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Water Impact

This research evaluated the capacity of manganese oxide-coated sand to remove metals
during stormwater infiltration and assessed the potential for regeneration of geomedia. Results
suggest that this geomedia can remove toxic metals from stormwater for years before
regeneration with a mild acid. This geomedia removes metals and other contaminants during

aquifer recharge, facilitating the use of stormwater as an inexpensive, local water supply.
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Abstract

The large-scale, systematic introduction of urban stormwater into the subsurface
could contaminate groundwater with metals including cadmium, copper, lead and zinc.
To assess the potential for using manganese oxide-coated sand to remove metal ions
during stormwater infiltration, batch and column tests were used to simulate conditions
encountered in treatment systems. The geomedia exhibited a relatively high affinity for
Zn, Cd and Pb at environmentally relevant conditions in batch tests. In column tests
conducted in the absence of natural organic matter (NOM), dissolved Cu and Pb were
removed for over 2000 pore volumes, whereas Zn and Cd were removed for several
hundred pore volumes. In the presence of NOM, Cu and Pb removal diminished, but the
adsorption of Zn and Cd decreased only slightly. Treating manganese oxide-coated sands
with pH 3 hydrochloric acid after column tests recovered over 90% of the adsorbed Cd,
Cu and Zn. It also restored the adsorptive capacity of the geomedia with minimal loss of
the surface coating. Neither acids nor organic ligands removed significant amounts of
adsorbed Pb from the geomedia. The results of this study imply that manganese oxide-
coated sand can remove metal ions from stormwater, and that saturated geomedia can be

regenerated with a mild acid solution.
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Introduction

Urban stormwater runoff is a plentiful resource that is increasingly used for
aquifer recharge.!>» However, stormwater often contains elevated concentrations of
chemical contaminants, which can limit its use to augment municipal water supplies.> In
particular, toxic metals in urban runoff can threaten human health and aquatic ecosystems
(Table S1).%7 As managed aquifer recharge systems that exploit stormwater become more
popular, and as regulations for stormwater discharge become more stringent, it will be

necessary to remove metal ions from urban runoff.3#

During managed aquifer recharge, water is typically infiltrated through porous
media.®!® Manganese oxide-coated sand is an inexpensive geomedia that can improve
water quality during infiltration. Due to its redox properties, it can oxidize certain
electron-rich organic contaminants during infiltration.!! Manganese oxides also exhibit
high affinities for metal cations, and therefore may be able to remove metals during
stormwater infiltration.'?>~!> Manganese oxide-coated sand is better suited for this
application than pure manganese oxide minerals because of its higher hydraulic

conductivity and lower propensity for displacement from treatment systems. !¢

Manganese oxides adsorb metal ions through several mechanisms. Structural
vacancies and isomorphic substitution give manganese oxides pHyn,c values ranging
from 1.5 to 6.0, resulting in a negative surface charge at environmentally relevant pH
values. Hence they can remove metal cations through electrostatic interactions.!”!¥ Some
metal ions also adsorb to manganese oxides via specific mechanisms.!*2! Soft metal ions
(e.g., Pb?") and transition metal ions with labile, polarizable electron configurations (e.g.,

Cu?") tend to form strong complexes with surficial MnOOH, MnOH and Mn(OH),
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groups.!'4?2724 In particular, Pb has a high adsorption affinity for manganese oxides, likely
due to its penetration into the interlayer and tunnels of manganese oxides and where it
forms both double- and triple-corner-sharing complexes.!'?>?° Other metal ions, such as
Zn, form triple-corner-sharing complexes over vacancies, though these interactions are
weaker than those of Pb.!%2125 Manganese oxide selectively adsorbs some metal ions. Pb
can displace adsorbed Cu, Zn and Cd.?%?” Cu, Zn or Cd may also be mutually competitive

adsorbates.?7:28

Manganese oxide-coated sand may lose treatment capacity after adsorption sites
saturate.!3 4 However, a chemical treatment that removes metal ions without stripping
away the adsorbing sites could restore the adsorptive capacity of the geomedia. Such a
treatment would enable inexpensive regeneration in situ, without having to excavate the
geomedia. Metal contaminants could be recovered via valved underdrains for offsite
disposal. Periodic recovery of adsorbed metal ions would also limit the potential for
release of metal contaminants if changing water chemistry favors desorption, which could
occur during intermittent flow conditions?*3! or through fluctuations in pH or ionic

strength (e.g., from stormwater contaminated with deicing salts).32-33

To gain insight into the performance of manganese oxide-coated sand in
stormwater treatment systems and to assess its potential for regeneration, we evaluated
affinity of manganese oxide-coated sand for Cd, Cu, Pb and Zn in batch and column
experiments in simulated stormwater. Experiments were conducted in the presence and
absence of natural organic matter (NOM) to assess the role of organic complexation on
metal ion removal. We tested acids and metal-complexing ligands for their potential to

release adsorbed metal ions and assessed the performance of the regenerated geomedia.
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Materials and Methods
Reagents and Simulated Stormwater

All chemicals used for simulated stormwater and in the synthesis of manganese
oxide-coated sand were used as received from Fisher Chemical without further
purification. Ultrapure water from a Milli-Q system (R = 18.2 MQ) was used for all
dilutions and for geomedia synthesis. All experiments were performed at room

temperature (21 = 2 °C).

Simulated stormwater solution contained major anions and cations typically
detected in urban stormwater (Table S2), as previously described.’* The pH of the
solution was adjusted to either 5.0 £ 0.1 or 7.0 £ 0.1 with I N HCl and 1 N NaOH. To
prevent the precipitation of Pb-phosphate species, phosphate was omitted from Pb
adsorption experiments and the ionic strength of the solution was maintained at 4.6 mM
with 0.016 mM NaCl. In several batch tests, Suwannee River NOM (reverse osmosis
isolation THSS #2R101N) was added at 8.0 mg-C/L. In column tests, Sigma humic acid
was added at 6.3 mg-C/L because the 3 g mass of NOM required precluded the use of
Suwanee River NOM (cost > $300/g). To compare the effect of the two types of NOM on
metal ion adsorption, 6.3 mg-C/L Sigma humic acid was used in several batch

experiments. Dissolved organic carbon was analyzed using a Shimadzu TOC-V cgy.

Concentrated solutions of metal cations were made from dichloride salts obtained
from Sigma Aldrich (> 98% purity). Regenerant solutions were made from trace metals
grade HCI, disodium ethylenediaminetetraacetic acid (EDTA) dihydrate, and crystalline
anhydrous citric acid obtained from Fisher Chemical. All containers were washed in 2.5

N HNOj; and repeatedly rinsed with deionized water prior to use.
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Manganese Oxide-Coated Sand

Manganese oxide-coated sand was synthesized using a previously described
method.!! Briefly, in a 1 L beaker, 100 g of acid-washed 20-30 mesh (595-841 pum)
Ottawa sand obtained from Fisher Chemical was added to 250 mL of 2 N acetic acid
containing 0.5 M MnSQ,. The sand was stirred as 200 mL of 0.43 M potassium
permanganate solution was added. The coated sand settled before air drying at 30 °C,
after which it was sieved with 40 mesh, rinsed with Milli-Q water and re-dried. The sand
had a coating density of 1.17 + 0.30 mg Mn/g geomedia. All geomedia was stored in

amber glass bottles under N, until use, which occurred within 35 days.

Batch Adsorption

Triplicate batch adsorption experiments were conducted in polystyrene bottles
containing 50 mL of simulated stormwater at pH 5.0 and 7.0 without NOM and at pH 7.0
with 8.0 mg-C/L Suwannee River NOM or 6.3 mg-C/L Sigma humic acid. Initial metal
ion concentrations ranged from 0.050 - 440 uM Cu, 0.20 - 460 uM Zn, 0.010 - 270 uM
Cd or 0.010 - 1.0 uM Pb. 500 mg manganese oxide-coated sand was added to the bottles
prior to placing them on a shaking table. Control experiments were conducted with
uncoated, acid-washed sand. Negligible particulate manganese (i.e., < 1 nM detection
limit) was released during the batch experiments.

Total and dissolved Cu, Zn, Cd, Pb and Mn were measured in unfiltered samples
and in samples filtered with 0.22-um polyethersulfone filters. Samples were immediately

acidified with a 1% HCI1/0.5% HNOj; solution.
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Samples were collected before and 24 hours after geomedia addition. Preliminary
kinetic experiments (data not shown) indicated that equilibrium was reached within 24
hours. The quantity of metal ion (Me) adsorbed per unit mass of manganese oxide, q (mol

Me/mg MnQy), was calculated according to the relationship:

(Ci—CIV
a=""m (Eq. 1)

where C; is the initial metal ion concentration, C, is the equilibrium metal ion
concentration, V is the solution volume and m is the mass of manganese oxide.

Metal ions were quantified in triplicate on an Agilent 7700 Series Inductively
Coupled Plasma-Mass Spectrometer (ICP-MS). A full description of sample acquisition

and quantification parameters is presented in the supplementary information (Table S3).

Geomedia Longevity Tests

We packed 16 mm inner-diameter glass columns with polyethylene fittings with
10 g of manganese oxide-coated sand to a height of 36 mm. The geomedia porosity was
0.33. Columns were operated in saturated upwards flow at 0.4 mL/min, which is
equivalent to a 9.5 cm/h infiltration rate typical of stormwater infiltration systems.!? All
columns and Tygon and PTFE tubing were washed with 250 mL of 1% HCI solution
followed by 250 mL of Milli-Q water before use and covered with foil during the
experiments. Simulated stormwater solutions were autoclaved and continuously stirred in
2 L aluminum foil-wrapped glass containers.

The average influent concentrations of dissolved metal ions immediately

upstream of the columns were: Cuy=2.5 £ 0.7 uM, Znyg=27+4 uM, Cdy=3.9+£0.5

uM and Pby =0.59 + 0.08 uM. These concentrations (3 to 125 times higher than typical in
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urban stormwater) were needed to obtain breakthrough from columns within the
timeframe of the experiment. Column effluent was collected and immediately filtered and
acidified approximately every 240 pore volumes. Dissolved Cd, Cu, Pb, Zn and Mn were
measured by ICP-MS. Flow was stopped after C/C, for the metal ion consistently
exceeded 0.9, or after 2200 pore volumes. Porewater was drained and column ends
capped before geomedia analysis or regeneration within 24 hours.

Equilibrium speciation of metals was modeled using Visual MINTEQ software.
The model temperature was fixed at 25 °C and solid precipitation was prohibited. Total
metal concentrations were fixed at Cu(Il),; = 3.14 uM, Zn(Il)o; = 30.6 uM, Cd(Il) =

4.45 uM and Pb(II)i, =0.724 uM. The native DOC-SHM model was used for NOM.

Geomedia Regeneration

Chemical regenerants were tested in batch to assess their recovery of metal ions
by lowering pH (i.e., HCl), complexing adsorbates (i.e., EDTA) or both (i.e., citric acid).
Following longevity tests, triplicate 1g samples of manganese oxide-coated sand from
each column were added to polystyrene containers with 50 mL of regenerant solution and
shaken for 3.5 hours. HCI solutions were applied at 100 mM and 1 mM (i.e., pH 1 and
pH 3). The EDTA and citric acid were each applied at a 1:1 and 2:1 stoichiometric ratio
of ligand to mass of adsorbed metal ion (Table S4). Regenerant solutions were
unbuffered. Metal speciation was modeled in Visual MINTEQ with the parameters noted
above and the concentrations of ligands shown in Table S4.

Regenerant solution was sampled every 60-120 minutes and analyzed by ICP-MS

to determine the amount of metal ion desorbed from the manganese oxide surface.
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The pH 3 HCl solution was evaluated as a regenerant in columns for 150 pore
volumes (50 hours) at a flow rate of 0.4 mL/min. Column regeneration effluent was
sampled approximately every 20 pore volumes for analysis by ICP-MS. Geomedia was

analyzed no more than 24 hours after regeneration.

Geomedia Characterization

The geomedia from the front and back halves of the columns were individually
collected, homogenized, and air dried at 30 °C prior to quantifying Mn coating density
and total adsorbed metal ion concentration. The coatings of triplicate geomedia samples
were dissolved with ascorbic acid. The dissolved metals were quantified by ICP-MS.

Scanning electron microscopy (SEM) was performed with a Zeiss EVO MA10
scanning electron microscope at 20 kV and a 1 nA current. Energy dispersive X-ray
spectroscopy (EDS) was performed with an EDAX Genesis Imaging/Mapping analyzer.

The pHpnp,c 0of the manganese oxide-coated sand was determined by sonicating the
geomedia and diluting the coating material suspension with HCI to produce various pH
conditions. The zeta potential was measured using a Malvern Zetasizer Nano. The pH e

was approximated using a linear fit of zeta potential vs. pH within 0.5 pH units of the

pHigp.

Results and Discussion
Batch Adsorption Experiments
Each metal was tested individually in batch experiments in NOM-free simulated

stormwater at pH 5 and pH 7, and at pH 7 in the presence of NOM. At pH 7 in the
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absence of NOM, over 95% of Cu, Cd and Pb and 50% of Zn were removed from
solutions at metal ion concentrations typical of stormwater (Table 1). Under the same
conditions with 8.0 mg-C/L Suwannee River NOM present, only about 50% and 70% of
Cu and Zn were adsorbed, respectively, but over 90% of the Cd and Pb were adsorbed.

In the absence of NOM, Pb was the most strongly adsorbed metal ion, followed
by Cu, Cd and Zn, respectively (Figures S1 and S2). These relative affinities are
consistent with previous findings of manganese oxide selectivity.?>26-28.36-38 The Ca in
solution may have competed with Zn and Cd (e.g., due to similar valence electron
configuration), but it has a smaller effect on Cu or Pb adsorption.!'*26

Langmuir and Freundlich models were applied to the adsorption isotherm data
(Figures S1, S2 and S3). The Freundlich model was expressed by the relationship:

q=KpC,'/" (Eq. 2)

where q [mol Me/mg MnOx] is the concentration of the adsorbate on the adsorbent, C, is
the equilibrium activity of the adsorbate, and K and n are constants (Table 2).

Freundlich models fit the results better than Langmuir models for all metal ions
tested (data not shown). Freundlich models consistently fit the data well (R? > 0.97 for
the linear regression of log(q) vs. log(C,)), except for Cu and Pb in NOM-free pH 7
simulated stormwater, where dissolved metal ion concentrations were often below the

detection limit (i.e., 0.4 nM).

Values of n in the Freundlich model near 1 indicate nearly linear adsorption of Pb
in all conditions and of Cu in the presence of NOM. Linear adsorption implies uniform
site strength in the concentrations range tested (i.e., many strong sites for Pb adsorption

and sites that compete weakly for Cu relative to NOM). In the Freundlich model—which
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represents a multi-site Langmuir model in which site abundance decreases geometrically

with increasing affinity3%4°—the moderate values of n for Zn, Cd, and NOM-free Cu are

consistent with adsorption involving multiple sites or mechanisms with different
adsorption energies.?®#! Differences in apparent equilibrium binding constants depending
on manganese oxide fractional surface coverage and contribute to site heterogeneity.?
The Freundlich equation is consistent with the prevailing mechanistic models of specific
adsorption to manganese oxides?6?7 and other research fits adsorption to manganese

oxide with Freundlich or multi-component Langmuir models.?3-2836,41,42

These experiments did not account for competition among metal ions. Notably,
Pb-impacted stormwater may reduce the adsorption capacity for Cu, Zn and Cd.?6-?’

Metal ion removal decreased when NOM was present, although adsorption
isotherms still fit a Freundlich model (Figure S3).#3 Cu adsorption was the most
diminished by the presence of NOM, followed by Pb. This result was consistent with the
relative magnitudes of the stability constants for metal-NOM complexes: Cu?" > Pb?* >>
Zn?" ~ Cd?".4+48 Dissolved metal-NOM complexes compete with the mineral surface.**-
I Reductive dissolution of the manganese oxide by NOM also may have slightly
diminished adsorption. This reaction produces Mn?*, which can compete with the metal
ion contaminants.*’

The NOM concentration in these experiments is similar to typical urban
stormwater.3*3> However, dissolved organic matter concentrations as high as 73 mg-C/L
have been observed in stormwater.%>? Sigma humic acid is well-characterized and
practical for tests using large volumes of water, but it is not representative of NOM with

respect to metal ion complexing functional groups, particularly in comparison to

10
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Suwannee River reverse osmosis isolate.>->* However, the two types of NOM had similar
effects on metal ion adsorption in this system (Figure S3, Table 2). Therefore, we
concluded that Sigma humic acid is a reasonable, reproducible surrogate NOM for
assessing the performance of the manganese oxide-coated sand.

The geomedia adsorbed all metal ions more strongly at pH 7 than at pH 5. The
linearity of the adsorption isotherm and relative strength of adsorption between metal
ions (i.e., Pb followed by Cu, Cd and Zn) remained consistent between the two pH
conditions. Stronger adsorption is expected at higher pH conditions because the
formation of surface-metal complexes (e.g., >MnO-Me") or hydrolysis species (e.g.,
>MnO-MeOH) displaces surface-associated protons.?>> The more electronegative
surface charge at the higher pH may have contributed to greater adsorption.36-3
Furthermore, metal hydrolysis species are more abundant at high pH values. Hydrolysis
species have lower hydration energies than unhydrolyzed cations, and typically are the
dominant surface species above pH 6.26.28.56,57

Stormwater may have pH values near 5 prior to its interaction with soil minerals
(i.e., when its composition is similar to rainwater) or as a result of anthropogenic
acidification.®>? The batch results at pH 5 demonstrate that manganese oxide-coated sand
is a viable treatment technology in a “worst-case” pH condition in which this geomedia

might be deployed.

Column Longevity Tests

Columns of manganese oxide-coated sand removed more than 80% of each metal

ion for the first 240 pore volumes in NOM-free stormwater (Figure 1). The relative

11
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removal of metal ions followed the same trends observed in the batch experiments.
Copper and Pb removal remained high throughout 2200 pore volumes. Zinc breakthrough
occurred after 970 pore volumes, with incomplete removal prior to breakthrough.
Complete breakthrough of Cd occurred after 1420 pore volumes.

The manganese oxide coating was responsible for the removal of metal ions.
Acid-washed sand columns exhibited rapid breakthrough (i.e., C/Cy = 1 after 240 pore
volumes for Cu, Zn and Cd and after 720 pore volumes for Pb; Figure S4). SEM/EDS
showed co-location of the adsorbed metal ion and Mn coating on the geomedia (e.g., Cd;
Figure S5).

Copper and Pb, the two metal ions that did not exhibit breakthrough in these
experiments, had considerably higher masses of adsorbed metal ions on the front half of
geomedia compared to the back half of geomedia (Table S5). Little Pb may have reached
the back half of the column due to the low mass applied relative to the high adsorption
capacity of manganese oxide: adsorbed Pb on the geomedia in the front half of the
column remained two orders of magnitude below the reported saturation capacity.!4>%
Copper concentrations on the front half of the geomedia were likely near saturation by
the end of the column experiment,>® but the low Cu concentration on the back half of
geomedia implies that significant capacity remained in the columns after 2200 pore
volumes had been applied. These results suggest that equilibrium was reached quickly
within the columns with little mass transfer limitation.

For columns in which breakthrough occurred (i.e., Zn and Cd), the geomedia in
the front and back halves adsorbed similar concentrations of metal ions (Table S5). We

assume that these concentrations correspond to the adsorption capacity of the manganese

12
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oxide-coated sand in the absence of competing metal ion contaminants. The geomedia
adsorption capacity was approximately 0.8 mmol Cd/g manganese oxide. This value is
approximately half of a previously reported capacity, possibly due to competition by Ca?*
or differences between the manganese oxide coating and pure minerals.!428-58:5 The
adsorption capacity for Zn was approximately 3 mmol Zn/g manganese oxide, which is
consistent with previously reported capacities.?®

Copper and Pb removal in columns decreased markedly in the presence of natural
organic matter (Figure 1). The impact of NOM was closely related to the abundance of
metal ions complexed by NOM, as predicted by equilibrium models (Table 3). Over 96%
of Cu and Pb in this system were predicted to be complexed by NOM. Surface
complexation models suggest that the free metal ion and its first two hydrolysis species
are important for adsorption on manganese oxides.?%-?84! The large decline in the
abundance of these species in the presence of NOM may explain the incomplete removal
of the Cu and Pb.

Zinc and Cd removal were less strongly affected, consistent with their weaker
complexation by NOM.#+47 Equilibrium models indicate that less than 25% of Zn and Cd
were complexed by NOM in the simulated stormwater.

Other mechanisms may have had only small impacts on metal ion adsorption in
the presence of NOM. For example, NOM is unlikely to block a large number of
adsorptive sites because manganese oxides repulse negatively charged NOM by
electrostatics.*’ (The pHppe 0f the coating of the geomedia was approximately 3.3.)!!

The manganese oxide-coated sand initially had a coating density of 1.17 £ 0.30

mg Mn/g geomedia. Over the experiment, approximately 1% of the manganese oxide

13
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coating (i.e., approximately 100 ug Mn) was lost in the effluent, likely due to reduction
by the phenolic groups (approximately 100 peq) in the NOM.!8:6061 Average effluent Mn
concentrations (approximately 0.6 uM), were much lower than concentrations of the
metal ion contaminants (Figure S6).

Dissolved Mn can be an aesthetic concern in drinking water at concentrations as
low as 1.4 uM;%? the US EPA secondary standard for maximum total dissolved Mn is
0.91 uM.% The concentrations observed in this experiment suggest the Mn released by
columns is unlikely to be a water quality concern, especially if the water is diluted in the
aquifer or if dissolved Mn adsorbs onto surfaces as it travels through the aquifer.

In conjunction with other geomedia, manganese oxide-coated sand could be
deployed for metals treatment in high NOM stormwater. Operators could use
carbonaceous geomedia (e.g., biochar) prior to manganese oxide-coated sand to remove

organic matter and enhance the geomedia performance.*

Geomedia Regeneration

Three different chemical treatments were evaluated in batch to determine the most
effective regenerant of the manganese oxide-coated sand (Figure 2). HCI was the most
effective regenerant. Metal ion desorption occurred rapidly at pH 1 and pH 3: Nearly all
adsorbed Cu, Zn and Cd were released after 3.5 hours.

EDTA applied at 1:1 and 2:1 stoichiometric ratios relative to the mass of adsorbed
metal yielded > 70 % recovery of Zn, but less removal of the adsorbed of Cu, Cd, and Pb.
Equilibrium models indicated that virtually all of the dissolved metal ions were

complexed by EDTA.

14
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Citric acid, applied at 1:1 and 2:1 ratios relative to the mass of adsorbed metal,
removed Zn well, but less than 50% of the Cu, Cd, and Pb. The equilibrium model
indicated that over 90% of dissolved Cu was complexed by citrate, but only about 50% of
dissolved Zn and less than 5% of dissolved Cd and Pb were complexed by citrate. These
results indicate that complexation was more important for release of adsorbed metal ions

by organic ligands than their effect on solution pH (3.9 to 6.5; Tables S6 and S7).

No batch regeneration treatment removed more than 25% of the adsorbed Pb.
Similar results have been reported previously: A 2.5% acetic acid solution did not release
Pb from manganese oxide,?? and 0.5 M HCI was required to desorb Pb from manganese
oxide-coated tea waste.!* Lead forms strong triple-corner-sharing complexes over internal
vacancies in phyllomangate interlayers as a result of its electronic properties.!420-38 Pb
ions also enter the interlayer and tunnels of manganese oxides.!? Substitution reactions
facilitating the formation of Pb-Mn minerals such as coronadite are unlikely, even at high
Pb surface concentrations.??> Adsorbed Pb ions were probably not further oxidized. The
oxidation potential of Pb?* (+1.46 V) implies oxidation is only thermodynamically
possible by forms of manganese oxide—Mn,0; (+1.48 V) and Mn30,4 (+1.81 V)—that
were unlikely to be present.!!-9 Investigations of Pb?" oxidation by manganese oxide

have found no evidence of such a reaction, likely due to slow kinetics.!?*?

These results suggest that Pb adsorption on manganese oxide-coated geomedia is
practically irreversible under the conditions likely to be encountered in infiltration
systems. The strong adsorption is not problematic for this application because of the very
high capacity of the manganese oxides for Pb. Lead concentrations in stormwater are low

relative to the geomedia adsorption capacity, so saturation and breakthrough are very

15
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unlikely during treatment system lifetime. Further, environmental perturbations are
unlikely to release Pb from a manganese oxide-coated sand.

All regeneration treatments released some Mn (Figure 3). Approximately 5% and
2% of the manganese oxide coating was released during batch treatment with pH 1 HCI
and pH 3, respectively, which is consistent with the solubility of birnessite (kg, =
10 ~1562) 35 EDTA and citric acid treatments also released some Mn: 11% of the Mn
coating was lost during treatment with 146 uM EDTA and 9% was lost with 146 uM
citric acid.

These data suggest that both lowering pH and adding ligands release adsorbed
metal ions, but that lowering pH is a more efficient regeneration technique. A pH 3 HCl
solution was selected for in situ column regeneration because of its nearly complete
desorption of Cu, Zn and Cd, while leaving the geomedia coating intact.

Following longevity tests, columns were regenerated by passing pH 3 HCI
through them for 150 pore volumes. Copper, Zn and Cd were released rapidly. Over 96%
of the adsorbed Cu, Zn and Cd were recovered from columns that treated NOM-free and
NOM-containing simulated stormwater (Figures S7 and S8). In both conditionds,
approximately 0.2% of the adsorbed Pb was recovered.

If the infiltration system were hydraulically isolated through the use of geotextile
liners and valved underdrains, the effluent regenerant solution and desorbed metal ions
could be collected for disposal or further treatment.

In NOM-free columns, approximately 290 pg of Mn were lost during regeneration
(Figure S9) and the coating density was unchanged (1.30 = 0.23 mg Mn/g geomedia). In

columns treating NOM-containing simulated stormwater, 1200 pg of Mn were lost during
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regeneration the Mn coating density decreased approximately 13% to 1.02 £ 0.05 mg
Mn/g geomedia.

Longevity tests following regeneration demonstrated that, in all stormwater
conditions and for all metal ions, the regenerated geomedia had a similar adsorptive
capacity and longevity to that of the virgin geomedia (Figure 1). This result implies that
the useful lifetime of systems employing this geomedia could be at least doubled by

regeneration with a mild acid.

Geomedia Lifetime

Given its high capacity for metal ions in stormwater, manganese oxide-coated
sand geomedia may be an attractive technology for managed aquifer recharge, provided
that the geomedia exhibits a suitable lifetime. The typical lifetime of a system employing
this geomedia to remove metal ions can be projected by dividing the adsorption capacity
of a bed of manganese oxide coated-sand geomedia (determined from column

experiments) by the typical metal ion load in stormwater.

media capacity [moles]

= lifetime [years] (Eq. 3)

‘moles’
]

metal load
We projected the lifetimes (Figure 4) for typical infiltration systems covering a 50
m? area with a 0.5 m-deep layer of manganese oxide-coated sand, assuming average
stormwater metals concentrations (Table S1).
Copper and Pb in NOM-free simulated stormwater did not exhibit breakthrough
in the column experiments and the Freundlich model (unlike the Langmuir model) cannot

be used to calculate a theoretical adsorptive capacity (i.e., qmax). Therefore, we estimated

the minimum operational lifetime of these systems based on column experiment duration.
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Actual lifetimes would likely be longer by a factor of approximately 2 (for Cu) to 10 (for
Pb), based on previously measured adsorption capacities.?”-3

Lifetime calculations (SI: Lifetime Estimation, Table S8) indicate that the system
described could operate for several decades before the complete loss of adsorption
capacity for any metal ion tested. The geomedia lifetime could be significantly prolonged
by periodic regeneration with pH 3 HCI. Regeneration could occur before the complete
breakthrough of a metal ion in order to maintain maximum pollutant removal and to
minimize the risk of desorption.

System lifetime may be less in highly contaminated stormwater with elevated
concentrations of metal ions. Further, co-contamination by metals is probable in
stormwater. Lead adsorption is unlikely to be affected by the presence other metal ions.?6
However, co-contamination could result in faster breakthrough of Cu, Zn and Cd than
predicted individually.?”-?® Large loads of oxidizable organic carbon in the stormwater
matrix may also diminish the number of adsorptive sites on the geomedia and increase

competition by Mn?*.4°

Conclusions

This research demonstrates that manganese oxide-coated sand can remove metal
contaminants from stormwater for extended periods. The geomedia is relatively simple to
produce and regenerate without excavation, making it practical for use in aquifer
recharge or municipal water treatment applications. Regeneration could extend the

lifetime of the geomedia, but a mild acid wash could pose some environmental risks. For
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example, if not captured, the released metal ions could contaminate aquifers and the
acidic regenerant solution could release adsorbed species, such as arsenic in the aquifer.®®

Metal ion breakthrough is unlikely to limit the lifetime of stormwater infiltration
systems employing this geomedia. Other failure mechanisms, including clogging by
suspended sediments and biofilm growth, would probably limit the system lifetime before
adsorption capacity is exhausted.!%%7 Additional research should be conducted to assess
manganese oxide-coated sand performance under field conditions.

Manganese oxide-coated sand can oxidize organic contaminants in stormwater.
These results suggest that Cd and Pb could be removed from stormwater for longer than

the predicted lifetime for the oxidative removal of organic contaminants.!!
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653  Tables and Figures
654  Table 1. Removal of typical stormwater concentrations of metal ion contaminants in
655  batch experiments in the presence of 18.4 mg/L manganese oxide-coated sand.
. pH 7 Simulated Stormwater, 8.0 mg-C/L
pH 7 Simulated Stormwater, No NOM Suwannee River NOM
Average .. . .\ .
Metal | Stormwater Initial 1\Sljonc. Final 1\(/Ilonc. Removal Initial I\Eonc. Final 1\(/Ilonc. Removal
Conc.(nM)* (nM) (nM) (nM) (nM)
Cu 252 310+ 3 0.28 £ 0.02 100% 312+3 164 +2 48%
Zn 1790 1570£20 | 760+£10 | 52% 2940 + 30 920+ 10 69%
Cd 13 40+ 1 2.1+04 95% 41 £1 1+£0 98%
Pb 38 76 £ 1 0.68 £0.14 99% 75+ 1 7+0 90%
656  “Pitt et al. (2015)
657
658  Table 2. Freundlich constants estimated for metal ions with manganese oxide-coated
659  sand in batch tests.
1-3) !
(mol Me)( s LM
FI7 mgMno, n
Cu 1.20 1.60
pH 5 NOM-Free Zn 0.66 1.48
Simulated Stormwater Cd 0.78 1.51
Pb 1.20x 10° 0.95
Cu 0.36 2.16
pH 7 NOM-Free Zn 8.6 1.20
Simulated Stormwater Cd 1.4 7.51
Pb N/A N/A
Cu 7.5x 10° 0.66
pH 7 Simulated Stormwater, 8 Zn 0.86 1.75
mg-C/L Suwannee River NOM Cd 1.7 1.72
Pb 1.2 x 104 0.92
Cu 420 0.97
pH 7 Simulated Stormwater, 6.3 Zn 0.44 1.92
mg-C/L Sigma Humic Acid Cd 56.0 1.20
Pb 10x 10° 0.73
660
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Figure 1. Relative concentration of metal ions in pH 7 simulated stormwater in effluent
from columns. The X-axis designates pore volumes of experimentation beginning at 0 for
both virgin (blue solid symbols and lines) and regenerated (red open symbols and dashed
lines) geomedia. Simulated stormwater was either NOM-free (triangles) or contained 6.3

mg-C/L Sigma humic acid (circles). Error bars are smaller than some symbols.
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Table 3. Predicted fraction of dissolved metals present as divalent cations or hydrolysis

species and as metal-NOM complexes in pH 7 simulated stormwater fed to columns.

é\l OM-Free NOM-Containing Stormwater
tormwater
(IMe*] + [Me(OH)'] | ([Me*] + [Me(OH)']
T [Me(OH),")Mey | + [Me(OH), yMey | ME-NOMIr/ Mer
Cu 0.42 0.02 0.96
Zn 0.92 0.75 0.19
Cd 0.83 0.63 0.24
Pb 0.44 0.01 0.97
100 - =pH 1 HCI
»pH 3 HCI
N | =21 EDTA
% % \ 22:1 Citric Acid
Recovery % E =1:1 Citric Acid
50 | % \
\
RN \ }Q\‘\‘
N N
G- N R

Cu Cd Pb

Figure 2. Percentage of the total adsorbed metal ions that were released after 3.5 h batch
regeneration. 1 g of metal-saturated geomedia from column testing was shaken in 50 mL
of regenerant solution containing either pH 1 or pH 3 HCIl (solid), EDTA at a 2:1 or 1:1
stoichiometric ratio to the mass of adsorbed metal ion (dotted) or citric acid at a 2:1 or
1:1 stoichiometric ratio to the mass of adsorbed metal ion (striped). Error bars are from

triplicate experiments.
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4 §
0 - ﬁ & N

pH1 HCI pH3HCI 146 uM  4.41 UM 146 UM 4.41 puM
EDTA EDTA Citric Acid Citric Acid

Figure 3. Percentage of geomedia coating lost during batch regeneration. 1 g of metal-
saturated geomedia from column testing was stirred in 50 mL of regenerant solution.
Data are shown for regeneration with pH 1 and pH 3 HCI (solid), 4.41 uM and 146 uM

EDTA (dotted) and 4.41 uM or 146 uM citric acid (striped).
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688  Figure 4. Projected time-to-breakthrough of a full-sized infiltration system containing
689  acid washed sand (black), manganese oxide-coated sand treating NOM-free stormwater
690  (red dotted) and stormwater containing 6.3 mg-C/L NOM (blue striped). Estimates for
691  time before complete breakthrough of typical concentrations (Table S1) of Cu, Zn (left),
692  Cd and Pb (right) without co-contaminants. *Due to lack of breakthrough, lifetime

693  projections for Cu and Pb in NOM-free systems are the most conservative minimum

694  operational lifetime. Based on previously measured adsorption capacities, actual lifetimes

695  are expected to be longer.
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Manganese Oxide-
Coated Sand

Manganese oxide-coated sand can remove toxic metals from stormwater for years before
regeneration with a mild acid. This geomedia could facilitate the use of stormwater as a water
supply.



