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Abstract: This research investigated the removal of heavy metal ions (Cd, Cu, Pb, and Zn) and
metalloid (As) common to stormwater runoff onto biochar-based media arranged in multiple config-
urations. Laboratory scale column experiments were conducted to quantify heavy metal removal
efficiencies using sand, biochar, and nZVI-modified biochar (BC-nZVI) in four media configurations:
a homogeneous mixture of sand and biochar (BCM); biochar layered in sand (BCL); BC-nZVI layered
in sand (BCZ); and sand as a control. An inverse modeling approach was implemented to measured
moisture and experimental data to determine media hydraulic parameters (6;, 65, @, n and Ks) and
adsorption coefficients. The experiment was conducted using laboratory synthesized stormwater
over 200 days at a rate of 5 cm/day. BCZ exhibited an excellent removal (99%) of As due to the
high attachment to nZV], via surface complexations. Biochar with abundant surface oxygen func-
tional groups exhibited a great (99%) removal of Cd and Zn in both BCL and BCM columns. Water
contents were observed 66.0, 44.3, 41.4, and 7.2% for BCL, BCM, BCZ, and sand, respectively. The
attachment coefficients varied from 21.5 to 44.9, 16.1 to 19.3, 18.8 to 26.0, and 9.6 to 19.9 L/kg for BCL,
BCM, BCZ, and sand, respectively. This study’s output provides useful information for stormwater

management practices.
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1. Introduction

The expansion of urban regions increases impervious surface area and has the poten-
tial to impact water environments. Hydrologic changes associated with urban growth are
increased runoff peak, runoff volume, and reduced time to peak [1]. Changes in character-
istics of urban runoff are not the only effects of urbanization; water quality is also impacted.
Urban runoff contains various amounts of metals, organic compounds, suspended solids,
and inorganic compounds. Heavy metals originate from tire wear, automobile exhausts,
road asphalt, and fuel combustion deposits accumulating on roadways [2]. During rainfall
and snowmelt events, metals are transported to nearby surface waters, affecting the health
of the ecosystem and contaminating groundwater. Cadmium, copper, lead, mercury, nickel,
and zinc are common metals found in stormwater and are listed on the EPA’s priority
pollutants [3]. Heavy metals are known to cause health issues in humans and can enter
the body by inhalation, skin absorption, and digestion. Health problems associated with
heavy metal exposure include respiratory system damage, nervous system damage, and
cancer [4]. Established treatment methods of urban runoff include liquid extraction, precip-
itation, reverse osmosis, and ion exchange, methods which achieve acceptable discharge
concentrations; however, they are not always economical or technically feasible [5].

Research has expanded to inexpensive adsorbents that have an affinity for metals. For
example, early research of filter materials used for the adsorption of heavy metals included
peanut hulls, chitosan, zeolite, and mulch [6-8], and recent materials used for heavy metal
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adsorption are calcite, sand, iron fillings, nanoscale metal oxides, zero-valent iron, biochar,
or combinations of these materials [9-11]. Best management practice (BMP) technologies
have been developed to manage urban runoff and improve water quality [12], and low-
impact development (LID) bioretention cells are one BMP found to be an effective means of
reducing heavy metals found in runoff [13]. The typical bioretention cell uses porous media
covered with hardwood mulch to perform water treatment. Often, vegetation is used to
promote evapotranspiration, biological activity, and pollutant uptake [14]. The common bio-
retention media has a top layer of mulch (2-3 inches) followed by a homogenous mixture
that is more than 80% sand, 8-12% fines, and 3-5% organic matter [15]. Bioretention cells
were fabricated successfully using variations of sand, silt, clay, and organic matter in two
Maryland locations to monitor heavy metal removal performance, and median values for
effluent percent removals based on combined data sets (both cells) were 76% copper, 57%
lead, and 83% zinc [14]. A similar study by monitoring a bioretention shoulder in Seattle,
Washington, consisting of washed gravel and a soil mixture, 70% sand and 30% organic
compost, removed 79% of copper and 86% zinc [16]. Moreover, peanut hulls, zeolites,
activated carbon, calcite, iron, and mulch have been used in these types of experiments
to absorb different heavy metals (i.e., Cd, Cu, Pb, Ni, Cr, and Zn) common to stormwater
runoff [8,10,17,18].

Biochar is another emerging material, which is both abundant and inexpensive to
produce [19], and exhibits a huge potential for applications in stormwater treatment [20-22].
Additionally, biochar as a soil amendment increases agricultural productivity by improving
hydraulic properties, water retention, nutrient use efficiency, and soil fertility [23]. The
common feedstock used to create biochar includes oak trees, apple trees, rice husk, rice
hull, and manure [19]. A lot of material would otherwise accumulate in landfills. The
production of biochar creates carbon that is more stable than the original feedstock that has
the potential to decompose and create CO; gases that enter the atmosphere, and energy
created by the pyrolysis of biomass includes syngas, bio-oil, and process heat [24]. The
physical and chemical properties of biochar create an affinity for the removal of heavy
metals [25]. One reason is the high cation exchange capacity, due to the negatively charged
oxygen functional groups present on the biochar surface [26]. Another reason is the porous
structures created from pyrolysis processing: chemical, and physical properties change
when pyrolyzed at different temperatures (400, 500, 600, 700, and 800 °C) [19]. Lower
temperatures yielded biochar with a higher volatile matter content composition, while
higher temperatures yielded biochar with more aromatic compounds [27]. The common
mechanisms that account for metal adsorption from water include electrostatic interactions
between metals and biochar surface, cation exchange between metals and protons or
alkaline metals on biochar surface, metal complexation with functional groups and the
aromatic structure of biochar, metal precipitation to form insoluble compounds, reduction
of metal species and subsequent adsorption of reduced species, etc. [28].

Nanoparticles have successfully been used to remove various contaminants including
chlorinated methane, chlorinated benzenes, pesticides, organic contaminants, inorganic
ions, and heavy metals [29]. Nanoparticles are particularly effective when used in situ in
soil, where they can be effectively transported by water flow. Nanoparticles can also be
pressure-injected or gravity-fed in slurries to treatment zones. Another attribute of nanopar-
ticles is that they can stay suspended in soils for extended periods. In the case of heavy
metal adsorption from water solutions, nanoscale zero-valent iron (nZVI) and nanoscale
metal oxides, including ferric oxides, manganese oxides, titanium oxides, aluminum ox-
ides, and cerium oxides have been studied extensively [30,31]. nZVI is a nanoparticle
gaining recognition in environmental remediation due to its cost-effectiveness, significant
surface area, and reducing properties [32]. However, nZVI is unstable in aqueous solu-
tions, making its use for environmental applications challenging [29]. Research shows that
support materials such as clays, resins, and carbon materials can enhance dispersion and
stability [33]. The utilization of biochar as porous carriers for supporting nZVI can also be
efficient and economically beneficial. Recent studies regarding metals, E. coli, and nitrate
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removal from stormwater demonstrated great efficiencies of amino- and nZVI- modified
biochar [9,34-36]. Biochar-based adsorbents, including the nZVI modified form, exhibited
excellent performance in removing As from water, primarily due to it having a large surface
area, abundant functional groups, and favorable chemical properties for the attachment [37].
Additionally, metal removal efficiency increases with increasing nZVI:biochar mass ratios,
where efficiencies reached 100% when the addition of nZVI/biochar was >2:1 [34]. All the
media mentioned above have capabilities to remove different contaminants from stormwa-
ter. However, compared to homogeneous media, utilizing a combination of local sand
and alternative filter media demonstrated improved nutrient and heavy metal removal
efficiencies in stormwater treatment [38]. Therefore, different configurations of biochar and
sand media need to be investigated in a bioretention cell for better efficiency.

This research includes experimental and numerical modeling approaches to investi-
gate the heavy metal removal efficiencies of different media configurations from stormwater
to implement the results in bio-retention filter media. We examined retention capabilities
of heavy metals such as Cd, Cu, Pb, and Zn, and a metalloid (As) along with hydraulic
properties of commercially available biochar distributed in sand (layer, and homogenous
mixture), nZVI modified biochar (BC-nZVI) (layer), and sand as a control. The experi-
ment was conducted in larger columns to better represent field conditions, compared to
adsorption experiments that rely on batch reactors to test adsorbent performance. The
experimental result demonstrated the excellent ability of BC-nZVI layered sand media to
remove As and biochar layered sand media to remove Cd and Zn. Moreover, HYDRUS 2D,
a numerical model for unsaturated zone flow and contaminant transport, inversely fitted
the measured moisture data and investigated the hydraulic properties of sand, biochar,
and BC-nZVI. These parameters were further implemented to HYDRUS 2D models and
determined adsorption coefficient (K4) values for each metal (Cd, Cu, Pb, and Zn) and
metalloid (As) in each media. These study findings will provide insightful information
about efficient filter media for heavy metal removal, likely for stormwater treatment and
management practices.

2. Materials and Methods
2.1. Experimental Investigation
2.1.1. Column Media and Reagents

The four media combinations (described in Section 2.1.3) consisting of sand, biochar,
nanoscale zero-valent iron (nZVI), and modified biochar (BC-nZVI) were studied for
their metal removal efficiencies. Sand (Mastercraft) was purchased from a local store
(Menards, Rapid City, SD, USA) and sieved to 40-50 mesh (0.3-0.425 mm) to maintain a
homogeneous size of 0.36 mm, and was termed as ‘sand’. Commercially available powder
biochar (<0.3 mm) was purchased from Biochar Now (Loveland, CO, USA) and termed
as ‘biochar’. According to the manufacturer, this biochar was produced from pinewood
biomass under a slow pyrolysis process at a temperature of 600 °C.

BC-nZVI was synthesized in the laboratory by adding biochar in iron solution and
adding a strong reducing agent, NaBH,. We upscaled the synthesis procedure of BC-nZVI
which was described elsewhere [39]. Briefly, using 5-gallon buckets, biochar (removed
fine particles by sieving with mesh 200 (0.074 mm) was weighed to 0.7 kg and added into
10 L 0.075 mol/L FeSOy4-7H,0O (ferrous sulphate heptahydrate) solution at a pH of 5.0.
Nitrogen gas was purged into the solution for 2 h to remove dissolved O, that may have
accumulated during preparation. Dropwise addition of 5 L 0.215 mol/L NaBH, (sodium
borohydride) was then added by burette and stirred constantly so the nZVI particles would
adhere to the surface of the biochar. The reaction equation for iron sulfate heptahydrate
and sodium borohydride is shown in Equation (1):

4Fe’™ 4 3BH, + 9H,0 — 4Fe’ 4 3H,BO; + 6H, + 12HT 1)

Stirring continued for 45 min after all NaBH, was dissolved into the biochar iron
solution. The biochar was then filtered by 200 mesh sieves and washed thoroughly with
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ethanol on Whatman Shark Skin Filter Papers. The separated nZVI modified biochar was
then dried in a vacuum oven for 24 h and termed as ‘BC-nZVI'. The ratio of biochar to
nZVIwas maintained at 1:15. NaBH, and FeSO,4-7H,O were research-grade and purchased
from Sigma-Aldrich, St. Louis, MO, USA.

2.1.2. Stormwater Solution

The stormwater solution for this study was prepared by mixing clean synthetic stormwa-
ter [22,40] (components are shown in Table 1) and heavy metal solution consisted of As, Cd,
Cu, Pb, and Zn at “first flush” urban stormwater concentrations [10]. Metal concentrations
(shown in Table 2) used for the experiment were at higher ranges than normally observed
in stormwater to reduce the amount of time required for a breakthrough to occur. This was
not expected to affect the conclusions, because the main objective of the experiment was to
evaluate the relative performance of the media configuration used in the study.

Table 1. Clean synthetic stormwater composition.

Concentration [22,40,41]

Constituents
(mM) (mg-L-1)

Ca%t 0.750 30.10
Mg 0.075 1.80
Na* 1.750 40.30
NH* 0.072 1.30
SO42~ 0.330 31.70
HCO3~ 1.000 61.00
Cl- 1.700 60.30
NO;~ 0.072 4,50
H,PO,~ 0.016 1.60

Table 2. Metal concentrations in actual stormwater, concentrations considered in this study, and the
source chemicals used in the preparation of the stormwater solution.

Metal/Metalloid Ion Stﬁ:gvirga\ie?k:;ggé]irl 1‘??;1(1),3412] Conciex?tlzﬁtiisogtgggljl) Source Chemical
As3* 0.00005-2.00 5 NaAsO,
Ccd* 0.00005-13.73 30 Cdcl,
Cu? 0.00006-1.41 25 CuSOy,
Pb2* 0.00057-26.00 25 Pb (NO3),
Zn2* 0.0007-22.00 25 ZnSOy

The source chemicals of metalloid and metal candidates were sodium arsenite (NaAsO;)
for arsenic, cadmium chloride (CdCl,) for cadmium, copper sulphate (CuSOy) for copper,
lead nitrate (Pb (NOs3),) for lead, and zinc sulphate (ZnSOy) for zinc. Metal solutions were
prepared by adding the salts at the appropriate amount to deionized water and stirred for
30 min using a magnetic stirrer. A 5.0 L sample of stormwater was prepared each time for
the large volume of stormwater solution required over 200 days of the experiment. NaAsO,
and Pb (NOj3), were purchased through Sigma-Aldrich; NaAsO, was >90% purity and Pb
(NO3)2 was ACS reagent grade. CdCl,, CuSOy, and ZnSO,4 were purchased through Fisher
Scientific at ACS reagent grade.

2.1.3. Column Setup

The column experiment used four different combinations of media in triplicate for
a total of 12 columns (Figure 1). The columns were made from a clear acrylic pipe that
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were 15 cm in diameter and 60 cm length. The bottom of the columns was capped with
6-inch quick caps (FERNCO Quick Cap) with 0.5-inch holes drilled in the center and lined
with cheesecloth to keep fine sand from exiting the column when dosed with the metal
solution. A PVC outflow pipe (0.5-inch) was pushed tightly into the bottom of the cap. The
three combinations were C1: a homogeneous sand (sand) as a control, C2: a homogenous
mixture of biochar and sand (BCM), C3: biochar layer between two sand layers (BCL), and
C4: BC-nZVI between two sand layers (BCZ). Both biochar media were 5% by weight in
all cases, which is a common amendment ratio found in the literature [43,44]. A 3 cm pea
gravel layer was placed at the top and bottom of each column for proper distribution of
stormwater along the cross-section.

Stormwater inflow contains heavy metals

' | ! ! Sy Sand

. 7 §§§§r BC mixed with sand
- g
. e o i b . Biochar
i : ; B BC-nzvi
- T e Soil Moisture sensor
3 £ C1: Sand — Homogeneous sand
¥ 7 C¢2: BCM - Biochar Mixed with sand

C3: BCL - Biochar layered with sand
C4: BCZ - BC-nZVI layered with sand

Collect effluents and measured metal concentrations

C1 C2 C3 C4

Figure 1. Column media with sand, biochar, and nZVI modified biochar (BC-nZVI) in four different
configurations. Each column configuration was triplicated in the experiment.

All the column and media dimensions are shown in Figure 1. All columns were fed by
a single influent tank to maintain the constituent’s uniformity in the stormwater solution.
A 12-channel peristaltic pump (Golander LLC, BT100S-1, Pump head DG10-12) was utilized
to maintain a constant dose of stormwater solution to the top of the columns at a flux
of 5.0 cm-day~!. The same inflow of stormwater solutions was maintained through all
columns for 200 days. The effluents from each column were collected weekly and quantified
the metal concentrations using inductively coupled plasma mass spectrometry (7900 ICP-
MS, Agilent, Santa Clara, CA, USA). The average metal concentration of triplicated columns
was considered for the effluent concentration of that configuration type.

Moreover, to investigate water retention abilities of the media configurations and to
evaluate hydraulic parameters for the modeling investigation (using HYDRUS 2D, V 2.05),
moisture sensors (SM100, SMEC 300, Spectrum technologies Inc., 3600 Thayer Court, Aurora,
IL, USA) were placed (Figure 1) in three areas of the columns and moisture percentages
were recorded hourly. Sensor one was placed five centimeters above the bottom of the
column, sensor two was placed 25 cm above the bottom of the column, and sensor three
was placed at the top of the column, 5 cm below the surface. A micro-station (1400 series
watchdog, spectrum technologies) recorded soil moisture hourly until the program came up
with reasonable parameters and extracted them with a laptop. Initial saturated hydraulic
conductivity readings were measured by a hydraulic conductivity instrument (KSAT, Metering
group, 2365 NE Hopkins Court, Pullman, WA, USA) for all media (sand, biochar, nZVIbiochar)
to estimate reasonable ranges for the modeling investigation.

2.2. Media Characterization and Data Analysis

A scanning electron microscope, SEM (Zeiss Supra 40 Variable-Pressure, ZEISS Group,
Maple Grove, MN, USA), equipped with energy-dispersive X-ray spectroscopy (EDS) was
utilized to observe the surface morphologies of biochar before and biochar after nZVI
modification. Brunauer-Emmett-Teller (BET) surface area of BC-nZVI was measured by
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N, adsorption using a surface area analyzer (Gemini VII 2390, Micromeritics, Norcross,
GA, USA). Moreover, the surface functional groups on biochar and BC-nZVI play an
important role in metal interactions with the media. Thus, Fourier-transform infrared
(FTIR) spectroscopy (Thermo Fisher Scientific Nicolet i510) was used to identify functional
groups present on the biochar. The FTIR used diamond attenuated total reflection (ATR)
for analysis, and the sample required potassium bromide (KBr) pellet preparation. Biochar
(3 mg) was added to KBr (300 mg) and ground by mortar and pestle. The ground powder
was then placed in a die and put in a hydraulic press under 30 tons of pressure for one
minute. The disk-shaped pellet was then put into FTIR for absorbance analysis. Both
biochar and nZVI modified biochar were analyzed using the same method as described.
Metal removal efficiency (%) of each media configuration was calculated using
Equation (2):
(Co—Ce)
Co

where Cj is the initial concentration of metals in the solution (mg/L), and Ce is the
equilibrium concentration of metals in the effluent solution (mg/L).

Metal removal efficiency (%) = %100 ()

2.3. Modeling Investigation
2.3.1. Modeling of Hydraulic Parameters

The HYDRUS 2D program is a finite element model for simulating the movement
of water, heat, and multiple solutes in variably saturated media [45]. The HYDRUS 2D
model uses the two-dimensional form of the Richards equation (Equation (3)) for flow

simulation [45].
oh
K Ki'+Kiz>
( ) aX]

where 0 is the volumetric water content, h is the pressure head [L], S is the sink term [1/T],
xj and x; are spatial coordinates [Length], t is time [T], K;; and K, are the components of
dimensionless anisotropy tensor, and K is unsaturated hydraulic conductivity [Length /T].

The model implemented the soil hydraulic functions proposed by Van Genuchten and
Mualem [46,47] to describe the soil water retention curve using the following formulae,
Equations (4)—(8):

3 9

P -3 ®)

0 —6;
0(h)=0sh >0 ©)
K(h)= KsSe [17 (1 f se%)m] ’ ©)
mzl—ln > 1 (7)
n
0 — 6,
Se = es_er (8)

where 0, is the residual water content 0 is the saturated water content, « is inverse of the
air entry value [1/Length], K is the saturated hydraulic conductivity [Length/T], n is the
pore size distribution index, and S, is the effective water content.

Soil moisture data collected from sensors were entered into HYDRUS 2D software and
inversely modeled to estimate media hydraulic parameters. The objective of using inverse
modeling was to determine model parameter values (6;, 65, &, n and K;) that provide the
best attainable fit between model predictions and recorded observations.

2.3.2. Modeling of the Metal Transport

Inverse modeled hydraulic parameters were used to evaluate heavy metal transport
within the columns. The same mesh, boundary, and initial conditions used to create
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hydraulic parameters were used to model heavy metal transport. Influent concentrations
were taken as mentioned in Table 2, and concentrations were verified at the time of solution
mixing to assure proper dissolution. Effluent concentrations were measured by ICP-MS
and then averaged among triplicate columns. Effluent metal concentrations measured
during experiments were implemented to estimate the transport parameter (K ).

HYDRUS 2D numerically solves the following convection—diffusion equations (Equa-
tions (9) and (10)) with zero-order and first-order reaction and sink terms. The Galerkin
finite element method is used in this model to solve the governing equation subjected to
appropriate initial boundary conditions [45].

9C S 9 (. aC\ aqC
EGr &( &)‘ X ©)
dS
Pp 5= OK4C (10)

where 0 is the volumetric water content, C is the metal concentration in the liquid phase,
tis time, py, is the bulk density of media, S is the metal concentration on the solid phase,
x is the spatial coordinate, D is the hydrodynamic dispersion coefficient, q is flow rate, and
K4 is the first-order attachment coefficient.

3. Results and Discussion
3.1. Media Characteristics

SEM images of biochar before and after nZVI modification (Figure 2) depicted the
differences in surface morphologies due to modification. For example, sharp edges of
biochar were evident from Figure 2a, which reflected the surface roughness, and the surface
of biochar included macro and mesopores (Figure 2b). However, the presence of foreign
materials on the biochar was evident in Figure 2c,d.

Figure 2. SEM images of biochar before and after the modification as BC-nZVI: (a) Sharp edges of
biochar with high porosity; (b) Smooth surface of biochar with macropores; (c) Iron (nZVI) particles
accumulated in the sharp edges in BC-nZVI; and (d) Iron (nZVI) particles distributed on the surface
in BC-nZVIL.

An EDS site mapping (Figure 3) confirmed the presence of nZVI, and the porous areas
of biochar seemed to have an agglomeration of nZVI, possibly due to the nanoparticles
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attaching and accumulating to the rough edges. The EDS elemental analysis provides a
rough estimation of the actual elemental weight percentage; however, it does give a reliable
visualization of the location of elements found in the specimen. Figure 3 shows the three
most abundant elements in the sample (C, Fe, and O), where carbon and oxygen were
evenly distributed throughout the sample; this could be attributed to biochar’s oxygen-
rich functional groups. However, the distributed coating of nZVI supported the decent
modification of biochar.

Figure 3. EDS mapping of BC-nZVI depicted that C, O, and Fe were the most plentiful components
on the surface of biochar. The presence of distributed Fe confirmed a proper nZVI modification
of biochar.

The BET surface area analysis showed that the surface area drastically reduced from
400 m2/ g t023.94 m2/ g after the modification of biochar to BC-nZVI. This is attributable to
filtering out fine particles during the modification process and the occupancies of biochar
pores by nZVI particles after modification, as seen from SEM-EDS analysis. The FTIR
spectrum confirmed the presence of abundant functionals groups on biochar and BC-
nZVI surfaces shown in Figure 4. The spectra of biochar proved the presence of carbon
and oxygen functional groups such as ~OH (at 3405 cm™!), aliphatic (2920 cm '), C=O
(1617 cm~1), aromatic ring (1384 cm 1), and etheric C-O-C group (1088 cm ') [48]. Spectra
of BC-nZVI retained similar carboxyl and hydroxyl functional groups similarly to biochar,
but with a small peak shift. Additional peaks in the BC-nZVI spectra between 500 and
600 cm ! represented an Fe-O bond. A previous study observed a peak at 567 cm ™! that
was related to Fe-O bending, and a peak at 578 cm~! which indicated the presence of
Si—-O-Fe bonding for iron-modified media [49]. Significant peaks for the corresponding
absorbance are displayed in Table S1.

3.2. Media Metal and Metalloid Removal Performance Evaluations

The performance of each column configuration was evaluated from the ability to
retain metals/metalloid over time and removal efficiencies at 200 days. The effluent
metal/metalloid concentrations over the experimental period and the final removal ef-
ficiencies at the end of the experiment for each media configuration are presented in
Figure 5 and Figure 6, respectively.
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Figure 4. FTIR spectra of biochar and BC-nZVI (nZVI modified form of biochar) represented the
functional groups on their surfaces.
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Figure 5. Concentration changes of (a) As; (b) Cd; (c) Cu; (d) Pb; and (e) Zn in the effluents from
different column configurations (Sand, BCM, BCL, and BCZ) with respect to time.
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Figure 6. Metal removal efficiencies (%) of different media configurations such as Sand, BCL, BCM,
and BCZ for As, Cd, Cu, Pb, and Zn.

3.2.1. Metal /Metalloid Concentration Changes over Time

Effluent metal/metalloid concentrations from each column configuration over time
(Figure 5) reflected the removal performances of corresponding media with time. For
example, arsenic (As) was efficiently removed in the BCZ column configuration as com-
pared to other configurations. For example, arsenic effluent concentration after 160 days
of dosing in BCZ (BC-nZVI layered column) was 0.016 mg/L, whereas BCL and BCM
exhibited 10-fold higher (0.164 mg/L) As concentrations at effluents. As showed the lowest
removal in sand compared to other media configurations. As was primarily removed by
surface complexations and electrostatic interactions to the functional groups (mainly -OH
and -COOH) on biochar and BC-nZVI [50]. Additionally, possible oxidation of nZVI was
evident from the EDS results (Figure 3) on BC-nZVI, which increases the retention sites for
As via surface complexations [51]. As attached in BCL and BCM columns due to the surface
complexations with carboxyl and hydroxyl functional groups present on the biochar sur-
face. The best configuration for efficient Cd removal was BCL followed by BCM and BCZ
columns. Sand performance was poor for Cd removal, as it was for As. It indicates that the
attachment of Cd to functional groups of biochar was stronger compared to the attachment
to nZVI in the BCZ column. After 169 days of dosing, negligible (0.07 mg-L~!) effluent
concentrations of Cd were observed in BCL and BCM columns, whereas BCZ and sand
columns released 1.96 and 27.68 mg-L~!, respectively. Almost a complete breakthrough
(influent concentration of 30 mg-L~!) of Cd occurred in sand columns at 200 days.

Comparison of influent and effluent concentrations showed that all media configurations
were efficient in removing Cu; all effluent concentrations were <0.027 mg-L.~! compared
to the influent concentration of 2.5 mg-L~! after 200 days of dosing. Surprisingly, sand
showed similar removal capability compared to other column configurations regarding Cu
and Pb removal. All media columns except sand were effective at the retention of zinc (Zn).
The sand was the least effective material for Zn removal, showing a complete (released
2256 mg-L~! vs. input 25 mg-L~!) breakthrough after 195 days. The order of reduction
potentials of Pb/Pb?* (+0.99 V) > Cu/Cu?* (+0.34 V) > As**/As (—0.30 V) > Fe?* /Fe(s)
(—0.44 V) explained the attachment of these metal ions to the nZVI and higher retention in
the BCZ column. Functional groups on biochar also played an important role in retaining the
metal ions in BCL and BCM columns.

3.2.2. Removal Efficiencies of Media

The metal/metalloid removal efficiencies (at 200 days) of each configuration were
computed and are shown in Figure 6. Removal efficiencies showed that Cu and Pb were
efficiently (98-100%) removed in all combinations of media, attributed to their attachment
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efficiencies to media. BCZ does have magnetic characteristics [52,53] which benefit copper
adsorption, but the increased surface area of BCL has more effect on removal efficiency.
BCM and sand removal efficiency can be explained by the same reasoning; BCM has a
larger surface area than the sand; therefore, more sites for adsorption of copper. The
adsorption mechanism of lead was dominated by complexation with active surface groups,
precipitation, and cation exchange. The abundant functional groups on biochar in BCL can
explain why it is effective in the adsorption of lead.

BCZ appeared to be the best at retaining the arsenic, with an average efficiency of
97.7% after 200 days of constant application at 5 cm/day. Under the same conditions, BCL
averaged a removal efficiency of 96.3%, followed by BCM at 95.4%, and sand at 79.0%. The
influent concentration of arsenic was 5 mg/L. Two main mechanisms in leaching arsenic
through BC-nZVI are surface adsorption and intraparticle diffusion onto nZVI biochar
complexes. This may explain why the BCZ performed better for the adsorption of arsenic
than the other materials. Sand had the poorest removal efficiency of arsenic (79%). Sand’s
low performance can be attributed to the lack of surface area for physical adsorption. SEM
images of BC-nZVI confirmed that both iron and oxygen are present on biochar in high
concentrations. Additionally, the surface complex with hydroxide groups from biochar
increased the adsorption potential of arsenic on biochar surfaces.

Cadmium was effectively retained by all biochar mixtures, but sand showed a poor
removal efficiency. The average removal efficiency for sand was only 1.2% compared to 90,
93, and 99% in BCZ, BCM, and BCL, respectively. BCL had the best retention of cadmium
with a removal efficiency of 99%, and an effluent concentration of 0.216 mg/L. The possible
adsorption mechanisms of Cd by biochar are cation exchange, surface complexation, precipi-
tation, and electrostatic interactions. Previous literature [54] found that plant-based biochar
adsorption was dominantly controlled by cation exchange. All biochar media had a high
removal efficiency of zinc, greater than 94% (Figure 6). The sand was found to be a poor
adsorbent of zinc with a removal efficiency of 9%, and effluent concentration of 22.6 mg/L.
BCL had the best removal efficiency at 99%, followed by BCM (95%) and BCZ (94%).

Comparing the BCL and BCM column removal performances, the same biochar to the
sand ratio (5% by weight) was used in preparation. The removal efficiency was similar
between the two, with BCL being slightly more efficient than BCM (99 vs. 95% for Zn and
99 vs. 93% for Cd). The only difference between the media was the distribution of biochar;
the better performance of BCL can be attributed to higher retention in the biochar layer. The
layer allows for more contact time between arsenic and biochar. The homogenous mixture
of sand and biochar in BCM allowed the metal solution to pass with higher velocity through
the media, and there was reduced contact time for physical adsorption in comparison to
the BCL.

The exaggerated metal concentrations were a testament to biochar’s heavy metal re-
moval capabilities. In most cases, the metal concentrations in the stormwater solution were
100-1000 times greater than the first flush values found in Los Angeles [55]. The biochar
media may be efficient for a substantial number of years given normal concentrations.
Even sand had satisfactory removal efficiencies for some metals; however, sand did have
the only breakthroughs seen in the experiment (Cd, Zn).

The assumption was that BCZ would outperform both BCL and BCM [9]. However,
BCL and BCM'’s better metal retention abilities can be attributed to the greater surface
area associated with greater amounts of fine particles present in biochar, which increases
physical adsorption. A significant surface area reduction was expected in BC-nZVI com-
pared to biochar (used in BCL and BCM) during the synthesizing process (discussed in
Section 2.1.1). The assumption is that BCZ may have suffered from the cleaning process,
losing fine particles when rinsed with ethanol to prevent excessive oxidation. However,
even with the fine particle loss (substantially reduced surface area), BCZ outperformed
other biochar combinations when analyzing arsenic retention; this can be attributed to
surface complexations due to the functional groups and iron oxide present on BC-nZVL
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3.3. Model Investigations
3.3.1. Media Hydraulic Parameters

Soil moisture data collected from sensors were entered into HYDRUS 2D software and
inversely modeled to estimate media hydraulic parameters, which are shown in Table 3.
Soil hydraulic parameters could successfully be estimated using HYDRUS 2D to predict
unsaturated zone infiltrations [56,57].

Table 3. Hydraulic parameters determined by the HYDRUS 2D inverse modeling.

Column Media Or Os o n Ks
Sand Only sand 0.002 0.478 0.08 4.4433 711.169
BCM Biochar and sand mixture 0.136 0.484 0.024 1.788 31.243
BCL Sand 0.035 0.365 0.141 1.719 711.409

Biochar 0.3 0.626 0.001 2.56 16.532
BCZ Sand 0.035 0.365 0.069 2.226 710.76
BC-nZVI 0.3 0.439 0.093 1.168 30.413

Measured vs. modeled moisture contents (steady state) are shown in Figure Sla—d.
The soil moisture content order was BCL > BCZ > BCM > sand. The order was based on the
middle sensor readings, which was where biochar and nZVI biochar layers were located.
The biochar layer had a moisture content of 64%, nZVI was 39%, biochar homogenous
mixture was 27%, and sand was 4.3% at steady states. To create free drainage at the bottom
with rubber caps, the bottom cap had an elevated center and stored water. The storage
of water was apparent when the bottom sensor in the sand column was higher than the
other sensors. The sand column sensors one and two had a difference of <0.5%, verifying
the assumption of storage in the bottom of the column. At steady state, sensor one, sensor
two and sensor three were, 4.3, 4.1, and 25.3%, respectively. The pure biochar layer was
the best at retaining water, with the middle sensor reading 66.0% at a steady state. The
biochar layer not only managed to retain a high amount of water but contributed to the
moisture content and soil water retention of the sand layer above it. The sand layer above
the biochar layer had a water content that was 12.0% at a steady state, more than double
the control column of sand at the same sensor reading. Similar to the sand column, there
was storage in the bottom of the column and the sensor located at the bottom of the column
had a water content reading of 28.0% at a steady state; a value that was well over the free
drainage value expected. The expectations were that BCM would have very similar water
content values throughout the column given free drainage. BCM was comparable at the
top sensor and the bottom sensor, at 26.6% and 20.5% at a steady state, respectively. Sensor
three, located at the bottom of the column, had a water content value of 44.3% at a steady
state, which was higher than the other sensors located in the top and middle of the column.
This was another indication that free drainage was not accomplished and there was water
storage in the bottom of the column. BCZ had a water content value of 40.8% at the middle
sensor. The sensor located at the top of the column was 8.0% at steady state, indicating that
the middle nZVI biochar layer affected the water content on the sand layer above. The
sensor at the bottom of the column had a water content value of 35.4% at steady state. The
sand model provided good results (R? = 0.98) when the simulation was compared to the
observed results.

3.3.2. Metal /Metalloid Transport Model Outputs

Solute transport was modeled using HYDRUS 2D (version 2.05) of the software.
Standard Solute Transport was utilized with Water Flow to create the transport parameter,
Kgq. The model was run for 200 days using modeled hydraulic parameters (shown in
Table 3). A linear isotherm approach was assumed to quantify K4 values based on the
measured metal concentrations and displayed in Table 4. Measured and modeled effluent
metal concentrations at the end of the simulation are shown in Table S2.
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Table 4. Attachment coefficient of metals estimated from HYDRUS 2D for different column media.

Attachment Coefficient, Kq [L-kg ']

Column
As Cd Cu Pb Zn
Sand 14.6 9.5 18.5 19.9 10.9
BCM 16.6 16.1 19.3 18.2 16.6
BCL 22.5 44.9 21.5 25.9 36.7
BCZ 22.6 26.5 20 18.8 26

According to the attachment coefficient (K4), BCL performed as the best media config-
uration for most of the metals considered for this study except As. Abundant carboxyl and
hydroxyl functional groups on biochar, as evident from SEM-EDS and FTIR analyses, play
an important role in the metal removal. It was also revealed that using the same amount of
biochar in a layer performed better than a homogeneous mix. BCZ performed better in As
removal, indicated by the high affinity of As to nZVI, and BC-nZVI is therefore an efficient
medium for As removal from stormwater.

Moreover, HYDRUS 2D creates animations that illustrate the metal solutions’ move-
ment through soils. In Figure 7, the movement of the metal solution is shown after 100 days
and then at the end of the simulation (200 days). The concentration is color-coded so
that the difference in concentration can be seen as it progresses over time. Model outputs
displayed the metal transports and retention in columns through different media at any
time within simulation duration. For example, Figure 7 displays the metal transport along
the column at 100 and 200 days.
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Figure 7. Transport of metals through columns at 100 days and 200 days via HYDRUS 2D modeling.
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4. Conclusions

Urban runoff is a major concern as the population grows and impervious areas expand,
leaving less surface area for treatment by infiltration. Bio-retention media have the potential
to filter runoff for many constituents including heavy metals. This work focused on biochar
and nZVI modified biochar media for their metal remediation potential compared to other
common media used for this purpose. Arsenic and dissolved heavy metals (Cd, Cu, Pb, and
Zn) were used in concentrations higher than normal to assess the potential differences in
removal rates between media configurations. Sand is a material that is traditionally used as
bioretention media; it showed efficient removal of Cu and Pb in this study. However, sand
evidently has a shorter breakthrough period when it comes to As, Cd, and Zn. The column
study demonstrated that sand combined with biochar or nZVI modified biochar (BC-nZVI)
in any of the combinations, either as a homogeneous (BCM) or as layered mixture (BCL or
BCZ), showed high efficiency to remove metals from stormwater runoff compared to the
homogeneous sand. Arsenic had a noticeable affinity for nZVI, which was validated by
efficient removal in BCZ, whereas BCM and BCL performed efficiently regarding Cd and
Zn removal. Biochar’s metal retention abilities can be attributed to the greater surface area,
which increases physical adsorption sites. Pb and Cu were efficiently removed by all media
configurations, including homogeneous sand. This work was not limited to heavy metal
retention but provided insight into biochar and nZVI modified biochar hydraulic potential
and water retention abilities. The moisture sensor data that were recorded to assist in
modeling hydraulic parameters demonstrated that BCL had the most retention time from
the initial experiment startup, followed by BCM > BCZ > sand. The porous structure of
biochar responsible for enhanced water retention capabilities was filled with the nZVI
particles, limiting water retention in BC-nZVI. Thus, there was a noticeable loss in water
retention potential in nZVI biochar, and the loss of pore space in BCM and BCZ decreased
retention and contact time with biochar functional groups, limiting pollutant removal.
Numerical simulations using HYDRUS 2D displayed the movement of dissolved metals
in each media configuration over the 200 days. This study showed that the application of
biochar as a bioretention media would enhance stormwater treatment and reduce heavy
metal discharge to groundwater and streams.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9050860/s1, Table S1: FTIR spectra associated with functional group, Figure S1: Moisture
contents measured using the sensors and inversely modeled using HYDRUS 2D, Table S2: Final
effluent metal concentrations from each column: measured vs. modeled.
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