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Abstract: Low impact development (LID) practices, such as bioretention and sand filter basins, are
stormwater control measures designed to mitigate the adverse impacts of urbanization on
stormwater. LID treatment performance is highly dependent on the media characteristics. The
literature suggests that bioretention media often leach nutrients in the stormwater effluent. The
objective of this study was to analyze the treatment performance of different sand and bioretention
soil mixtures. Specifically, this investigation aimed to answer whether the use of limestone and
recycled glass could improve the treatment performance of bioretention systems. Column
experiments were designed to assess (1) the removal efficiencies of different sand and bioretention
soil mixtures and (2) the impact of plant uptake on removal rates. Enhanced pollutant removal was
observed for the custom blends with addition of limestone sand, indicating mean dissolved and
total phosphorus removal of 44.5% and 32.6% respectively, while the conventional bioretention soil
mixtures leached phosphorus. Moreover, improved treatment of dissolved and total copper was
achieved with mean removal rates of 70.7% and 93.4%, respectively. The results suggest that the
nutrient effluent concentration decreased with the addition of plants, with mean phosphorus
removal of 72.4%, and mean nitrogen removal of 22% for the limestone blend.

Keywords: stormwater control measure (CSM); bioretention; limestone sand; pollutant removal;
nutrients; stormwater quality; column experiment; pilot study

1. Introduction

Low impact development (LID) practices or green infrastructure (GI) are strategies
used to mitigate the adverse impacts of urbanization on the hydrologic regime and the
environment by restoring the natural hydrologic flow [1]. LID practices control
stormwater quantity by mimicking the natural flow, and enhance stormwater quality
through natural physical, chemical, and biological treatment processes [1,2]. The
treatment performance of LID practices is dependent on the design components such as
media composition and local conditions such as climate, leading to variable
performances. The literature indicates that some LID practices fail to remove some
pollutants: for instance, several studies show leaching of nutrients such as phosphorus
and nitrogen species [3-7].

Two of the most commonly used LID stormwater control measures—especially in
arid and semi-arid regions—are bioretention and sand filter basins. Studies have shown
that sand filter basins perform well in reducing the peak flow and runoff volume as well
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as removing particulate pollutant. However, they are not effective in the removal of
dissolved pollutants [3,8,9]. On the other hand, bioretention systems have the potential to
improve the removal of dissolved pollutants because of the chemical and biological
processes that occur within the soil media and plants, including adsorption,
biotransformation, bioaccumulation, and bio-uptake [1,10-12]. One limitation of
bioretention systems is the high nutrient content of the bioretention soil mixtures that can
lead to high effluent nutrient concentration, and subsequently eutrophication [4].
Furthermore, bioretention systems might retain the antibiotic-resistant bacterial
communities in the stormwater, leading to contaminated soil and plants that can later be
transmitted to humans [13].

Numerous studies have investigated impacts of soil media, soil amendments, and
vegetation on the performance of bioretention systems. Hsieh and Davis [14] examined
the impact of media characteristics on removal efficiencies by conducting field and pilot
tests. The authors observed consistent removal rates for oil/grease and heavy metals,
while nutrient removal rates were inconsistent both in the bioretention columns and on-
site facilities. Nutrient removal was impacted by the runoff flow path through the media
and the contact time, whereas the removal of heavy metals was directly linked to the
adsorption capacity of the soil media [10,14-16]. More than 90% of the heavy metals were
captured by the bioretention media, while the role of plants was found to be less
significant [17]. Barrett et al. [18] observed greater pollutant removal efficiencies for
bioretention soil mixtures compared to the sand filter medium. The results of this
laboratory column study showed nutrient export of as much as twice the influent
concentration for the bioretention soil mixtures alone, while a significant nutrient removal
enhancement was achieved after the addition of plants. Therefore, vegetation was
identified as the key component of the bioretention systems for the effective removal of
nutrients [18-20]. Studies have also reported enhanced and consistent pollutant removal
by the use of engineered soil mixtures with added soil amendments such as biochar and
spent lime in the bioretention systems [21-26].

Although bioretention systems and sand filters have shown improved stormwater
quality, they are still not widely applied, mainly due to the perceived high capital and
operation costs. Therefore, the use of abundant or recycled materials can be very
beneficial. One of the alternative and inexpensive materials that has been used in
wastewater treatment filtration systems is crushed recycled glass [27-30]. Horan and
Lowe [29] found that use of recycled glass as a tertiary filter medium reduces media usage
by 10%, and treats 10% more flow with up to 70% TSS removal. Elliot [28] recommended
recycled glass as a substitute for sand because of its satisfactory filtration performance,
lower cost, and durability that makes it more economical. Barrett et al. [18] and Limouzin
et al. [20] have suggested the use of limestone gravel in the submerged zone of the
bioretention systems for the further removal of phosphorus. Limestone is a natural
mineral composed of calcites—principally calcium and magnesium carbonates (CaCOs,
MgCOs)—resulting in high adsorption capacity. Previous studies have found limestone
effective in the removal of phosphorus through the adsorption and formation of
hydroxyapatite (Cas(PO,4)sOH) [31,32], and heavy metals through adsorption and
precipitation processes [32-34]. At low concentrations, metals adsorb to the calcite surface
via exchange, while at high concentrations, the precipitation of metal oxides and metal
carbonates is the dominant removal process [34]. Limestone is also widely available and
is relatively inexpensive worldwide, since about 10% of the earth’s land surface is covered
with limestone deposits [32].

The objective of this study was to analyze and compare the treatment performance
of different sand and bioretention soil mixtures enriched with alternative materials. In
particular, this investigation aimed to answer whether the use of manufactured sand from
limestone and recycled glass could improve the treatment performance of bioretention
systems. To answer this question, pilot-scale column experiments were designed to test
the treatment performances of nine different soil media. The column experiments were
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carried out in three main phases. The objectives of the first phase were to compare sand
to the commonly used standard bioretention soil mixture and also to introduce potential
native and abundant media that could reduce the cost and enhance the pollutant removal
efficiencies. Initial results suggested improved removal efficiencies for the limestone sand,
as the native and abundant media. In the second phase, a new bioretention soil mixture
was manufactured by substituting regular sand with limestone sand in the media
composition. After identification of the two best performing media, the impact of
vegetation on pollutant removal rate was investigated in the third phase by studying the
performance of three drought-tolerant plants.

2. Materials and Methods
2.1. Column and Media Specification

The column experiments were conducted in a greenhouse environment where
temperature is controlled and maintained at 30 + 4 °C approximately. A total of twelve
columns—101.6 cm in height with 30.5 cm internal diameter —were built using PVC pipes
(Figure 1). Each column was built with three layers following the typical design of
bioretention systems specified by the San Antonio River Authority (SARA) LID Technical
Design Guidance [11]. The 25.4-cm drainage layer consists of drainage stone (ASTM#57),
choking stone (ASTM#8), and regular sand (ASTM#9), and the 61-cm filtration layer
contains the tested media.

30.5cm *
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3
Regular Sand 5.1 em

Choking Stone -#_S.I cm

>
Drainage Stone :J
3

Figure 1. Profile of columns composition and injection apparatus including feed tank, agitator,
peristaltic pump, and distributing gutter; and rain gauges to record outflow.

Drainage layer

A total of nine different soil media were tested in phases one and two, including (1)
Regular Sand: silica-based sand that is typically used in sand filter basins; (2) Limestone
Sand (Man.Sand): manufactured sand from crushed limestone; (3) Biofilter532: sandy
loam commonly used in bioretention areas manufactured with regular sand, fines, and
biosolids as organic matter; (4) Recycled Glass+Biofilter532 (R.G. + Biofilter): blend
composed of half recycled glass and half Biofilter532; (5) Lime-Mix: mixture of limestone
sand and clay-loam (25% crushed limestone sand, 70% clay-loam, and 5% of hardwood
mulch); (6) Blend#1: blend of limestone sand, fines, and organic matter (hardwood mulch);
(7) Blend#2: the iron-amended version of Blend#1; (8) Biofilter433: an alternated version
of Biofilter532 containing green waste (combination of leaves and hardwood mulch) as
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organic matter, instead of biosolids; and (9) Biofilter433MS: similar in composition to the
Biofilter433 with the use of limestone sand instead of regular sand.

Prior to running the column tests, sieve analysis (ASTM standard method C33/C33M
[35] and C136/C136M [36]), hydraulic conductivity, and porosity tests (ASTM standard
methods F1815 [37] and C20 [38]) were performed to determine the size distribution and
permeability of each media, respectively. The Synthetic Precipitation Leaching Procedure
(SPLP) test (SW-846 Test Method 1312) was performed to determine the pollutant content
of the soil media prior to the column tests.

2.1.1. Column Experiments—Phase I

Media 1-4 were tested in the first phase of the study. Sand and Biofilter532 were
tested to compare the performance of sand filters versus bioretention media. Additionally,
two alternative media including crushed recycled glass and limestone sand were selected
with the purpose of (1) water quality performance enhancement and (2) cost reduction.

2.1.2. Column Experiments —Phase II

A limestone-based bioretention soil mixture (Lime-Mix) was manufactured in the
concrete laboratory of University of Texas at San Antonio (UTSA) following the standard
bioretention soil mixture specifications [11]. Due to reproducibility limitations of the
Lime-Mix in large volumes, local material supplier companies were contacted to produce
customized mixtures using limestone sand (Blend#1, Blend#2, and Blend433MS).
Accordingly, the second phase of the column test was performed by testing media 5-9 on
the list.

2.1.3. Column Experiments —Phase III

After identifying the top two performing soil media, the columns were emptied,
cleaned, and filled with the two top performing media (6 columns of each). Three native
plants—Pink Muhly (Muhlenbergia capillaris), Inland Sea Oats (Chasmanthium
latifolium), and Frogfruit (Phyla nodiflora) —were added to the columns to determine if
and to what extent plant uptake may assist in the removal of pollutants.

2.2. Synthetic Stormwater

The synthetic stormwater was generated using deionized (DI) water and chemical
salts (Table 1) to achieve the targeted pollutant concentration adopted from regional
stormwater studies [39]. To best represent the real stormwater, solids (<150 um) in the
synthetic stormwater were collected from accumulated sediments in one of the UTSA
sand filter basins’ pre-treatment chamber, which drains 6.5 ha (16 acres) including a
parking lot, two avenues, and a natural area. A pH of 7.4 was used for the synthetic
stormwater in accordance to the previous stormwater data at the UTSA main campus [9],
using a 0.5 M carbonate buffer and adjusting with sodium hydroxide (NaOH) or
hydrochloric acid (HCI) as needed.
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Table 1. Targeted concentration (mg/L) of pollutants, required volume of stock solution for 5 gallons DI water, and the
chemicals used in manufacturing the stock solution.

Target Concentration Stock Solution

Pollutant €799 (me/L) (mL) Chemicals (Salts)
TSS 100 - Solids (<150 pm)
Nitrate (NOx) as N 0.3 1.89 Potassium nitrate (KNOs)
Total Kjeldhal Nitrogen (TKN) Nicotinic acid (CeHsNO2) + Ammonium
(Org N + NH:-N) 185(0.85+1.0) 189.27 chloride (NH4Cl)
Total Phosphorus (TP) 0.2 1.89 Mono-potassium phosphate (KH2POx)
Total Copper (TCu) 0.02 1.89 Copper (II) sulfate (CuSOs)
Total Zinc (TZn) 0.13 1.89 Zinc chloride (ZnCl2)
Total Lead (TPb) 0.08 18.93 Lead nitrate (PbNO:3)
Buffer (M) 0.05 M 0.189 Sodium carbonate anhydrous (Na:2COs)

2.3. Experimental Procedure

The column experiments mimicked a rainfall event with a total depth of 30 mm (1.2
inches) and duration of 4 + 0.5 h, which is the median duration of such rainfall events in
San Antonio, TX. The median duration was estimated from 40 years of rainfall records, in
15-min time intervals from the weather station (COOP: 417422) located at the Randolph
Air-Force Base at Universal City, Texas. The injection volume was calculated based on the
volume of columns considering the porosity of all layers.

The pumping apparatus consisted of a 30.2 L (8-gallons) feed tank, agitator engine
and propeller (Arrow Engineering #2000), peristaltic pump (Cole-Parmer Cat# 7567-70)
with 10 mm (3/8 in) tubing, and distributing gutters. The synthetic stormwater was
constantly mixed by the propeller in the feed tank to maintain homogeneity and was
delivered to the columns by the peristaltic pump. A distributing gutter with two orifices
was used to inject two columns of same media simultaneously. The water level in the
gutter and the orifices’ flowrate were monitored throughout the experiment to maintain
consistency, and the feed tank was refilled to sustain the desired injection rate and total
volume of 150 mL/min and =38 L (10 gallons), respectively. Column runs were performed
once for each column, and in triplicates (three identical columns of each media) for the
first phase and duplicates (two identical columns of each media) for the second phase for
each media type. Two influent samples (300 mL) and ten time-based effluent samples (300
mL) were collected. After collecting the initial effluent sample, samples were taken every
15 min for the first hour and every 30 min for the remaining time. A total of 12 samples
per column were collected and stored at 4 °C.

2.4. Water Quality Analysis

The collected influent and effluent samples were tested for the following water
quality parameters: Total Suspended Solids (TSS) [mg/L]; Orthophosphate (P) and Total
Phosphorus (TP) [mg/L as PO«*--P]; Nitrate (N) and Total Nitrogen (TN) [mg/L as NOs~-
NJ; Dissolved and Total concentrations of heavy metals including Copper, Zinc and Lead
[ug/L]. The sample preparation, storage, and analysis complied with the Standard
Methods for the Examination of Water and Wastewater [40]. The instruments and
methods used for water quality analyses are listed in Table S1 (Supplementary Materials).
The mean influent and effluent concentrations were used to calculate the removal rate:

RR (%) =wx 100 (1)
where C;, and C,,; are the mean influent and effluent concentrations of a particular
pollutant.
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The flow weighted mean concentration (FWMC) is a measure of total pollutant load
per total discharge. To calculate the FWMC, the following formula was applied for each
soil media—pollutant pair.

21(Gitiq:)
FWMC = o 2
HE )
where C; is the concentration of a specific pollutant in the ith sample, t; is the time for
the ith sample, g; is the flowrate for the ith sample, and 7 is the number of samples.

2.5. Statistical Analysis

To examine the removal efficiencies of each type of media and to determine whether
the mean influent and effluent concentrations were statistically different, ¢-tests and non-
parametric Wilcoxon tests were performed at a confidence level of 95% (p < 0.05), for
normal and non-normal distributions, respectively. The Shapiro-Wilk test was performed
to determine the normality of the dataset. The F-test was performed to test the variances
and to determine the type of t-test for each dataset (Bartlett F-test for normal and Levene’s
F-test for non-normal distribution). The significance of differences between mean effluent
concentrations was also examined at the same confidence level (p < 0.05).

3. Results and Discussion
3.1. Media Physical and Chemical Properties

The sieve analysis results identified the recycled glass blend (R.G. + Biofilter) with
the coarsest particle size distribution, whereas Biofilter433 had the highest percentage of
fine media (72.3%), resulting in slower water movement and the lowest hydraulic
conductivity of 19 mm/h (Table 2). The recommended bioretention soil media
specification requires an infiltration rate of 12.7-152.4 mm/h [11]. The requirements for
size distribution are 85-88% sand passing through the 1/4 in sieve (6.35 mm), 8-12% fines
passing through #270 sieve (0.053 mm), and 2-5% of organic matter [11]. All of the
bioretention soil media met the infiltration rate criteria except for Biofilter433MS and R.G.
+ Biofilter with hydraulic conductivities of 344 and 616 mm/h, respectively. As for the
chemical composition, SPLP results (Table 2) indicated the highest nutrient content in
Biofilter532 and Biofilter-433 and 433 MS, as well as higher copper content compared to
the other soil media.

Table 2. Physical and chemical properties of the soil media.

Media
[(No#) Name]

Size Organic  Hydraulic Total Total Total Total Total

Distribution = Matter Conductivity

Permeability pH P N Cu Pb Zn

270  1/4 (%) mm/h mm? mg/kg mg/kg ug/kg ugkg ugkg

(1) Regular Sand 0 100 0 375 1.0 x 10+ 77 08 144 420 308 581
(2) Man.Sand 0 100 0 1096 3.0 x 10 90 26 114 448 164 401
(3) Biofilter532 239 100 5.8 61 1.6 x 10 83 56.6 594 299 232 745
(4) R.G. + Biofilter 1 96 29 616 1.7 x 104 83 354 27 187 144 466
(5) Lime-Mix 22.0 100 5.0 61 1.6 x10° 94 98 434 117 7.8 419
(6) Blend#1 38.0 100 1.4 35 9.2 x10° 89 6.8 29 576 104 458
(7) Blend#2 38.0 100 1.4 34 9.0 x10-¢ — — - — — —

(8) Biofilter433 72.3 100 3.9 19 5.1 x10° 84 231 816 190 214 602
(9) Biofilter433MS 309 100 3.7 344 8.9 x 105 86 236 888 160 176 382

2 (%) passing through sieve 1/4in (6.35 mm) and #270 (0.053 mm)—Not measured, should be same as Blend#1.



Water 2021, 13, 1210

7 of 16

3.2. Water Quality Analysis
3.2.1. Column Experiments—Phase I

The results indicate high TSS removal rates ranging from 84.6% (p = 0.0003) to 91.6%
(p = 0.005) for Biofilter532, Sand and Man.Sand, respectively (Table 3). High variations in
the influent TSS concentration and consequent inconsistencies in the influent pollutant
load were observed (Figures 2 and 3, Table S2), which was caused by the partial
accumulation of sediments inside the distributing gutter as well as the natural difference
in the matrix of solids that were used in the preparation of each batch of the synthetic
stormwater. The large variations between the median (central line) and mean influent
concentrations (green circle) in the boxplots (Figure 3) indicate the influent
inconsistencies.

7 T ; §
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Figure 2. Paired boxplots of influent and effluent concentration (mg/L) for (a) TP and (b) TN. The boxplots represent the
median (central line), first and third quartile (box), minimum and maximum concentrations (whiskers), outliers (red plus),
mean influent (green circle), and mean effluent concentration (blue diamond), and n is the number of samples.

Studies have shown that the high removal of TSS through sedimentation and
filtration correlates to the high removal of particulate contaminants, namely, the heavy
metals that are bound to the sediments [10,15], which agrees with the column test results
(Figure 3, Table 3). On the other hand, the removal of the dissolved metals occurs through
biological and chemical mechanisms and is highly dependent on the adsorption capacity
of the soil media [10,15,16]. The results indicate high total lead and zinc removal
efficiencies averaging 98.6% and 87.8%, respectively. On the contrary, a significant
difference is observed in the copper removal rates and effluent concentrations (p < 0.0001)
(Tables 3 and 4) with the highest total copper FWMC values of 51.54 and 43.9 ug/L for
Biofilter532 and R.G. + Biofilter, respectively (p = 0.0002, p = 0.34) (Figure 3a). The leaching
of copper by bioretention media has been reported by previous studies [7,39], indicating
that the association of copper with organic matter leads to the desorption of copper in the
effluent (Table 2). Since higher organic matter is correlated with higher phosphorus
content and export, copper and phosphorus concentration are intercorrelated [7,41].
Similar to the total copper measurements, poor dissolved copper removal was observed
(Table 3). Biofilter532 had the highest dissolved copper effluent concentration—in
accordance with its high copper content (Table 2) —with significant difference from the
influent (p = 0.02), whereas Sand and R.G. + Biofilter showed no significant difference (p =
0.16 and 0.43). Man.Sand showed superior treatment performance for all dissolved heavy
metals compared to that of the Sand, which showed limitations and only removed 20.3%
and 75.2% of the dissolved copper and zinc (p < 0.0001, p = 0.0003), respectively (Table 3).
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Table 3. Removal efficiencies (%) of the pollutants—phase I and phase II.
Removal Efficiency (%)

Water Quality Parameter Man.San Biofilter R.G.+ _. ] Biofilter Biofilter

y Sand d 532 Biofilter Lime-Mix Blend#1 Blend#2 433MS 433
TSS 91.6 91.6 84.6 85.2 94.9 87.3 86.0 75.7 86.6
Orthophosphate 49.8 93.1 -- -22.7 77 .4 -32.9 89.1 -583 -266
Total Phosphorus 46.1 70.3 -80.8 -69.4 53.2 -20.5 65.2 -380 -178
Nitrate -108 -35.4 -- -- 4.0 -7.2 -3.7 -12.7 59.3
Total Nitrogen -6.25 -32.9 12.3 -22.2 29.7 -11.8 1.0 -11.3 13.3
Dissolved Lead 98.9 99.9 100 77.4 95.9 100 100 95.0 99.8
Total Lead 99.1 99.8 99.3 96.5 -- 100 100 99.4 98.5
Dissolved Copper 20.3 96.6 -461 -77.3 10.0 -71.5 -10.1 -28.4 -162
Total Copper 69.5 93.8 -102 29.1 69.2 63.6 79.2 64.4 75.9
Dissolved Zinc 93.2 95.9 64.9 90.2 89.7 92.1 98.3 93.8 87.0
Total Zinc (pg/L) 89.0 87.9 85.7 88.5 -- 94.6 87.8 91.7 96.2

-- Missing values are due to technical issues with colorimetric methods and ICP-MS.

Table 4. Effluent flow weighted mean concentration (FWMC) values for each media—pollutant pair—phase I and phase II.

Flow Weighted Mean Concentration (FWMC)

Water Quality Parameter Man.San Biofilter R.G.+ _, ) Biofilter Biofilter

y Sand d 532 Biofilter Lime-Mix Blend#1 Blend#2 433MS 433
TSS (mg/L) 2.22 2.19 12.06 8.87 2.15 14.2 7.47 21.6 13.3
Orthophosphate (mg/L P) 0.09 0.01 -- 0.86 0.03 0.14 0.02 1.03 0.64
Total Phosphorus (mg/L P) 0.53 0.32 1.38 5.05 0.33 0.65 0.28 3.41 2.21
Nitrate (mg/L N) 2.24 0.86 - - 0.41 0.55 0.69 0.89 0.30
Total Nitrogen (mg/L N) 1.01 1.86 0.87 3.32 1.47 1.95 1.67 1.35 1.45
Dissolved Lead (ug/L) 0.36 0.08 0 1.14 0 0 0 2.50 0.14
Total Lead (pg/L) 1.12 0.13 0.41 4.17 - 0 0 2.01 1.44
Dissolved Copper (ug/L) 5.93 0.62 41.5 19.6 6.94 9.82 7.41 15.6 9.28
Total Copper (ug/L) 9.47 1.19 51.5 43.9 4.46 12.6 7.46 19.4 24.8
Dissolved Zinc (ug/L) 4.37 0.49 8.76 12.1 20.3 10.3 1.25 9.88 6.89
Total Zinc (pg/L) 15.8 5.74 15.0 14.5 - 21.7 29.8 26.9 12.3

-- Sufficient data was not available.

The Man.Sand performed best in removing dissolved and total heavy metals with
significantly lower effluent concentrations for all measured elements (p < 0.03), whereas
the use of recycled glass in the R.G. + Biofilter did not show significant improvements in
the pollutant removal efficiencies. Thus, limestone sand was selected as the substitute
media to generate the enhanced bioretention soil mixture.

3.2.2. Column Experiments —Phase II

Phase II of the experiments tested five bioretention soil mixtures including four
limestone blends and one standard bioretention soil mixture (Tables S3). The TSS
measurements of the tested media in phase II agreed with those of phase I, indicating
overall high removal efficiency (*90%) (Table 3).

As for nutrient treatment, the four customized limestone mixtures showed
considerable improvement in the treatment of TP and relatively smaller effluent TP
FWMC values, except for the Biofilter433MS (Tables 4 and S3). The Lime-Mix and Blend#2
had the highest TP removal efficiencies of 53.2% and 65.2%, respectively (p = 0.0001, p =
0.002), while Blend#1 showed relatively similar influent and effluent concentrations (p =
0.13) with leaching of 20.5% (Table 3). The Biofilter433 showed slightly reduced effluent
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Total Phosphorus Conc. (mg/L)

Total Nitrogen Conc. (mg/L)

TP concentration compared to the Biofilter532 (p = 0.46), indicating that substituting
green-waste for biosolids was effective, as it led to smaller organic matter and phosphorus
content of 3.9% and 23 mg/kg, respectively (Table 2). Although the effluent TP
concentration is smaller for Bifilter433, a lower removal rate is achieved, which is due to
the smaller influent concentration compared to the Biofilter532 (Tables 3 and S2).
Moreover, larger boxplots and longer whiskers for the Biofilter433MS, Biofilter433, and
Biofilter532 indicate greater discrepancies in the effluent concentrations over time, while
the limestone mixtures showed more consistent results (Figure 4). No significant
difference was evident between the influent and effluent TN concentrations for all
limestone mixtures (Figure 4b) (p = 0.1, 0.39, 0.91, 0.29), with some removal for Lime-Mix
and Blend#2 (29.7% and 1%, respectively). The Biofilter433 —similar to Biofilter532—
removed 13.3% of TN (p = 0.0008) and 59.3% of N (p = 0.003) likely due to its slower
infiltration rate (Table 2), which provides the required saturated zone for denitrification
processes.
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Figure 4. Paired boxplots of influent and effluent concentration for (a) TP and (b) TN (mg/L) comparing sand to the
standard and customized bioretention soil mixtures (phases I and II).

The total metals influent and effluent concentrations were significantly different with
high removal efficiencies of 99%, 93%, and 68% on average for lead, zinc, and copper
(Figure 5), whereas relatively higher dissolved effluent copper concentrations were
observed (Figure 5a). However, the limestone mixtures showed reduced values compared
to the tested media in phase I (p <0.0001), which is indeed correlated with the phosphorus
removal and media copper content (Tables 2 and 3). High effluent total zinc concentration
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of FWMC (Table 4) was likely due to the solids from the media that contain mean total
zinc content of 506 ug/kg (Table 2). Blend#1 and Biofilter433 were selected as the two top
performing media for phase III, since (1) Lime-Mix is not reproducible in large quantities
and (2) potential impacts of additive iron (Blend#2) were not studied leaving Blend#1 and
Biofilter433 as the best bioretention soil mixtures for the next phase.
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Figure 5. Paired boxplots of influent and effluent concentration for dissolved metals (ug/L) (a) Copper, (b) Zinc, and (c)
Lead, comparing sand to the standard and customized bioretention soil mixtures.
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3.2.3. Column Experiments—Phase III

The treatment performance of vegetated Blend#1 and Biofilter433 columns was
tested to assess the impact of plant uptake on removal efficiencies and to determine
whether different plant species impact treatment performances differently. The results
(Tables S4 and 5) showed increased solids (TSS) in all effluent samples compared to phase
II (p < 0.0001). The mean TSS removal rate was reduced from 88% to 32% and 30% for
Blend#1 and Biofilter433, respectively. This might be due to the added mulch layers at the
top of the columns and the conveyance of solids through plant root canals within the
media. Wang et al. [7] also found non-vegetated bioretention cells more effective in the
removal of TSS. The Sea Oats columns had lower effluent TSS concentrations (55%
removal rate) compared to Frogfruit (35% and 20%) and Muhly (6% and 16%) for Belnd#1
and Biofilter433, respectively (p < 0.0001, p = 0.019) (Table 5).

Table 5. Removal efficiencies (%) of the pollutants before and after the addition of plants—phase III.

Removal Efficiency (%)

Water Quality Phase III with Plants Phase II
Parameter Blend#1 Biofilter433 No Plants
Sea Oats Frogfruit Muhly SeaOats Frogfruit Muhly Blend#1 Biofilter433
TSS 55.2 34.6 6.0 55.0 19.9 15.6 87.3 86.6
Orthophosphate 87.9 82.8 80.8 -275 -420 -355 -32.9 -266
Total Phosphorus 64.7 59.0 59.2 -202 -289 -255 -20.5 =179
Nitrate 46.1 55.7 35.0 72.9 64.3 65.6 -7.2 59.3
Total Nitrogen 5.5 -2.9 -7.3 -0.4 -10.6 -4.7 -11.8 13.3
Dissolved Lead 84.3 100 98.5 713 100 68.5 100 99.8
Total Lead 98.2 97.9 98.8 99.2 97.7 97.7 100 98.5
Dissolved Copper 44.0 64.6 63.8 -17.8 -169 -39.1 -71.5 -162
Total Copper 47.4 77.0 73.2 68.5 73.4 71.1 63.6 75.9
Dissolved Zinc 86.8 96.3 94.7 88.7 89.8 91.5 92.1 87.0
Total Zinc 95.7 95.6 90.1 93.9 86.0 87.9 94.6 96.2

On the other hand, significant improvement in the nutrient removal was observed,
especially for Blend#1 (Figure 6). The mean effluent concentrations indicated decreased
phosphorus content to 0.03-0.04 (mg/L) and 0.3-0.35 (mg/L) for orthophosphate (p <
0.0001) and total phosphorus (p = 0.001) of Blend#1 after the addition of plants,
respectively. No significant difference was observed between performances of different
plants in the removal of total phosphorus (p =0.095), whereas Muhly effluents had slightly
higher orthophosphate concentration (p < 0.0001). Conversely, an increased effluent
phosphorus concentration with no significant difference between plants was observed for
Biofilter433 (p = 0.59, p = 0.35 for P and TP respectively). The nitrogen measurements
(Figure 6b) suggested that plant uptake enhanced nitrate removal to 35-56% and 64-73%
for Blend#1 and Biofilter433, respectively (Table 5). Similar to phosphorus results, the
impact of plants on nitrate removal was more significant in Blend#1 (p <0.0001) compared
to Biofilter433 (p = 0.36). The mean nitrate removal rate was increased to 46% for vegetated
columns from —7.2% (leaching) for Blend#1 in the second phase of the experiment,
whereas Biofilter433 showed only up to 13.6% enhancement with no significant difference
in performance (p = 0.24). There was no significant improvement in total nitrogen removal,
and slight leaching was evident (Figure 6c), which might be associated with the increased
washed off solids in the effluent samples. Slightly greater total nitrogen removal of Sea
Oat columns was in accordance with the greater TSS removal rate as well (Table 5).
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Frogfruit and Muhly).

The concentration of heavy metals and the corresponding removal rates indicated no
significant difference before and after the addition of plants, except for copper. The
dissolved copper removal was enhanced significantly (p < 0.0001) (-71% to 57%)—in
correlation with the enhanced phosphorus removal rate—whereas total copper effluent
concentrations were similar (p = 0.06). Due to increased concentration of solids in the
effluent, slightly lower overall total metals removal was observed.
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When comparing the water quality parameters and removal efficiencies between
phases II and III, it can be inferred that plants enhanced the removal of nutrients,
particularly for Blend#1 (Figure 6). The mean orthophosphate removal was increased to
83.8% from -32.9% (p < 0.0001), while the mean total phosphorus removal rate was
increased to 61.0% from —29.7% (p = 0.001) (Table 5). Enhanced nitrate removal was
achieved for both media in phase III (Figure 6c), with overall increase of 52.8% and 8.3%
for Blend#1 and Biofilter433, respectively (p < 0.0001 and p = 0.36). The heavy metal
removal efficiencies were relatively similar for all columns with the exception of dissolved
copper with an overall enhanced removal of 129% and 87% for Blend#1 and BioFilter433
(p < 0.0001 and p = 0.31), respectively (Table 5). The impact of increased solids in the
effluent samples of the vegetated columns and reduced TSS removal requires further
investigations. Overall, the results confirmed that vegetation enhances some pollutant
removal (nutrients and dissolved copper) in bioretention systems.

4. Conclusions

A series of column experiments were performed to assess treatment efficiencies of
nine different media. All media demonstrated good filtration capacity and high TSS
removal (=90%), which also translated into a high removal of particulate contaminants.
The removal of dissolved pollutants is highly dependent on the adsorption capacity of the
soil media and infiltration rate. For that reason, limestone sand showed the best treatment
performance (orthophosphate and dissolved heavy metals, particularly) due to its high
adsorption capacity, whereas the use of recycled glass in the bioretention mixture did not
provide any significant improvements. Accordingly, limestone sand was used as a
substitute of regular sand in the bioretention soil mixtures, and as expected, enhanced
removal efficiencies were achieved compared to the standard bioretention soil mixtures
and sand. Excess nutrient content was a major observed disadvantage of bioretention soil
mixtures, resulting in greater effluent nutrient concentrations (phosphorus) than the
influent. This issue was addressed by adding vegetation in the third phase of the column
tests, where significant improvement in the removal of dissolved nutrients was achieved,
indicating the positive effect of plant uptake on the pollutant removal in the bioretention
systems.

In this study, we used accumulated solids in a sand filter basin’s inlet chamber as TSS
in the synthetic stormwater, to better represent actual stormwater of urban areas.
However, this approach led to inconsistent influent pollutant concentration among all
different media batches, and it can be highlighted as a weakness in our methodological
approach. On the other hand, solids influents differences were not significant to impair
our major findings and the conclusions of this experimental study. Further research is
required on the plant—soil interactions to better understand the role of plants in pollutant
removal and find the potential causes of the increased effluent TSS and poor treatment of
Biofilter433 even after the addition of plants. Moreover, the clogging of LID systems
causes a major limitation on their hydrologic and treatment performance that needs to be
prevented for a reliable effective operation in the long term. A future study is underway
where the two bioretention systems alongside sand are tested in a full-scale LID testbed.
The monitoring of the LID testbed will provide us with a better understanding on the
long-term performance of a regular bioretention, a limestone-based bioretention, and a
sand filter basin operating under the same conditions on the field scale.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4441/13/9/1210/s1, Table S1. Water quality parameters (pollutants), units, methods, instrumentation,
and detection limits; Table S2. Mean influent and effluent concentration + standard deviation of
measured water quality parameters —Phase I; Table S3. Mean influent and effluent concentration +
standard deviation of measured water quality parameters—Phase II; and Table S4. Mean effluent
concentration + standard deviation of water quality parameters—Phase III.
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