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ABSTRACT: As water scarcity intensifies, point-of-use and point-of-
entry treatment may provide a means of exploiting locally available
water resources that are currently considered to be unsafe for human
consumption. Among the different classes of drinking water
contaminants, toxic trace elements (e.g., arsenic and lead) pose
substantial operational challenges for distributed drinking water
treatment systems. Removal of toxic trace elements via adsorption
onto iron oxides is an inexpensive and robust treatment method;
however, the presence of metal-complexing ligands associated with
natural organic matter (NOM) often prevents the formation of iron
precipitates at the relatively low concentrations of dissolved iron
typically present in natural water sources, thereby requiring the
addition of iron which complicates the treatment process and results
in a need to dispose of relatively large amounts of accumulated solids. A point-of-use treatment device consisting of a cathodic
cell that produced hydrogen peroxide (H2O2) followed by an ultraviolet (UV) irradiation chamber was used to decrease colloid
stabilization and metal-complexing capacity of NOM present in groundwater. Exposure to UV light altered NOM, converting
∼6 μM of iron oxides into settable forms that removed between 0.5 and 1 μM of arsenic (As), lead (Pb), and copper (Cu) from
solution via adsorption. After treatment, changes in NOM consistent with the loss of iron-complexing carboxylate ligands were
observed, including decreases in UV absorbance and shifts in the molecular composition of NOM to higher H/C and lower O/C
ratios. Chronoamperometric experiments conducted in synthetic groundwater revealed that the presence of Ca2+ and Mg2+

inhibited intramolecular charge-transfer within photoexcited NOM, leading to substantially increased removal of iron and trace
elements.

■ INTRODUCTION

Inadequate access to clean drinking water is a globally pervasive
problem. Amidst rapid population growth, urbanization, and
climate change, water demand exceeds available freshwater
resources in many locations.1,2 Continued reliance on difficult-
to-maintain, energy-intensive centralized water treatment and
conveyance systems may not be a viable option, especially in an
era when reduction in energy and greenhouse gas emissions is a
high priority.3,4 For example, the energy use associated with
pumping water over the Tehachapi Mountains in southern
California is approximately 2.4 kWh m−3, which is comparable
to the energy required for seawater desalination.5 New water
resource management strategies are needed to reliably provide
potable water to cities and to reduce the energy use associated
with importing, treating, and distributing water from centralized
treatment facilities.

Small scale, point-of-use and point-of-entry drinking water
treatment systems may facilitate the use of nontraditional water
sources, such as roof water, stormwater, and water from shallow
aquifers. Such systems are particularly attractive in new
developments because they can be installed rapidly without
the significant capital costs required for centralized facilities.4,6

Despite their attractiveness, the presence of trace concen-
trations of organic contaminants (e.g., pesticides, solvents,
pharmaceuticals), toxic trace elements (e.g., arsenic, lead), and
waterborne pathogens questions the viability of distributed
drinking water treatment systems if they cannot provide
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adequate treatment and disinfection needed for potable use.7,8

Challenges associated with the transport, storage, and use of
chemicals typically employed in conventional drinking water
treatment, such as chlorine, activated carbon, and alum, limit
the types of processes that can be employed in distributed
water systems.9 Widespread adoption of decentralized drinking
water treatment will require cost-effective, reliable technologies
capable of operating without frequent maintenance or the need
to replenish chemical reagents.
Electrolysis and ultraviolet (UV) treatment are well suited for

distributed drinking water treatment systems due to their small
footprint, flexible design, and intrinsic advantages of low cost
and lack of chemical consumption. For example, we recently
developed a device capable of treating up to 250 L d−1 of water
contaminated by trace organic contaminants by employing
cathodically driven electrolysis for hydrogen peroxide (H2O2)
production followed by UV photolysis with a modest energy
consumption (∼3−7 kWh log−1 m−3).10 The UV fluence
delivered by the systems (∼3000 mJ cm−2) was sufficient to
disinfect most source waters. However, the ability of the system
to remove trace elements was not evaluated.
Technologies for removing trace elements from drinking

water include oxidation, coagulation, precipitation, ion
exchange, and membrane-based methods.11−13 Among these,
coprecipitation or adsorption onto iron oxides is frequently
used because it is cost-effective and simple to operate. Although
effective, this approach poses technical challenges with respect
to management and disposal of contaminated solids generated
from iron addition, especially in distributed water treatment
systems.14−17 Under conditions encountered in groundwater or
in natural organic matter (NOM)-containing surface waters,
relatively high doses of iron (i.e., > 100 μM) are typically
needed to remove oxyanions and metals due to the presence of
iron-complexing ligands in NOM that decrease the mineral
saturation index and inhibit iron oxide precipitation.18,19

Previous research has demonstrated that photochemical
reactions alter the structure of NOM in a manner that lowers its
affinity for Fe(III).18−20 Although the rates of sunlight
photolysis of NOM and Fe(III)−NOM complexes in natural
waters are relatively slow, the application of low pressure Hg
lamps (λ = 254 nm) results in higher rates in engineered
treatment systems (Supporting Information (SI) Figure S1).21

Despite previous efforts to describe photochemical reactions of
iron and organic matter in natural systems,22,23 the potential for
exploiting these processes to enhance iron oxide precipitation
and trace element removal during water treatment has not been
considered.
The objective of this research was to evaluate the potential of

using cathodically produced H2O2 and UV light to enhance the
removal of dissolved trace elements in the presence of NOM
and low concentrations of iron (i.e., ∼ 15 μM). The
simultaneous removal of arsenic, lead, and copper was
investigated. Arsenic was selected due to importance as an
ubiquitous geogenic contaminant.24 Lead and copper were
chosen due to concerns about metal leaching from water
distribution systems. To assess the role of solution conditions
on the process, experiments were performed in authentic
groundwater as well as synthetic groundwater containing
varying concentrations of NOM and divalent cations (e.g.,
Ca2+, Mg2+). The treatment-induced alterations of NOM were
investigated by quantifying changes in electronic absorption
spectra, intramolecular electron transfer properties, and mass
spectra.

■ MATERIALS AND METHODS
Chemicals. All experiments were performed with reagent

grade NaHCO3, NaCl, NaBr; ACS grade trace elements
(Pb(NO3)2, CuCl2, Na3AsO3); and alkali earth metals (Ca-
(NO3)2, Mg(NO3)2) obtained from Sigma-Aldrich (St. Louis,
MO). Suwannee River natural organic matter (2R101N)
obtained from the International Humic Substances Society
served as model groundwater NOM as it is a well-characterized
and frequently employed isolate. Stock solutions of trace metals
(100 μM in 1% HNO3; pH ≈ 1.7) and anoxic stock solutions of
ferrous iron (FeSO4; 100 mM) were used to prevent
precipitation and/or metal oxidation prior to addition to
solutions. The addition of trace elements from acidic stock
solutions lowered the initial pH of solutions by approximately
0.5 units. UV photolysis of NO3

− counterions increased the rate
of formation of hydroxyl radical (HO•) by less than 0.2%
relative to HO• formed from the photolysis of H2O2 generated
in the cathode (SI Section 2.1).

Solutions. Experiments were conducted with arsenic-
contaminated groundwater collected from Colusa County,
California (Table 1). To elucidate the role of different solutes

on metal redox reactions and complexation, additional
experiments were conducted with a synthetic groundwater
solution prepared in Milli-Q water with added NOM and major
ions (i.e., Na+, Ca2+, Mg2+, Fe2+, HCO3

−, Cl−, and Br−) at
concentrations comparable to those detected in the authentic
groundwater. In some experiments, concentrations of Ca2+ and
Mg2+, Fe2+, or NOM were varied. Synthetic groundwater
solutions were amended with 1 μM of dissolved As(III), Pb(II),
and Cu(II) from acidic stock solutions, whereas authentic
groundwater typically contained approximately 0.4 μM of As
and was modified with only 1 μM of dissolved Pb(II) and
Cu(II).

Photolysis and Electrolysis Experiments. Experiments
to assess trace element removal were performed in a previously
described point-of-use treatment system.10 The device
consisted of dual-chambered electrolysis cell employing a
carbon-based gas-permeable cathode to generate H2O2 from
ambient air directly in the solution prior to exposure to low-
pressure UV irradiation (G23 Odyssea Pool Lamp, 9W) in a

Table 1. Composition of Authentic and Synthetic Matrices

ion colusa county groundwater synthetic groundwater

Ca2+ (μM) 273.5 ± 0.35 0−250
Mg2+ (μM) 272 ± 0.96 0−250
SO4

2− (μM) 33.1 ± 0.42 0
Cl− (μM) 240 ± 7.2 500
Br− (μM) 0.6 ± 0.09 0.5
PO4

3− (μM) 510 ± 120 0
SiO2 (μM) 700 ± 245 0
DIC (mM)a 5.84 ± 0.03 5
DOC (mgC L−1)b 0.44 ± 0.17 0.5
pH 7.3 ± 0.2 7.8
DOc (μM) 69 ± 18 250
Trace Element
Fe (μM) 11.0 ± 2.7 10
As (μM) 0.36 ± 0.03 1
Cu (μM) 0.07 ± 0.02 1
Pb (μM) 0.01 ± 0.0 1

aDissolved inorganic carbon ([HCO3
−] + [ CO3

2−]). bDissolved
organic carbon cDissolved oxygen
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batch reactor (see SI Section 2.2 for cathode fabrication). After
UV treatment, the water passed through an anode chamber
(Figure 1). Samples (10 mL) for analysis of pH, H2O2, UV−

visible absorbance, and trace elements were collected prior to
treatment and after each treatment step starting approximately
30 min after treatment was initiated. Under the constant
current densities (25 A m−2; φobserved = 13.6 V vs SHE) and
system flow rate (121 L d−1) used in these experiments, 510 ±
41 μM of H2O2 was produced in the solution (i.e., the
Coulombic efficiency was 86%).10 Subsequent UV irradiation
(I254° = 0.107 mEi m2 s−1; F0 ∼ 3000 mJ cm−2) resulted in
photolysis of approximately 35% of the electrochemically
generated H2O2

(10) as well as other photolytic processes (e.g.,
photolysis of NOM and Fe(III)−NOM complexes to generate
photochemically produced reactive intermediates).21,22,25

To differentiate between the effects of H2O2 photolysis and
other processes, a series of experiments were performed with a
stainless-steel cathode that reduced O2 to H2O without
producing substantial concentrations of H2O2 (i.e., [H2O2] <
1 μM). Experiments were also conducted in the presence of
selective quenchers of reactive oxygen species and excited
triplet states of NOM, including tertiary butanol (1 mM),
sodium azide (NaN3; 50 μM) and isoprene (500 μM) to
scavenge HO•, 1O2, and 3NOM, respectively.21−23,25−27

Sodium azide and isoprene were selected due to their
hydrophilic nature, low reactivity with H2O2, and minimal
light absorption at 254 nm (SI Figure S2 and Section 2.3).23

Superoxide radical (O2
−•) was assumed to play an insignificant

role in photochemical processes due to its catalytic dismutation
in the presence of elevated concentrations of dissolved
Cu2+.26,27

NOM Characterization by Mass Spectrometry. NOM
chemical composition was evaluated by Fourier transform-ion
cyclotron resonance mass spectrometry (FT-ICR MS). To
prepare samples, NOM was concentrated using solid phase
extraction (SPE) as described previously.28 Approximately 250
mL of sample was acidified to pH 2 ± 0.1 using 1 M HCl.
Acidified samples were passed through Agilent Bond Elut-PPL
cartridges (500 mg; 6 mL) that had been washed with
methanol. Following extraction, the cartridges were rinsed with
0.01 M HCl and air-dried. DOM was eluted with 2 mL of
methanol and stored in the dark at 4 °C.
Samples were diluted 1:10 in a 60:40 acetonitrile:Milli-Q

matrix and introduced into a SolariX XR 12T FT-ICR MS
(Bruker) via a Triversa NanoMate sample delivery system
(Advian). The accumulation time was set to 0.01 s for each
sample and 350 scans were collected. The gas pressure was 0.3
psi and −1.4 kV was applied for the electrospray.

Peaks over a range from 200 to 600 m/z and a relative
intensity of 0.0001% were exported to R for processing.
Nominal masses of peaks were determined by adding the mass
of a proton and a linear calibration was applied, as described
previously.29 Formulas containing C, H, O, and 13C were
considered for matching. For a formula assignment to be
considered successful, the error had to be less than 0.2 ppm and
it had to be part of a homologous series with more than three
members (CH4 versus O or ± CH2).

30−32 Weighted averages
of NOM molecular weight, H/C ratio, and O/C ratio were
calculated using the peak intensity and the molecular weight,
H/C ratio, or O/C ratio of a given chemical formula,
respectively (see SI Section 2.4 for calculations).

Optical and Electrochemical Properties of Fe−NOM
complexes. To quantify changes in the molecular composition
of NOM during treatment, authentic and synthetic ground-
water samples were filtered and UV−visible absorption spectra
was analyzed at each sampling location in the treatment system.
Samples were adjusted to pH 9.0 using concentrated NaOH
prior to measurement of spectra from 240 to 500 nm. To assess
light absorption solely by NOM, absorption due to Ca2+, Mg2+,
H2O2, and NO3

− was subtracted from the spectra prior to
analysis (SI Figure S3 and Section 2.5). Differential absorbance
spectra (Δabs) were calculated by subtracting specific
absorbance (i.e., A(λ)) between the influent (i.e., untreated
water) and effluent (i.e., postanode). Spectral slope coefficients
of the NOM absorbance spectra were calculated by nonlinear
least-squares fitting of a single exponential model between 275
and 295 nm (S275−295) and between 240 and 500 nm (S240−500).
Changes in spectral slopes and differential absorption spectra
were used in conjunction with data on chemical composition
determined by FT-ICR MS to assess shifts in NOM aromaticity
and apparent molecular weight during treatment, as described
previously.33−35 Additional details of the data analysis are
provided in SI Section 2.5.
To characterize the redox properties of NOM and metal−

NOM complexes, cyclic voltammograms (CVs) were collected
in anhydrous dimethyl sulfoxide (DMSO; 50 mL) containing 5
mM tetrabutylammonium hexafluorophosphate (NBu4PF6) as
the supporting electrolyte. Experiments were performed in a 3-
electrode setup employing Pt wires as the working and counter
electrodes (0.25 mm diameter) along with a nonaqueous Ag/
Ag+ reference electrode (BASi).36 Experiments were performed
at a scan rate of 10 mV s−1 starting from the open-circuit
potential (∼0 to −0.1 V) and scanned cathodically over a 2 V
potential range. CVs were collected for electrolytes containing
Suwannee River NOM (90 mg L−1; ∼ 45 mgC L−1)37 in the
presence of 1 mM Ca(Cl)2, Mg(Cl)2, and/or Fe(Cl)3. Spectra
were corrected for the background spectra of DMSO. Prior to
each CV, electrodes were sonicated in 50:50 CH3OH/H2O and
electrolytes were purged with argon to remove O2. The
ferrocene/ferrocenium and benzoquinone/hydroquinone redox
couples were used as reference reactions to validate the
methodology and electrode response in the aprotic solvents.36

In addition, linear sweep voltammetry was employed to
determine if trace element removal occurred via sorption and
direct reduction on the cathode. Voltammograms indicated that
the reduction of O2 to H2O2 was the main reduction reaction
and direct trace metal reduction was negligible at the potentials
employed in the experiments (SI Figure S4 and Section 2.6).
To investigate the importance of ligand-to-metal charge

transfer (LMCT) photoreduction reactions, solutions of
synthetic groundwater containing NOM (1 mg L−1; ∼ 0.5

Figure 1. Sample collection locations and flow through the modular
advanced oxidation treatment system combining a dual-chambered
electrolysis cell and UV lamp.
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mgC L−1) were irradiated with UV light in batch experiments
conducted in the presence of the Fe(II)-complexing com-
pound, ferrozine (FZ3; 100 μM).18,20,38 Fe(II) production was
quantified in the presence and absence of Ca2+ and Mg2+.
Production rates of the Fe(II)−FZ3 complex from Fe(III)−
NOM were determined spectroscopically at 562 nm and
corrected for light screening by FZ3 (εFZ3.λ=254 nm = 12900 M−1

cm−1; SI Figure S5 and Section 2.7).39 Experiments were
performed at pH 6.5 to minimize oxidation of Fe(II) by O2
prior to complexation of the metal by ferrozine (see SI Section
2.8).
Analytical Methods. H2O2, dissolved organic carbon, and

dissolved inorganic carbon were measured using standard
methods.40 Unfiltered and filtered (0.22 μm nylon filters) water
samples for measurement of total and dissolved As, Cu, Fe, and
Pb, respectively, were digested with 1% HNO3 prior to analysis
by inductively coupled plasma mass spectrometry (ICP-MS,
Agilent). Absorption spectra were recorded with a UV-2600
spectrophotometer (Shimadzu) using 1 cm quartz cuvettes.
Spectral irradiance of the UV lamp (G23 Odyssea Pool Lamp,
9W) and a collimated beam Oriel solar simulator (Spectra
Physics 91194) were measured with a spectroradiometer (RPS
380, international light). Br−, Cl−, PO4

3−, and SO4
2− were

analyzed using a Dionex DX-120 ion chromatograph with an
AS19G column. Ca2+ and Mg2+ were analyzed by ICP-MS.
Fluence was determined by chemical actinometry using 10 μM
atrazine (ε254 = 3860 M−1 cm−1, ϕ254 = 0.046 mol Ei1−) in 1
mM borate buffer (pH 8).10 Atrazine was quantified by multiple
reaction monitoring (MRM) mode with an Agilent 1200 series
HPLC system coupled to a 6460 triple quadrupole tandem
mass spectrometer (HPLC-MS/MS).

■ RESULTS AND DISCUSSION
Speciation and Fate of Iron and Trace Elements

during Treatment. The presence of NOM in groundwater
matrices resulted in dissolved iron concentrations that exceeded
predicted solubility. Separation of cathodic (i.e., production of
H2O2) and anodic (i.e., production of O2) redox reactions via
the cation exchange membrane led to significant fluctuations of
pH during the treatment process: influent (7.8 ± 0.2),
postcathode (pH 9.3 ± 0.3), post-UV (pH 9.1 ± 0.3) and
postanode (pH 7.7 ± 0.2). Over this pH range, the predicted
equilibrium solubility of inorganic Fe(III) ranges from 0.008
μM to 0.064 μM.41 As a result, in experiments employing
synthetic groundwater in the absence of organic matter, nearly
all the iron (i.e., [Fe]initial ∼ 10 μM) was converted to filterable
forms (i.e., amorphous Fe(OH)3(s)) due to the rapid oxidation
of Fe(II) by O2 and subsequent precipitation of supersaturated
Fe(III) (i.e., [Fe]dissolved = 0.182 ± 0.05 μM; SI Figure S6).
Conversely, in synthetic and authentic groundwater matrices
containing approximately 0.5 mgC L−1 organic matter and 10.5
μM of iron, roughly 60% of the Fe in the influent water passed
through a 0.22 μm filter (Figure 2A). Significantly higher
concentrations of dissolved iron compared to thermodynami-
cally predicted concentrations indicated either the formation of
soluble Fe(III)−NOM complexes or stabilization of submicron
colloids by NOM and inhibition of particle aggregation.19,42

Metal complexation is mediated through multidentate coordi-
nation by ligands present in humic substances,43 resulting in Fe-
binding capacities between 2.1 and 240 nmol mg−1 NOM.20

Thus, at the metal/NOM concentration ratios observed in
authentic and synthetic matrices (i.e., 15 000 nmol mg−1),
NOM likely adsorbed onto the surface of nucleated amorphous

Fe(OH)3 nanoclusters and inhibited polymerization and
formation of solids that could be filtered out by a 0.22 μm
filter. Complexation of iron in the trivalent oxidation state was
consistent with the higher stability constants of NOM with
Fe(III) (log β ∼ 40−49) relative to Fe(II) (log β ∼ 13) and
supported by the absence of Fe(II)−FZ3 when ferrozine was
added to the water (data not shown).44,45

In the absence of applied current or UV light (i.e., control
conditions), iron removed by filtration (i.e., approximately 4.5
μM) did not change as authentic groundwater passed through
the treatment system (Figure 2A). Exposure of authentic
groundwater to the electrochemical system operating in the
absence of UV light (i.e., EC only) resulted in the formation of
an additional 4 μM of Fe that could be removed by filtration.
Although the oxidation of iron-chelating catecholate moieties
(EH° = +0.84 V)46 by H2O2 (EH° (H2O2/HO2

•) = +1.51 V)47

is thermodynamically feasible, these reactions are usually slow
(∼2 M−1 s−1).48 Therefore, the simultaneous increased Fe
removal and loss of H2O2 (i.e., 58 ± 17 μM; SI Figure S7)
observed in dark experiments conducted in the absence of UV
irradiation may be attributable to oxidation of less abundant,
high affinity metal-binding functional groups (i.e., amines and
thiols) by H2O2,

19 or the decomposition of H2O2 on the surface
of iron colloids yielding reactive HO• capable of oxidizing Fe-

Figure 2. (A) Concentration of dissolved and total (i.e., dissolved and
colloidal) Fe during treatment of authentic groundwater under
different reactor configurations. (B) Correlation between Fe removal
with Pb, Cu, and As removal observed for synthetic (solid symbols)
and authentic matrices (checked symbols). Dashed lines correspond to
linear regressions of the synthetic matrix results. Error bars represent
± one standard deviation of triplicate experiments.
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coordinating moieties.49 Similar conversion of Fe to filterable
forms (i.e., formation of 4 μM of Fe that could be removed by
filtrations) was observed when authentic groundwater was
irradiated with UV light in the absence of H2O2 (i.e., UV only;
experiments conducted with a stainless steel cathode) as well as
control experiments performed in the absence of current (i.e.,
no pH increase), indicating that phototransformation of Fe−
NOM complexes were not affected by an increase in pH from
7.8 to 9.3 (SI Figure S8). Simultaneous electrochemical and
photochemical treatment (i.e., EC/UV) resulted in nearly
complete conversion of the Fe into forms that were removed by
filtration. Analysis of unfiltered samples of authentic ground-
water subjected to electrochemical and UV treatment and
allowed to settle overnight revealed approximately 90% removal
of total Fe (i.e., dissolved and colloidal) from the solution (SI
Figure S9). Therefore, the term removal refers to the
conversion of Fe and trace elements into particulate forms
that can be filtered out of solution or separated by
sedimentation given sufficient holding time.
Linear correlations were observed between the increase in Fe

removal and the removal of trace elements from solution
(Figure 2B). Pb was most efficiently removed (molPb:molFe of
0.089 ± 0.007), followed by Cu (molCu:molFe of 0.070 ±
0.005) and As (molAs:molFe of 0.041 ± 0.009). For Pb2+ and
Cu2+, no difference was observed between experiments
conducted in authentic (checkered symbols) and simulated
groundwater (solid symbols) despite variability in their
composition, suggesting that adsorption or coprecipitation
was not influenced by other solutes such as and phosphate. In
contrast, As removal decreased substantially (i.e., decrease in
molAs:molFe by −70%) in authentic groundwater, likely due to
competition between oxyanions for metal adsorption sites on
hydrous ferric oxide precipitates.50,51

Photochemical Transformation of NOM. As described
above, cathodically produced H2O2 and photochemical
reactions alter natural organic matter in a manner that
decreases its ability to prevent formation and/or stabilize
Fe(III)-oxide particles. To gain insight into the mechanisms
that led to the transformation of the NOM complexes,
experiments were repeated in synthetic groundwater. Although
reactions with H2O2 contributed to Fe removal in authentic
groundwater, its effect on Fe removal was absent in synthetic
matrices (SI Figure S10; post-H2O2). While the reason for this
discrepancy is unknown, oxidation of NOM induced by H2O2
likely varies among NOM sources. Because UV photolysis
showed the same effect in both the authentic and synthetic
matrices and the photoreactivity of NOM has been well
documented,22,52 changes in NOM during UV treatment were
investigated in detail.
To determine the relative contributions of direct and indirect

photolysis to the changes in NOM and iron upon UV
irradiation, a series of experiments were conducted in which
reactive intermediates (i.e., HO•, 1O2,

3NOM) produced by
photoexcitation of NOM or H2O2, as well as ligand and light-
mediated Fenton process (i.e., photo-Fenton), were scavenged
(SI Figure S11). Experiments conducted with a stainless steel
cathode (i.e., no production of H2O2) or in the presence of 1
mM tertiary butanol (i.e., enough to reduce [HO•]SS by
approximately 70%) revealed no change in Fe removal,
indicating that reactions with HO• were not important (see
SI Section 3.6 for calculations). Although the potential
contribution of HO• to Fe removal was hypothesized as an
explanation for results from dark experiments, its negligible role

in irradiated solutions is not unsurprising given the significant
light screening by NOM (∼82%), low molar absorptivity of
H2O2 at 254 nm (ε254 = 18.6 M−1 cm−1), and limited fraction of
HO• reacting with NOM (i.e., ∼ 12%) in the presence of other
solutes (i.e., H2O2, HCO3

−, CO3
2−; see SI Section 3.7 for

calculations). Similarly, the presence of both 50 μM NaN3 and
500 μM isoprene, enough to lower [1O2]SS and [3NOM]SS by
17% and 50%, respectively, did not influence Fe removal.
Collectively, these results suggest that direct photolysis of
NOM was responsible for conversion of organically complexed
Fe and aggregation of NOM-stabilized iron oxide nanoclusters
into forms that were removed upon filtration.
Changes in the molecular composition and optical properties

of NOM exposed to UV irradiation was assessed by FT-ICR
MS and UV−visible spectroscopy. Analysis of FT-ICR MS data
revealed 1455 chemical formulas in irradiated and nonirradiated
authentic groundwater, of which 763 (i.e., 52%) of the peaks
were common to both, 248 (i.e., 17%) peaks were observed
only in the nonirradiated solution, and 444 (i.e., 31%) peaks
were unique to the irradiated solution (SI Table S5). Although
interpretation of FT-ICR data requires caution because not all
carbon is retained by SPE and only compounds amenable to
ionization (e.g., carboxylic acids) are detected, and thus the
method only captures a subset of the total chemical formulas,53

results can provide insight into the changes in chemical
composition that occurred during irradiation. For example,
photolysis of authentic groundwater decreased the average
apparent molecular weight of detected peaks from 399.5 to
346.9 Da, with a greater loss of intensity for higher molecular
weight formulas common to both dark and light-exposed
solutions (Figure 3A). Similarly, approximately 70% of the
peaks that completely disappeared upon UV irradiation were in
the high molecular weight fraction (i.e., > 500 Da; SI Figure
S12). The apparent decreases in molecular weight upon
irradiation are in agreement with an increase in spectral slope
values (i.e., S240−500 and S275−295; SI Figure S13).34,35

Absorbance loss over the entire UV−visible spectrum (i.e.,
photobleaching; SI Figure S14), shifts in chemical compositions
to slightly higher H/C ratios (Figure 3B), and decreases in
double bond equivalents (i.e., 9.40 to 8.71; SI Table S9) were
consistent with ring cleavage or loss of aromaticity of
chromophores.54,55

Mass spectral shifts in NOM to lower O/C ratios (i.e.,
average 0.063 lower) following exposure to UV irradiation
provided additional insights into the photooxidation of Fe−
NOM complexes (Figure 3B). Photochemical loss of carboxyl
moieties to produce hydrocarbons and CO2 results in a 2:1
ratio of oxygen to carbon loss.54 Due to the fact that
carboxylate45,56 and structurally similar α-hydroxy acid
moieties57 are the dominant metal-coordinating functional
groups in NOM, the shifts in chemical composition observed
upon UV irradiation are consistent with a photodecarboxylation
mechanism previously proposed by Ward and Cory.54

Furthermore, the binding strength of organic matter onto
iron nanoparticle surfaces has been positively correlated with
carboxyl concentration.58,59 Consequently, oxidation of Fe-
coordinating carboxylate moieties following exposure of
Fe(III)−NOM complexes to UV light likely decreases specific
Fe-complexing ability and weakens NOM binding to mineral
surfaces, resulting in colloid aggregation. To test this
hypothesis, previously treated synthetic groundwater was
filtered, amended with 10 μM Fe(II), and subjected to a
second pass through the treatment system (SI Figure S15).
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Results from UV−visible spectroscopy indicate that although
NOM is present (SI Figure S16), filterable dissolved iron
concentrations at all sampling locations were indistinguishable
from control experiments performed with synthetic ground-
water in the absence of NOM (SI Table S4), confirming an
irreversible loss of Fe(III)-binding ability and reduction in bulk
organic stabilizing ability after the first exposure to UV light.
Effect of Solution Chemistry on Phototransformation

of Fe(III)−NOM Complexes. Divalent cations (e.g., Ca2+,
Mg2+) can impact iron oxide structural conformation, surface
charge, as well as photolability of organically complexed iron.60

For example, Ca2+ and Mg2+ promote the photochemical
reduction of Fe(III)−EDTA complexes (i.e., LMCT reactions)
via formation of ternary complexes that increase the quantum
yield.20 Treatment experiments performed in synthetic ground-
water indicated that Fe removal increased with increasing
concentrations of Ca2+ and Mg2+ (Figure 4). The possible role
of divalent cation bridging of Fe(III)−NOM complexes61 or
metal exchange20 of Ca2+ and Mg2+ with Fe(III) at NOM
complexation sites was assessed. Similar uptake of Ca2+ and
Mg2+ (∼40 μM of each cation) in the presence and absence of
NOM suggests that Fe removal via divalent cation bridging of

Fe(III)−NOM complexes was not important (SI Figure S17).
In addition, increased Fe loss via metal exchange between Ca2+

and Mg2+ with Fe(III)−NOM complexes was deemed
unimportant because Fe removal in dark experiments was not
affected by the presence of divalent cations (SI Figure S18).
Comparison of photodegradation experiments performed in
synthetic groundwater revealed more rapid shifts in NOM
chemical composition to aliphatic formulas (i.e., higher H/C
ratios; SI Tables S8 and S9), more pronounced shifts in the
distribution of peak intensities to lower molecular weight
formulas (SI Figure S19), and greater UV−visible absorbance
loss (SI Figures S20−S23) in the presence of Ca2+ and Mg2+,
consistent with the hypothesis that divalent cations increased
the changes in NOM that occurred upon UV irradiation.
The enhanced photoreactivity of NOM may be attributable

to conformational changes induced by divalent cation complex-
ation that either accelerates LMCT reactions, resulting in the
formation of Fe(II) and oxidation of the NOM-complexing
functional group,18−20,38 or alteration of intramolecular charge
transfer reactions of NOM which decreased light absorption
and/or quantum yield.22,62−64 To provide insight into the
governing mechanism, photochemical formation of Fe(II) and
electron transfer kinetics were analyzed in the synthetic
groundwater matrix. Initial photochemical production rates of
Fe(II) under UV irradiation approached 4.42 ± 0.4 nM s−1 (SI
Figure S24). Considering the hydraulic conditions (i.e., 1.8
CSTRs-in-series) and residence time (∼660 s) in the UV
reactor during continuous treatment, approximately 3 μM of
Fe(III) should have been reduced and subsequently oxidized to
produce particulate Fe(III)-oxides. This is, however, less than
half of the iron that was actually removed in the system.
Furthermore, comparable Fe(II) production rates in the
presence and absence of Ca2+ and Mg2+ do not support the
hypothesis that divalent cations accelerate rates of the LMCT
reactions (Figure 4). These findings are similar to results of
experiments conducted with Suwannee River fulvic acid, in
which divalent cations did not affect production of Fe(II) under
solar photolysis conditions.20,38

Intramolecular electron transfer between photoexcited
acceptor moieties (i.e., carbonyls) and ground-state donor
moieties (i.e., phenolates) stabilizes NOM and slows photo-
transformation rates.63,65,66 Conformational changes of the
NOM structure by Ca2+ or Mg2+ complexation can disrupt this
donor−acceptor electronic coupling,67 leading to accelerated

Figure 3. (A) Loss (red circles) or gain (blue circles) in relative peak
intensity after UV irradiation of authentic groundwater. Only chemical
formulas common to both the unirradiated and irradiated solution are
depicted. (B) van Krevelen diagrams of chemical formulas that were
either unique to the nonirradiated authentic groundwater or decreased
in intensity following irradiation (red circles) or were unique to the
irradiated solution or increased in intensity following irradiation (blue
circles). Bubble size is proportional to the peak intensity. Dashed lines
correspond to the weighted average H/C and O/C ratios.

Figure 4. Concentration of dissolved and total (i.e., dissolved and
colloidal) Fe in synthetic groundwater exposed to the combined EC/
UV treatment system at varying concentrations of Ca2+ and Mg2+ (0 to
250 μM). Error bars represent ±1 standard deviation of triplicate
experiments.
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phototransformation of NOM. To evaluate this hypothesis,
cyclic voltammetry experiments were performed using NOM,
Fe−NOM, and Fe−NOM with added Ca2+ and Mg2+ (Figure
5). Although weakly defined, voltammograms for Suwannee

River NOM contained a pair of cathodic peaks at −0.98 V and
−1.32 V, which were consistent with the peak reduction
potentials for p-benzoquinone (SI Figure S24). Thus, these
peaks correspond to single electron reduction reactions to form
an intermediate semiquinone radical (Epc,1 = −0.75 V) and a
quinone dianion (Epc,2 = −1.33 V).36 Addition of Fe2+ to the
NOM solution shifted the onset potential of the cathodic waves
to more positive potentials (ΔEpc,1 = +0.140 V; ΔEpc,2 = +0.048
V) and increased the redox activity relative to the free ligand
wave (i.e., NOM only).68 In the presence of Ca2+ and Mg2+,
however, reductive currents decreased and the second
reduction peak disappeared. These results suggest inhibition
of charge-transfer pathways between redox-active functional
groups due to the formation of a divalent cation-semiquinone
complex,67,69 suppressing intramolecular electron transfer and
accelerating the phototransformation of NOM (SI Figure S25).
These results, combined with those from spectroscopic and
compositional analysis, provide evidence that divalent cations
increased the photolability of the organic matter.
Environmental Significance. Drinking water sources that

are candidates for treatment by point-of-use devices will
frequently contain iron, alkaline earth metals (e.g., Ca2+ and
Mg2+), and natural organic matter at concentrations com-
parable to those studied here. The biogeochemistry of the
source water, however, will dictate the chemical speciation and
redox state of iron as well as the nature of trace elements
present; contamination of groundwaters typically involves the
reductive dissolution of iron hydroxides, resulting in simulta-
neous release of arsenic and Fe(II) under anoxic con-
ditions,70,71 while dissolved iron is often present as organically
complexed Fe(III) in oxygenated surface waters which may be
contaminated with Cu and Pb from the corrosion of galvanized
pipes.72,73 The technology described here is a simple, low-cost
option for distributed treatment of arsenic-, copper-, and lead-
contaminated waters under these conditions. For example, the
U.S. Geological Survey recently measured dissolved iron
concentrations in over 7000 arsenic-contaminated groundwater
wells in California (SI Figure S27). The concentration of iron
in the authentic groundwater employed in this study fell within

the 87th percentile of the monitoring data, indicating that such
concentrations are relatively common.
Considering only the electrical energy demand from the

electrochemical cell and UV lamp, the treatment of water had
an energy demand of 2.2 kWh m−3, comparable to values
determined for UV/H2O2 treatment needed to transform trace
organic contaminants in different surface and wastewaters (i.e.,
between 0.17 and 2.28 kWh m−3).74 Similarly, this device nearly
completely removed a suite of trace organic contaminants10

from the authentic groundwater, whereas it removed 12 of the
initial 28 μg L−1 of As (See SI Section 3.13 for calculations).
Thus, considering an As sorption capacity of 0.012 mol As per
mol iron oxide (Figure 2B), treating authentic groundwater
containing 28 μg L−1 to below the World Health Organization
Maximum Contaminant Level of 10 μg L−1 would require an
additional dosing of 6.7 μM Fe. Irrespective of the source of the
Fe, the system would only generate 1.1 mg of waste sludge per
liter of water treated, which is less than sludge produced in iron
electrocoagulation based treatment for the remediation of As
(5−137 mg L−1; see SI Section 3.14 for calculations).75,76

Challenges still remain in the development of a low-cost means
of separating contaminant-laden iron oxides after treatment by
gravitational settling and/or membrane filtration.
In addition to providing a standalone distributed treatment

system, this research may offer substantial promise for
decreasing operational costs and increasing process efficiency
of iron-based electrocoagulation techniques by reducing
electrolysis times, iron dosing, and sludge production simply
though the integration of a UV treatment step. The treatment
system might also be applicable to other problematic trace
elements in groundwaters known to be removable with iron-
based treatment approaches such as antimony,77 selenium,78

and chromium.79 Macromolecular structure, binding capacity,
and physicochemical properties of NOM are affected by
solution chemistry,19 and therefore additional research is
needed to assess the effectiveness of the treatment system
and behavior of metal−NOM complexes under varying pH
values, metal-to-NOM ratios, and molecular compositions of
organic matter.
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