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Abstract
Low-cost and low-input water treatment systems are important for industrial

stormwater remediation. Here we examine a flow-through reactor treatment installa-

tion where water exceeds the allowable maximum concentration for drinking water

in multiple metals (e.g., chromium [Cr], cadmium [Cd], zinc [Zn]) prior to treatment.

Specifically, we seek to understand why Cr attenuated in the reactors is not leachable

by identifying the specific chemical form of Cr and dominant mechanisms promot-

ing sequestration in the reactors. Total solid-phase Cr concentration in the peat media

ranged from 50 to 150 mg/kg after 1 yr of exposure to stormwater to 300 to 900 mg/kg

after 3.5 yr. X-ray fluorescence mapping images show Cr, iron (Fe), and Zn spatially

correlated over a scale of 10 μm to 5 mm. Chromium rinds form on the edges of peat

particles as Cr accumulates. Chromium and Fe K-edge X-ray absorption near edge

structure spectroscopy reveal chromium predominately in the 3+ oxidation state with

lesser amounts of elemental Cr. We propose the primary means of chromium attenu-

ation in the reactors is precipitation as Cr-Fe hydroxides combined with trivalent Cr

adsorption onto peat surfaces.

1 INTRODUCTION

Chromium (Cr) is released into the environment as a byprod-
uct of multiple industries including leather tanning, metal
plating, coal-fired power generation, and wood preserva-
tion, where it is often the second most abundant metal in
contaminated areas (Adriano, 2001; Choppala, Bolan et al.,
2013; Costa, 1997). Chromium’s mobility and toxicity are
generally dictated by the proportion of the relatively insolu-
ble and immobile trivalent Cr to the more soluble, mobile,
and toxic Cr(VI). Although Cr(III) is essential to human

Abbreviations: LCF, linear combination fitting; XANES, X-ray absorption
near edge structure; XRF, X-ray fluorescence.
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metabolism, Cr(VI) is highly toxic and carcinogenic with an
estimated increase in toxicity of 1,000 times compared with
Cr(III) (Costa & Klein, 2006; De Flora, 2000; EPA, 1998;
Lukaski, 1999). Once released via waste streams, Cr solubility
(and subsequent mobility) is primarily controlled by a com-
bination of dissolution–precipitation, oxidation–reduction,
and sorption–desorption reactions, with immobilization in
environmental settings promoted by reduction of Cr(VI) to
Cr(III), adsorption to surrounding soils and sediments, and
precipitation as solid phases (Choppala, Bolan et al., 2013).

Chromium-laden industrial waste is frequently in the form
of toxic and carcinogenic Cr(VI) (e.g., chromic acid [H2CrO4]
used in metal plating processes; Choppala, Bolan et al.,
2013). This necessitates remediation strategies relying on
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Cr(VI) association with solid surfaces and/or reduction of
Cr(VI) to the less toxic and less mobile Cr(III). Mitigation
techniques include phytoremediation, soil washing, bioreme-
diation, chemical reduction to trivalent Cr, and adsorption to
solids, with reduction considered the most reliable and cost-
effective means of sustainable Cr remediation (James, 2001;
Loyaux-Lawniczak, Lecomte et al., 2001). These strategies
commonly involve a two-step process of reduction to Cr(III)
followed by precipitation to a stable solid phase, for example,
Cr(OH)3(s). Common reductants of Cr(VI) in environmen-
tal systems include Fe(0), Fe(II), certain sulfur species and
organic matter (Bond & Fendorf, 2003; Deng & Stone, 1996;
Eary & Rai, 1987; Fendorf & Li, 1996; Jardine, Fendorf et al.,
1999; Kotaś & Stasicka, 2000; Manning, Kiser et al., 2007;
Patterson, Fendorf et al., 1997; Sedlak & Chan, 1997; Wit-
tbrodt & Palmer, 1995). In the case of Fe(II)-promoted reduc-
tion, the expected product of the chemical reaction between
Fe(II) and Cr(VI) is a mixed Cr-Fe (hydr)oxide in the form of
CrxFe1-x(OH)3 (Eary & Rai, 1987; Varadharajan, Han et al.,
2015). A variety of organic-rich materials, including peat,
have been shown to be effective Cr adsorbents (Chwastowski,
Staroń et al., 2017; Koivula, Kujala et al., 2009; Kyziol,
Twardowska et al., 2006; Sharma & Forster, 1993).

Treatment processes for metals in industrial storm water
can be cost prohibitive. Therefore, passive remediation strate-
gies using natural materials have the potential to provide
affordable solutions for removing metals from aqueous waste
streams, which is important from regulatory and environ-
mental quality perspectives. Here we reveal the key chemical
and physical processes promoting removal of Cr from an
industrial storm water treatment system by association with
granular organic peat media. We aim to enhance our under-
standing of governing sequestration mechanisms to inform
optimal design and operation of passive remediation systems.
Prior to treatment in tank reactors, incoming storm water is
mixed with a ferrous sulfate, Fe(II)SO4, solution to promote
reduction of Cr(VI) to Cr(III) and significantly decrease the
toxicity of the Cr in the water. Pretreated stormwater then
enters reactors where the removal capacity for Cr is higher
than expected for adsorption and filtration alone, suggesting
the possibility of additional chemical processes contributing
to Cr removal. To identify key mechanisms, we employ a
suite of synchrotron-based techniques (X-ray Fluorescence
mapping, X-ray adsorption near edge structure) to query the
peat sorbent following exposure to storm water for 1 and 3.5
yr. This reveals pertinent information on the chemical form
and local coordination environment of Cr associated with the
peat media along with location and distribution of Cr and
other elements. We conclude that mixed Cr-Fe (hydr)oxide
precipitates are forming in the tanks and adhering to the peat
particles. This removal mechanism is due to the low solubility
of Cr(III) at the pH values in the tanks and the consistent
supply of Fe(II) (Eary & Rai, 1987; Varadharajan, Han et al.,

Core Ideas
∙ Cr is attenuated in a low-cost, low-input industrial

stormwater treatment system.
∙ Cr exists as mixed Cr-Fe hydroxide phases and

adsorbed to peat surfaces.
∙ Amount of Cr associated with peat surfaces

increases between 1 and 3.5 yr.
∙ These findings can be used to inform future design

of inorganic contaminant passive remediation sce-
narios and better understand metal association with
organic soils.

2015). There is also evidence for Cr adsorption to the peat
after 3.5 yr. The findings provide a deeper understanding
of the physical and chemical relationships between metals
and the peat sorbent that can be used to optimize removal of
metals for different wastestreams.

2 METHODS AND MATERIALS

2.1 Treatment system description and
sample collection

The Diamond Chrome Plating hard chrome facility, located
in Howell, MI, stormwater treatment installation consists of
seven large (2 m diameter, 3 m height) plastic tanks filled with
commercially available “APT sorb II” manufactured by Amer-
ican Peat Technology. Samples were named by radial location
within tanks (letters) and depth (numbers) with 1 being the
top of the tank. Sample “D2thin” was located in the second
from the top depth quadrant near the edge of the tank (see
Supporting Information for description of sample handling
and preparation for analysis). Stormwater is captured from the
manufacturing site and stored in a holding tank. The treat-
ment system is run intermittently as needed by pumping stored
stormwater into the seven tanks in parallel. As water enters
the tanks, it briefly comes in contact with an FeSO4 solution
via an inline mixer (Figure S1) to promote reduction of any
Cr(VI) to Cr(III). The concentration of FeSO4 in the tanks fol-
lowing mixing is approximately 10 mg L–1 and the Fe to Cr
ratio is in excess of 10:1. Water enters the tanks from the top
where each tank has a splash plate to disperse the water enter-
ing and exits into a manifold at the bottom of the tanks where
it is combined and collected. The depth of peat in the tanks
is approximately 1.5—2 m with ∼0.25 m water covering the
peat (Figure S1). Solid and aqueous samples were collected
during two trips to Diamond Chrome in 2018 and 2019. The
solids collected in 2018 had been in the treatment reactors
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∼3.5 yr. The system removed ∼1.83 kg Cr as 1.02 × 107 L of
stormwater passed through the system during this time period.
The peat material was then replaced with fresh peat, and we
returned to sample a second time after the new sorbent had
been in the tanks for 1 yr. At the time of sampling, the pH of
water in the tanks was 6.4—6.9 and eH values ranged from
0.13 to 0.26 V.

2.2 Synchrotron X-ray microprobe analysis
of peat

Synchrotron analyses for this project were analyzed at the
National Synchrotron Light Source II, Brookhaven National
Laboratory, using the multi-modal X-ray Fluorescence Micro-
probe (XFM 4-BM). Prior to analysis samples were prepared
one of two ways: (a) drop mount and (b) polished thin section
(additional details in Supporting Information).

Data collection at the XFM beamline for thin section and
drop mounts had the following task flow: (a) X-ray fluo-
rescence (XRF) mapping at a single energy (10 KeV) to
determine the spatial distribution of elements in the parti-
cles; (b) point X-ray absorption near edge structure (XANES)
measurements within XRF mapped areas at the Cr and Fe
1 s (or K-edge) absorption edges to determine local oxidation
state and chemistry; (c) XRF mapping at multiple energies
to determine the spatial distribution of multiple Cr oxida-
tion states—Cr(0), Cr(III), Cr(VI) (additional details on data
collection in Supporting Information).

2.2.1 XANES Data analysis

Spectra were averaged, energy calibrated, pre-edge sub-
tracted, and post-edge normalized using ATHENA (Ravel &
Newville, 2005). No beam induced damage to Cr or Fe spectra
was observed. No distortion of spectra due to over absorption
phenomena was observed. Normalized spectra were subjected
to linear combination fitting (LCF) with reference spectra
using custom beamline software (Marcus, MacDowell et al.,
2004) as described in (Breier, Toner et al., 2012). The Cr
reference library is described in Table S2 and supplemental
text. The Fe reference library is published and publicly avail-
able (Marcus, Westphal et al., 2008). Standard spectra from
LCF were sorted into chemical speciation categories (or bins)
(details in Supporting Information, 1.9). An estimate of the
fraction of total Cr or Fe from the point XANES belonging to
each bin was calculated by assigning individual proportions
from each linear combination fit to the appropriate bin using
a key (e.g., Cr hydroxide was assigned to the Cr/Fe hydroxide
bin) (Table S2). Each bin was then summed and divided by
the total number of sample spectra to provide an estimate of
an overall proportion of Cr or Fe attributed to each bin.

3 RESULTS

3.1 Peat sorbent morphology and total
metal concentrations

Figure 1 shows the peat media following 3.5 yr in the treat-
ment tank and a series of SEM images ranging from 3,000
to 20,000× magnification. The moist spent media has very
little coagulative character and breaks down into smaller
pieces when several grains are rubbed lightly together. The
peat is characterized by a platy morphology with internal,
layered surfaces in the grains indicating high surface area.
Visible tunnels in the media suggest regions of inner porosity
(Figure 1).

Table S1 shows the range of values measured for solid-
phase metal concentrations following 1 and 3.5 yr in the
treatment reactors. The concentration of Cr, Fe, and other
heavy metals (Cd, Zn, Cu) are noticeably higher in 3.5-yr
samples than 1-yr samples (Table S1). Solid phase Cr con-
centration ranged from 15 to 150 mg/kg after 1 yr and 70 to
890 mg/kg after 3.5 yr. The mass of Cr measured in the 3.5-yr
samples align well with an estimated solid-phase concentra-
tion of 336 mg/kg calculated via mass balance and inlet and
outlet aqueous Cr concentrations. On average, over the 3.5-
yr period, it is estimated that approximately 83% of the Cr in
the stormwater was retained on the peat. Although no trends
between depth or radial location of the sample in the tank
and measured metal concentrations were detected, elevated
Cr concentrations were correlated with high concentrations
of Fe and other heavy metals. For example, the highest mea-
sured Cr concentration (890 mg/kg) corresponded to 1,400,
260, and 80 mg/kg of Zn, Cd, and Cu, respectively. This sam-
ple also contained ∼17,000 mg/kg Fe (Table S1). A similar
trend was observed in samples remaining in tanks for 1 yr
where the most elevated Cr level of 153 mg/kg corresponded
to the highest measured Zn, Cu, Ni, Pb, and Fe levels.

3.2 X-ray fluorescence mapping

Single energy X-ray fluorescence maps (10 keV) of the
peat sorbent in a polished thin section (sample D2thin)
are shown in Figures 2–4. These maps were generated
from one of the more concentrated samples that contained
∼890 mg/kg Cr, 1400 mg/kg Zn, and 17,000 mg/kg Fe upon
removal from the treatment reactor after 3.5 yr. The image in
Figure 2 shows individual grains of peat sorbent, varying in
diameter between ~100–1,000 μm with chromium accumu-
lation predominately on the particle edges. The particles are
irregularly-shaped, and chromium is unevenly distributed (not
uniform) between the particles. This is indicated by certain
particles showing brighter white regions than others in the
single element map (Figure 2A). A three-color map of the
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F I G U R E 1 Spent peat medium photograph (A) and scanning electron microscopy images (B–D) following 3.5 yr in treatment reactor showing
texture and morphology

F I G U R E 2 Chromium (grey scale with higher Cr content in white) (A) and multi-element (Cr in red, Fe in green, and Zn in blue) X-ray
fluorescence (XRF) map (B) of D2thin section sample showing particle morphology and relation between metals and peat particles

same particles is shown in Figure 2B where red indicates Cr,
green indicates Fe, and Zn is shown in blue. Purple regions
indicate co-location of Cr and Zn, whereas yellow regions
show Cr and Fe in the same location. The tri-color plot shows
that Fe is present throughout the majority of the sample, some-
times by itself, and sometimes co-located with Cr or Zn. In
addition, there are a fraction of smaller particles that appear
to contain Cr throughout instead of concentrated around the

edge of the peat particle. These particles are on the order of
10–30 μm and appear as bright or red spots in the single or
tri-color plot respectively (Figure 2).

A Cr rind is clearly depicted in Figure 3, which shows a
close-up view of a single peat particle (approximate diameter,
200 μm) from the D2thin section. The rind encompasses the
particle entirely, appears fairly uniform, and is approximately
20 μm thick. The XRF image indicates regions of the rind
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F I G U R E 3 X-ray fluorescence (XRF) images of single peat particle following 3.5 yr in treatment reactor showing Cr accumulation around
particle edge and regions of high Fe in particle center. Left panel is an Fe greyscale XRF, middle panel is Cr greyscale XRF, and right panel is
multi-element (Cr in red, Fe in green, Zn in blue) XRF. Greyscale XRF images indicate higher Fe or Cr content in white

F I G U R E 4 Mulit-element (Cr in red, Fe
in green, Zn in blue) X-ray fluorescence (XRF)
map of peat sorbent material following 1 yr (A)
or 3.5 yr (B) in treatment reactors showing
thicker, more uniform rinds in 3.5-yr sample
(indicated by white arrows)

are entirely Cr while others comprise co-located Zn and Cr
(indicated by a purple hue). The center portion of the parti-
cle contains both Zn and Fe with essentially no detectable Cr
(Figure 3C).

There are differences in the extent and continuity of the
Cr rinds surrounding particles in the 1- and 3.5-yr samples
(Figure 4). After 1 yr in the treatment reactor rinds have begun
to form, but individual areas of Cr accumulation are not con-
tiguous and the 1-yr rinds are noticeably thinner than the
rinds in the 3.5-yr samples. Maps collected on 3.5-yr sam-
ples show Cr associates with a greater number of particles
and the rinds are thicker and more uniform than the 1-yr
samples (Cr concentration has a high value of 150 mg/kg
in 1 yr samples compared with 890 mg/kg in 3.5 yr sam-
ples). Iron also increases between the 1- and 3.5-yr samples
(Table S1).

3.3 Chromium point XANES

Results from LCF and binning of Cr point XANES data are
shown in Table 1 and Figure 5. Following LCF on 82 indi-
vidual Cr XANES spectra (described in Methods section),
results were sorted into four chemical speciation categories
(or bins). In all, 20 different standard spectra appeared as
part of best linear combination fits. Target transform analy-
sis was performed on all standard spectra that appeared in fits
two or more times (15 spectra in total; additional details in
Supporting Information). Results showed that 13 out of 15
spectra were considered a good fit, with the remaining two
a moderate fit (Malinowski, 1978; Pack, 1991) (Table S3).
Standard spectra were then grouped as follows: (a) Cr-organic
complexes, (b) Cr hydroxide and mixed Cr-Fe hydroxides,
(c) Cr/Fe pellets, and (d) elemental Cr. The Cr/Fe pellets
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T A B L E 1 Cr speciation proportions from point XANES and binning

Proportions

Bin 3Ma B2b D2b D3b D2thinb 3.5 yr overall 1 yr overall
Overall
combined

Cr-organic 0.25 0.55 0.56 0.45 0.61 0.53 0.25 0.52

Cr/Fe hydroxide 0.14 0.05 0.03 0.08 0.06 0.06 0.14 0.06

Elemental Cr 0 0.10 0.05 0.07 0.03 0.07 0 0.06

Cr/Fe pelletc 0.61 0.30 0.35 0.39 0.30 0.35 0.61 0.35

aSamples collected after 1 yr in treatment tank.
bSamples collected after 3.5 yr in treatment tank (information on sample naming in Section 2.1).
cCr/Fe pellets are Cr(III)/Fe(III) precipitates formed from chemical reaction between biologically produced Fe(II) and Cr(VI) (Varadharajan, Han et al., 2015). The error
estimate for individual XANES fits is < 5 atom % (Bargar, Tebo et al., 2005; Nicholas, Erickson et al., 2017; O’Day, Rivera et al., 2004; Welter, Calmano et al., 1999).
The cutoff for proportions in bins is 3% as contributions of 3% or greater made statistically significant improvement to fits.

F I G U R E 5 Chromium (A) and Fe (B) X-ray absorption near edge structure (XANES) spectra from specific points in XRF maps and standards
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T A B L E 2 Fe speciation proportions from point XANES and binning

Proportions

Bin 3Ma B2b D2b D3b D2thinb 3.5 yr overall 1 yr overall
Overall
combined

Fe(0) 0.00 0 0 0 0.08 0.02 0 0.01

Fe(II) 0.68 0.39 0.34 0.32 0.55 0.38 0.68 0.39

Fe(III) (oxyhydr)oxide 0.06 0.09 0.15 0.24 0.26 0.18 00.06 0.18

Fe(II/III) mixed
valence

0.21 0.41 0.36 0.34 0.09 0.32 0.21 0.32

Silicate 0.06 0.11 0.15 0.10 0.02 0.1 0.06 0.10

aSamples collected after 1 yr in treatment tank.
bSamples collected after 3.5 yr in treatment tank (information on sample naming in Section 2.1). The error estimate for individual XANES fits is < 5 atom % (Bargar,
Tebo et al., 2005; Nicholas, Erickson et al., 2017; O’Day, Rivera et al., 2004; Welter, Calmano et al., 1999). The cutoff for proportions in bins is 3% as contributions of
3% or greater made statistically significant improvement to fits.

reference spectra were generated from samples where Cr(VI)
was chemically reduced to Cr(III) via Fe(II) that had been
formed through biological Fe(III) reduction and represents
Cr-Fe hydroxide mixed with complex organic matter (Varad-
harajan, Han et al., 2015). Figure 5A shows representative
spectra from each of the four bins along with all of the exper-
imental spectra for visual comparison (example fits provided
in Supporting Information).

The Cr/Fe pellets signature was dominant in the samples
from 1 yr in the treatment tanks, accounting for 61% of the
Cr, whereas Cr-organic complexes accounted for 25% and
hydroxides 14%. In contrast, Cr-organic complexes are the
most dominant group in the 3.5-yr samples (53%), followed
by the Cr/Fe pellets (35%) with smaller contributions from
the hydroxide and elemental Cr bins of 6 and 7%, respec-
tively (Table 1). These proportions are relatively consistent
across the 3.5-yr samples with the Cr-organic amount vary-
ing from 45% in D3 to 61% in D2thin, and the Cr/Fe pellets
varying between 30% (B2 and D2thin) and 39% (D3). All
samples from 3.5 yr contain less than 10% each of hydroxide
and elemental Cr.

3.4 Iron point XANES

Table 2 and Figure 5 show results from Fe point XANES
LCF and binning. A similar routine as described above was
performed on 98 individual Fe point XANES spectra. Here,
LCF results were sorted into five bins: Fe(0), Fe(II), Fe(III)
(oxyhydr)oxides, Fe(II)/Fe(III) mixed phases, and silicates.
Target transform analysis was performed on the 16 of 30
standard spectra that appeared in best fits. Eleven out of the
16 produced good fits and 5 were categorized as moder-
ate (Malinowski, 1978; Pack, 1991) (Table S4). Figure 5B
shows example spectra from each of the five Fe bins alongside
experimental spectra for visual comparison.

Iron(II) dominated the Fe point XANES in samples from
both 1 and 3.5 yr, accounting for 68 and 38% of Fe, respec-
tively. The proportion of Fe(II)-bearing phases after 3.5 yr
varies between 39% for B2 and 55% for D2thin. The next
most populated category at both time points was the mixed
Fe(II)/Fe(III) mineral group, which comprised 21% of Fe at
1 yr and 32% at 3.5 yr. Sample B2 also contained the highest
fraction of mixed Fe(II)/Fe(III) minerals with 41%, whereas
the proportion was lowest in D2thin at 9%. Contributions
from Fe(III) (oxyhydr)oxides were appreciable in all 3.5 yr
samples(18%) along with smaller amounts of Fe(0)-bearing
minerals and silicates (Table 2). This is consistent with an
overall shift in energy of the Fe edge position between 1 (3M)
and 3.5 yr spectra (B2, D2, D3, D2thin) (Figure 5B). The
highest proportion of Fe(III) hydr(oxide) was found in D2thin
(26%), whereas D2 contained the most silicate at 15% of total
Fe.

3.5 Chromium speciation mapping

A multiple energy Cr speciation map of the D2thin section is
shown in Figure 6. The multi-energy chemical mapping was
designed to show sample areas of and spatial relation between
Cr(0), Cr(III), and Cr(VI). However, there was no indication
of any Cr(VI) in this sample. This is consistent with all of the
point XANES analyses that detected only Cr(0) and Cr(III).
The image shows a vast majority of Cr(III) surrounding the
irregularly-shaped peat particles with varying concentrations.
A particularly concentrated area of Cr is visible on a particle
approximately 100 μm in diameter to the left of center on the
map (Figure 6). Additionally, there are tiny areas of concen-
trated Cr(0) (indicated by red) dispersed randomly throughout
the sample on both the particle edges and as what appear to be
small particles of their own. The proportion of Cr(III) to Cr(0)
in this sample is in good agreement with the point XANES
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F I G U R E 6 Chromium speciation XRF map of D2thin section
sample showing areas of Cr(III) in green and Cr(0) in red

LCF results (Figure 5A) where Cr(0) is only detected in a
small number of points.

4 DISCUSSION
4.1 Chromium speciation in stormwater
treatment system

Chromium point XANES linear combination fits are domi-
nated by reference spectra from Cr-organic and Cr/Fe pellet
chemical speciation bins. Specifically, Cr-acetate and Cr-
oxalate reference spectra (both binned as Cr-organic) and two
reference spectra contributing to the Cr/Fe pellet bin are the
most commonly occurring reference spectra in the best fits.
Figure 5A shows the majority of individual Cr spectra have
features characteristic of either the Cr/Fe pellets or Cr hydrox-
ides, with a higher, sharper edge feature at 6,010 eV, and the
Cr-organic complexes with a broader, more rounded feature at
6,010–6,015 eV (Figure 5A). Mixed Cr-Fe hydroxide phases
(Table S1) are also detected.

The speciation of chromium within the tanks appears to be
determined primarily by the addition of ferrous Fe upstream
of the tanks. Ferrous Fe is added to the treatment reactor in
the form of ferrous Fe sulfate (FeSO4) to chemically reduce
hexavalent chromium in the incoming stormwater. More than
10x the stoichiometric ratio of ferrous Fe required to reduce
all chromium is added to the reactor to ensure efficient reduc-
tion of any hexavalent chromium to trivalent. Hexavalent
chromium was not detected in any of the tank samples inves-
tigated using speciation mapping or XANES spectroscopy.
The mixed Cr-Fe hydroxide LCF results are consistent with
prior reports of mixed Cr-Fe hydroxide phases as the prod-
uct of hexavalent chromium with ferrous Fe (Beller, Yang
et al., 2014; Eary & Rai, 1987; Hansel, Wielinga et al., 2003;
Varadharajan, Han et al., 2015; Whittleston, Stewart et al.,

2011; Wielinga, Mizuba et al., 2001). The Cr/Fe pellet ref-
erences in best fits are consistent with the tank treatment
conditions. The Cr/Fe pellet reference materials were gener-
ated by reduction-oxidation reaction between enzymatically
reduced Fe and hexavalent chromium (Varadharajan, Han
et al., 2015). Our findings are consistent with Varadhara-
jan et al. who reported that ferrous Fe concentration and/or
excess organic matter during hexavalent chromium reduc-
tion by ferrous Fe alters the structure of the mixed Cr-Fe
hydroxide precipitates by impacting the rate of reduction and
particle nucleation (Varadharajan, Han et al., 2015). This is
essentially a signature recorded in the structure of the pre-
cipitate that reflects the formation conditions. It follows that
the pellet reference materials are expected to be a combina-
tion of Cr adsorbed to organic material and Cr/Fe hydroxides,
and therefore, it should be possible to reproduce these spec-
tra as a combination of individual components. However,
we observed that removing them from the LCF reference
database greatly decreased the quality of the experimental
sample fits (Figure S2).

The proportion of chromium in the Cr/Fe pellet speciation
bin is approximately twice as high in the 1-yr samples as the
3.5-yr samples (61% vs. 35%). The 3.5-yr samples contain
almost double the proportion of Cr-organic forms (53% com-
pared with 25% in the 1-yr samples). The higher proportion of
Cr-organics is visible in spectra from D2thin (5A) (approxi-
mately 60% Cr-organic), which have a relatively broad and
rounded shape without an obvious sharper edge. Spectra from
the D3 sample vary the most with features characteristic of
all four forms of Cr. Although the fraction of Cr/Fe pellets
and Cr-organic complexes shifts between the 1-yr and 3.5-yr
samples, the total amount of Cr in the reactor is eight times
as great in the 3.5-yr samples (Table S1), suggesting sizeably
higher amounts of Cr in all forms. The form of Cr in the 1-
yr samples varies less than the 3.5-yr samples. This may be
attributed to lower concentrations of Cr in the 1-yr sample
(near or below detection levels) that did not allow for col-
lection of spectroscopic information on as wide a variety of
samples. We speculate that some key chemical or physical
variables within the tanks change (e.g., pH or peat particle
porosity) to promote more sorption reactions in the 3.5-yr time
frame. This may also explain the wider variety of Cr speci-
ation detected in the 3.5-yr samples—as Cr accumulates and
the peat surface chemistry changes, Cr speciation varies more.

A small subset of spectra from the 3.5 yr samples (B2, D2,
D3, D2thin) are consistent with the Cr(0) spectra (Figure 5A).
This is represented in Figure 6 where particles on the order
of 10 μm in diameter are visible both as individual particles
and as parts of Cr rinds on the edges of the peat. We propose
that these minute particles of Cr(0) are entering the reactors
in the stormwater, becoming trapped in the peat media, and
accumulating over time. No Cr(0) was detected in the 1 yr
samples.
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4.2 Iron speciation in stormwater
treatment system

Iron linear combination fits were dominated by Fe(II) and
Fe(II/III) mixed mineral chemical speciation bins. The most
commonly occurring reference spectra in best fits were from
FeSO4, siderite, greenrust, and goethite. These comprised
the majority of the Fe(II), Fe(II)/(III) mixed minerals, and
Fe(III) (oxyhydr)oxides bins. This is noticeable in Figure 5B
where the preponderance of individual XANES spectra have
the pronounced sharper symmetrical peak similar to that of
Fe(II)-bearing salts, mixed Fe(II)/(III) phases, and Fe(III)
(oxyhydr)oxides. There are a small number of spectra with
shapes more similar to silicate minerals or metallic Fe(0).
Overall, there is less variation in individual Fe spectra than
chromium spectra, suggesting less variation in Fe specia-
tion in the peat samples as compared to chromium. This is
likely caused by the high amount of Fe(II) added to the sys-
tem dominating the Fe speciation and limiting other chemical
forms.

The 1-yr samples are dominated by Fe(II), whereas Fe spe-
ciation in the 3.5-yr samples is an almost even split between
Fe(II) and Fe(II)/(III) mixed mineral phases. A 30% decrease
in the proportion of Fe(II) (68% in 1-yr sample to 38% in
3.5-yr sample) is accounted for by a concomitant increase
in the proportion of Fe(II)/(III) mixed valences phases and
Fe(III) (oxyhydr)oxides between the 1- and 3.5-yr samples
of 21 and 12%, respectively. There is also a slight rise in the
proportion of silicates between 1 and 3.5 yr; likely caused by
trace amounts of these minerals entering the treatment reac-
tors from the stormwater and being retained in the media over
time. After 1 yr in the reactors, there is a 30% increase in the
total mass of Fe compared with the unreacted peat whereas
there is a 110% increase over fresh media in 3.5-yr samples,
suggesting an appreciable amount of Fe accumulation (Table
S1). The shift in speciation from Fe(II) to mixed Fe(II)/Fe(III)
phases is explained by excess FeSO4 added to the reactors in
the pretreatment step. It follows that Fe(III)-bearing phases
accumulate over time (Fe LCF, Table 2) as a fraction of the
FeSO4 oxidizes in the presence of dissolved oxygen from the
atmosphere. We speculate that Fe oxidation over time will
generate reactive oxygen species that could alter the surface
chemistry (more oxygen-rich moieties) and porosity of the
peat particles (oxidative decomposition of peat matrix), as
well as generate acidity in the tanks (Patel, Tejnecký et al.,
2021).

4.3 Implications for remediation

While the total amount of Cr sequestered in the reactors con-
tinues to increase over time, the proportion of Cr in the Cr-Fe

pellet speciation bin decreases by half and the proportion
of Cr in the organic bin increases by 50%. We propose a
two-part mechanism to explain these observations: first, the
rapid and appreciable precipitation of mixed Cr-Fe hydrox-
ides promoted by reduction of hexavalent chromium, which is
expected to occur at pH values greater than 6.5 (reported pH
values for the reactor are 6.4-6.9) and eH values greater than
−0.8 V (reported eH values for the reactors are 0.13–0.26 V)
(Huang, Yu et al., 2014; Rao, Song et al., 2012; Unceta,
Séby et al., 2010); and second, a gradual increase in affin-
ity of the peat particles toward positively charged dissolved
trivalent chromium species promoted by a decrease in pH.
These positively charged species are predicted to dominate
solution chemistry below the solubility limit for Cr hydrox-
ide phases (∼pH = 6.5) (Beverskog & Puigdomenech, 1997;
Jeřábková, Tejnecký et al., 2018). The surface charge on the
peat is expected to increase as pH decreases, suggesting an
inner-sphere sorption reaction between the positively charged
trivalent chromium and the peat. The decrease in pH could
be driven by a gradual increase in acidity over time as excess
Fe(II) oxidizes to Fe(III). With the remediation installation
operating between pH 6.5 and 7 this is a fail-safe where if
the pH rises above 6.5 precipitation of Cr-Fe hydroxides is
promoted. In addition, the peat particles likely provide some
buffering capacity to the system that helps to ensure the pH
remains in the circum-neutral range. Should acidity accu-
mulate and the pH drop, attenuation of trivalent Cr through
adsorption to peat surfaces will be promoted through elec-
trostatic attraction of positively charged Cr species toward
negatively charged surface sites on the peat. This gives rise to
the recommendation that the pH of the reactors be monitored
to ensure it remains circum-neutral as opposed to maintained
at a fixed value. This is in line with the goal of a low-cost,
low-input treatment system.

5 CONCLUSIONS

X-ray fluorescence imaging combined with LCF of point
XANES is a compelling means to elucidate chemical mech-
anisms of Cr removal from stormwater in a passive treatment
system by providing element-specific and spatially resolved
chemical information on a micron-scale. This detailed
information allows for an increased understanding of the sys-
tem, ultimately leading to informed predictions of additional
applications for this remediation strategy. Over a period of 3.5
yr, as much as 890 mg/kg Cr are sequestered in flow-through
reactors filled with peat sorbent material. Following the
addition of FeSO4, Cr is predominately Cr(III) sorbed to peat
surfaces or Cr(III) found in mixed Cr-Fe (hydr)oxide-organic
phases (Cr/Fe pellets). Chromium forms rinds around the
edges of peat particles that thicken over time and is closely
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associated with Fe and Zn. Considerable amounts of reduced
Fe in the form of Fe(II) and Fe(II/III) mixed mineral phases
are also found throughout the reactors. These results show
the promise of organic-rich soils and sediments as a means
of passive remediation of Cr from industrial waste streams.
Although filtration and adsorption do account for a certain
fraction of Cr attenuation in the peat reactors, it appears that
Cr precipitation—combined with the strong affinity of the
aging peat surfaces toward both Cr(III) and Cr/Fe (hydr)oxide
phases—greatly enhances the effectiveness of the treatment
strategy. Additional work is needed to explore the potential
of direct chemical oxidation–reduction reaction between the
peat sorbent and Cr, as well as quantify the sorption capacity
of peat particles for positively charged metal species over a
wide range of pH and reduction potential values. Information
about the remediation capabilities of the peat sorbent over a
broad-range of operating conditions could allow for design
and implementation of similar remediation systems in field
settings where Cr released into water could be attenuated by
in situ permeable treatment barriers.
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