx.doi.org/10.2166/wqrjc.2013.016
https://dx.doi.org/10.1061/(ASCE)0733-9372(2009)135:3(109)
https://dx.doi.org/10.1061/(ASCE)0733-9372(2009)135:3(109)
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000876
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000876
https://dx.doi.org/10.1016/j.watres.2015.12.015
https://dx.doi.org/10.1016/j.watres.2015.12.015
https://dx.doi.org/10.2175/106143006X111745
https://dx.doi.org/10.2175/106143006X111745
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000409
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000409
https://dx.doi.org/10.1089/ees.2018.0254
https://dx.doi.org/10.1089/ees.2018.0254
https://dx.doi.org/10.1089/ees.2018.0254
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000436
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000436
https://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000436
https://dx.doi.org/10.2175/106143013X13736496908997
https://dx.doi.org/10.2175/106143013X13736496908997
https://dx.doi.org/10.2175/106143013X13736496908997
https://dx.doi.org/10.1016/j.watres.2012.03.009
https://dx.doi.org/10.1016/j.watres.2012.03.009
https://dx.doi.org/10.2134/jeq2014.01.0017
https://dx.doi.org/10.2134/jeq2014.01.0017
https://dx.doi.org/10.2134/jeq2014.01.0017
https://dx.doi.org/10.2175/106143009X447894
https://dx.doi.org/10.2175/106143009X447894
https://dx.doi.org/10.2175/106143009X447894
https://dx.doi.org/10.23986/afsci.4806
https://dx.doi.org/10.23986/afsci.4806
https://dx.doi.org/10.23986/afsci.4806
https://dx.doi.org/10.2166/wst.2010.861
https://dx.doi.org/10.2166/wst.2010.861
https://dx.doi.org/10.4236/jwarp.2011.34030
https://dx.doi.org/10.4236/jwarp.2011.34030
https://dx.doi.org/10.4236/jwarp.2011.34030
https://dx.doi.org/10.2134/jeq2005.0083
https://dx.doi.org/10.2134/jeq2005.0083
https://dx.doi.org/10.2134/jeq2005.0083
https://dx.doi.org/10.1016/j.envpol.2009.04.016
https://dx.doi.org/10.1016/j.envpol.2009.04.016
https://dx.doi.org/10.1177/0263617416653121
https://dx.doi.org/10.1177/0263617416653121
https://dx.doi.org/10.1177/0263617416653121
https://dx.doi.org/10.2134/jeq2011.0049
https://dx.doi.org/10.2134/jeq2011.0049
https://dx.doi.org/10.2134/jeq2010.0242
https://dx.doi.org/10.2134/jeq2010.0242
https://dx.doi.org/10.1016/S0043-1354(99)00082-2
https://dx.doi.org/10.1016/S0043-1354(99)00082-2
https://dx.doi.org/10.1016/S0043-1354(99)00082-2
https://dx.doi.org/10.2166/wst.2001.0808
https://dx.doi.org/10.2166/wst.2001.0808
https://dx.doi.org/10.2166/wst.2001.0808
https://dx.doi.org/10.2134/jeq2004.0230
https://dx.doi.org/10.2134/jeq2004.0230
https://dx.doi.org/10.2134/jeq2004.0230
pubs.acs.org/estwater?ref=pdf
https://dx.doi.org/10.1021/acsestwater.0c00178?ref=pdf


(44) Nair, V. D.; Harris, W. G. A capacity factor as an alternative to
soil test phosphorus in phosphorus risk assessment. N. Z. J. Agric. Res.
2004, 47 (4), 491−497.
(45) Murphy, J.; Riley, J. P. A modified single solution method for
the determination of phosphate in natural waters. Anal. Chim. Acta
1962, 27 (C), 31−36.
(46) Leader, J. W.; Dunne, E. J.; Reddy, K. R. Phosphorus Sorbing
Materials: Sorption Dynamics and Physicochemical Characteristics. J.
Environ. Qual 2008, 37 (1), 174−181.
(47) Bolster, C. H.; Hornberger, G. M. On the Use of Linearized
Langmuir Equations. Soil Sci. Soc. Am. J. 2008, 72 (6), 1848−1848.
(48) Bratieres, K.; Fletcher, T. D.; Deletic, A.; Zinger, Y. Nutrient
and sediment removal by stormwater biofilters: A large-scale design
optimization study. Water Res. 2008, 42 (14), 3930−3940.
(49) Drizo, A.; Comeau, Y.; Forget, C.; Chapuis, R. P. Phosphorus
Saturation Potential: A Parameter for Estimating the Longevity of
Constructed Wetland Systems. Environ. Sci. Technol. 2002, 36 (21),
4642−4648.
(50) Davis, A. P. Field Performance of Bioretention: Water Quality.
Environ. Eng. Sci. 2007, 24 (8), 1048−1064.
(51) Passeport, E.; Hunt, W. F.; Line, D. E.; Smith, R. A.; Brown, R.
A. Field Study of the Ability of Two Grassed Bioretention Cells to
Reduce Storm-Water Runoff Pollution. J. Irrig Drain Eng. 2009, 135
(4), 505−510.
(52) R Core Team. R: A language and environment for statistical
computing; 2016. https://cran.r-project.org (accessed 2018-09-01).
(53) Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous Inference in
General Parametric Models. Biom. J. 2008, 50 (3), 346−363.
(54) Pinheiro, J.; Bates, D.; DebRoy, S.; Sarkar, D.; R Core Team.
Linear and Nonlinear Mixed Effects Models; 2020. https://cran.r-
project.org/package=nlme (accessed 2019-01-15).
(55) Makris, K. C.; Harris, W. G.; O’Connor, G. A.; Obreza, T. A.
Phosphorus immobilization in micropores of drinking-water treat-
ment residuals: Implications for long-term stability. Environ. Sci.
Technol. 2004, 38 (24), 6590−6596.
(56) Babatunde, A. O.; Zhao, Y. Q. Constructive approaches toward
water treatment works sludge management: An international review of
beneficial reuses. Crit. Rev. Environ. Sci. Technol. 2007, 37 (2), 129−
164.
(57) Yang, Y.; Tomlinson, D.; Kennedy, S.; Zhao, Y. Q. Dewatered
alum sludge: A potential adsorbent for phosphorus removal. Water
Sci. Technol. 2006, 54 (5), 207−213.
(58) Yan, Q.; James, B. R.; Davis, A. P. Lab-Scale Column Studies
for Enhanced Phosphorus Sorption from Synthetic Urban Stormwater
Using Modified Bioretention Media. J. Environ. Eng. 2017, 143 (1),
04016073.
(59) Razali, M.; Zhao, Y. Q.; Bruen, M. Effectiveness of a drinking-
water treatment sludge in removing different phosphorus species from
aqueous solution. Sep. Purif. Technol. 2007, 55 (3), 300−306.
(60) Cucarella, V.; Renman, G. Phosphorus Sorption Capacity of
Filter Materials Used for On-site Wastewater Treatment Determined
in Batch Experiments-A Comparative Study. J. Environ. Qual 2009, 38
(2), 381.
(61) Parlange, J. Y.; Hill, D. E. Theoretical Analysis of Wetting Front
Instability in Soils. Soil Sci. 1976, 122 (4), 236−239.
(62) Hillel, D. Unstable flow in layered soils: A review. Hydrol.
Processes 1987, 1 (2), 143−147.
(63) Hatt, B. E.; Fletcher, T. D.; Deletic, A. Pollutant removal
performance of field-scale stormwater biofiltration systems. Water Sci.
Technol. 2009, 59 (8), 1567−1576.
(64) Blecken, G. T.; Zinger, Y.; Deletic,́ A.; Fletcher, T. D.;
Viklander, M. Influence of intermittent wetting and drying conditions
on heavy metal removal by stormwater biofilters. Water Res. 2009, 43
(18), 4590−4598.
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