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ABSTRACT: This research investigated chlorinated byproduct formation at
Ti4O7 anodes. Resorcinol was used as a model organic compound
representative of reactive phenolic groups in natural organic matter and
industrial phenolic contaminants and was oxidized in the presence of NaCl
(05 mM). Resorcinol mineralization was >68% in the presence and absence
of NaCl at 3.1 V/SHE (residence time = 13 s). Results indicated that ∼4.3% of
the initial chloride was converted to inorganic byproducts (free Cl2, ClO2

−,
ClO3

−) in the absence of resorcinol, and this value decreased to <0.8% in the
presence of resorcinol. Perchlorate formation rates from chlorate oxidation were
115371 mol m−2 h−1, approximately two orders of magnitude lower than
reported values for boron-doped diamond anodes. Liquid chromatography−
mass spectroscopy detected two chlorinated organic products. Multichlorinated alcohol compounds (C3H2Cl4O and C3H4Cl4O) at
2.5 V/SHE and a monochlorinated phenolic compound (C8H7O4Cl) at 3.1 V/SHE were proposed as possible structures. Density
functional theory calculations estimated that the proposed alcohol products were resistant to direct oxidation at 2.5 V/SHE, and the
C8H7O4Cl compound was likely a transient intermediate. Chlorinated byproducts should be carefully monitored during
electrochemical advanced oxidation processes, and multibarrier treatment approaches are likely necessary to prevent halogenated
byproducts in the treated water.

■ INTRODUCTION
Electrochemical advanced oxidation processes (EAOPs) have
been researched as possible new modular technologies for
drinking water treatment,1 industrial wastewater treatment,2−4

and groundwater remediation.5,6 EAOPs rely on stable anode
materials that primarily degrade contaminants through direct
oxidation reactions at the anode surface and indirect oxidation
through reactions with hydroxyl radicals (OH•) that form from
the oxidation of water.7,8 Boron-doped diamond (BDD)
electrodes are currently considered to be the state-of-the-art
anode for EAOPs because they generate high yields of OH•

and are anodically stable, corrosion resistant, and commercially
available.9,10 However, the application of BDD electrodes for
treatment of chloride-containing waters results in the
formation of inorganic and organic chlorinated byprod-
ucts,7,8,11−18 which have documented health risks such as
bladder cancer and birth defects.19,20

The generation of inorganic chlorinated byproducts during
EAOPs is initiated by the oxidation of chloride (Cl−) at the
anode surface. The general oxidation pathway is shown:

Cl Cl HOCl/OCl ClO ClO ClO

ClO
2 2 3

4

→ → → → →

→

− • − − −

−
(1)

where chlorine is oxidized from an initial oxidation state of −1
in Cl− to +7 in perchlorate (ClO4

−). The electrochemical
formation of chlorite (ClO2

−), chlorate (ClO3
−), and ClO4

−

has been reported in studies using BDD electrodes.7,16−18 The
U.S. Environmental Protection Agency (EPA) has set a
maximum contaminant level (MCL) for ClO2

− in drinking
water at 1.0 mg L−1 and proposed a nonenforceable MCL goal
(MCLG) for ClO4

− at 56 μg L−1.21 In addition, Massachusetts
and California have set more stringent, enforceable drinking
water standards for ClO4

− of 2 μg L−1 and 6 μg L−1,
respectively.22,23 Currently, ClO3

− is not regulated, but the
EPA has set a health reference level (HRL) at 210 μg L−1.24

Organic chlorinated byproducts may also form during
EAOPs through reactions between organic compounds and
chlorine species shown in reaction 1, such as chlorine radical
(Cl•), hypochlorous acid/hypochlorite (HOCl/OCl−), and
chlorine dioxide (ClO2). For example, the electrochemical
treatment of saline waters using BDD anodes formed
trihalomethanes (THMs), haloacetic acids (HAAs), haloace-
tonitriles, haloketones, 1,2-dichloroethane, and unidentified
adsorbable organic chlorine compounds.11−15 The EPA has set
MCLs in drinking water for THMs and HAAs at a combined
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concentration of 80 μg L−1 for four regulated THMs and 60 μg
L−1 for five regulated HAAs.25 Several other halogenated
industrial organic chemicals have also been regulated by the
EPA at the μg L−1 range. Because of the health concerns
associated with both regulated and unregulated halogenated
organic compounds, close scrutiny of unintended byproducts
that form during EAOPs is necessary so that appropriate
treatment trains can be developed for a given water treatment
application.
Recent work has shown that porous Magneĺi phase Ti4O7

electrodes are high surface area, stable anode materials26,27 that
are capable of direct oxidation of contaminants28 and
formation of OH•.27 When operated in flow-through mode,
Ti4O7 anodes achieve over an order of magnitude higher mass
transport rates compared to traditional parallel plate electro-
chemical cells (e.g., BDD).29 The combination of enhanced
mass transport and high specific surface area results in
significant removal of various organic contaminants with high
rate constants and low energy consumption, even when
operated in a single-pass mode with short hydraulic residence
times (∼10 s).28−34 However, work has not yet been done to
determine the potential for halogenated byproduct formation
during their use in EAOPs.
Therefore, the aim of this study was to investigate both

inorganic and organic chlorinated byproduct formation during
EAOPs using a Magneĺi phase Ti4O7 reactive electrochemical
membrane (REM). Since phenolic compounds play a central
role in the structure of natural organic matter (NOM) and
many industrial contaminants present in natural waters,35−37

resorcinol was used as a model organic compound, and it was
oxidized in the presence of NaCl (1 and 5 mM) and as a
function of electrode potential. Inorganic and organic by-
product formation was characterized using ion chromatog-
raphy and liquid chromatography−mass spectrometry (LC−
MS), respectively. The stability and probable fate of resorcinol
and chlorinated byproducts were investigated using density
functional theory (DFT) methods. This work is the critical first
step in understanding halogenated byproduct formation on
Ti4O7 electrodes.

■ MATERIALS AND METHODS
Reagents. Sodium chloride (NaCl), sodium chlorite

(NaClO2), sodium chlorate (NaClO3), potassium phosphate
monobasic (KH2PO4), and HPLC grade methanol were
purchased from Alfa Aesar (MA, USA). Sodium perchlorate
(NaClO4), sodium hypochlorite solution (NaOCl, 10−15 wt/
vol % available chlorine), and titanium dioxide (TiO2) were
purchased from Sigma-Aldrich (MO, USA). Resorcinol was
purchased from MP Biomedical (OH, USA). Paraffin oil was
purchased form EMD Millipore (USA). Sodium sulfite
(Na2SO3) was purchased from Thermo Fisher (MA, USA).
Chemical Oxygen Demand (COD) reagents were purchased
from Hach (CO, USA). Solutions were made with deionized
(DI) water (18.2 MΩ cm at 21 °C). All chemicals were used as
received.
REM Synthesis and Characterization. REMs were

synthesized using a previously published method.38 Briefly, 5
g of TiO2 powder (particle diameter = 32 nm) was reduced to
Ti4O7 in a tube furnace at 1050 °C for 6 h in the presence of 1
atm H2 gas (flow rate = 252 cm3 min−1). The Ti4O7 powder
(0.65 g) was mixed with 1.25 wt % paraffin oil as a binder. The
mixture was compressed in a 1.12 cm diameter die with a
uniaxial pressure of 2.7 MPa. The thickness of the pellet was

approximately 2 mm. Pellets were placed in a tube furnace at
1050 °C for 6 h in the presence of 1 atm H2 for sintering. The
Magneĺi phases present in the pellet were determined by XRD
(Siemens D-5000) with Cu−K-radiation (λ = 1.5418 Å), and
diffraction peaks were identified according to the standard
database.39,40

Experimental Flow-through Reactor Setup. A sche-
matic of the reactor setup is shown in the Supporting
Information (SI) (Figure S1). Experiments were performed
in a flow-through reactor in single-pass mode with a standard
three-electrode setup (Figure S1a). The Ti4O7 REM was used
as the working electrode (anode) with an exposed projected
surface area of 0.5 cm2. The current collector was Ti, and a
0.35 cm2 BDD film on Nb (BDD/Nb) ring electrode was
placed between the Ti and REM to prevent Ti corrosion in the
presence of reactive chlorine species (Figure S1b). The BDD/
Nb electrode did not participate significantly in the reactions,
as shown in the SI (Figure S2). The interelectrode gap was 2
mm, and the counter electrode (cathode) was Ti. A 1 mm
diameter leak-free Ag/AgCl was used as the reference electrode
(Warner Instruments, LF-100, CT, USA) (Figure S1b).
Permeate flux (J = 240 L m−2 h−1 (LMH)) was controlled
and adjusted using a digital gear micropump (Cole-Parmer, IL,
USA). Applied potentials and currents were controlled and
measured by a Gamry Reference 600 potentiostat/galvanostat
(PA, USA). All potentials were corrected for potential drop in
solution (iRs) and reported versus the standard hydrogen
electrode (/SHE).

Electrochemical Oxidation Experiments. All oxidation
experiments were conducted in the flow-through reactor at 22
± 1 °C, pH = 6.7, and a solution conductivity of 283 μS cm−1

using a 6 to 10 mM KH2PO4 background electrolyte and 0 to 5
mM NaCl addition. The KH2PO4 electrolyte was used because
it is relatively inert to electrochemical oxidation. The solution
conductivity value was chosen to mimic that of typical natural
waters41 and was measured using a conductivity probe
(PC2700, Oakton, Cole-Parmer, IL, USA). Control oxidation
experiments were performed with either 1 mM resorcinol or
NaCl (1 and 5 mM) to determine a baseline for resorcinol
oxidation and inorganic chlorinated byproduct formation. The
following potentials were applied during electrochemical
oxidation experiments: open circuit potential (OCP = 0.11
V/SHE), 0.99 ± 0.09, 1.56 ± 0.03, 2.07 ± 0.04, 2.50 ± 0.04,
and 3.10 ± 0.03 V/SHE. Two solution conditions were used to
study chlorinated byproduct formation: (1) 1 mM NaCl and 1
mM resorcinol; and (2) 5 mM NaCl and 1 mM resorcinol. All
experiments were performed in duplicate, and errors reported
represent 95% confidence intervals on average values. The 1
mM concentration of resorcinol, although high for NOM, was
chosen to ensure transformation product detection, and the
15 mM NaCl concentrations were chosen to bracket the Cl−

concentrations found in typical natural waters.42

Separate experiments were conducted to measure the
kinetics of ClO4

− formation from a 1 mM NaClO3/10 mM
KH2PO4 solution under OCP and 3.0 V/SHE with flow rates
of 240 to 1200 LMH. To compare with the electrochemical
system, batch control experiments were also conducted in a
beaker containing 1 mM NaOCl, 1 mM resorcinol, and
KH2PO4 electrolyte under constant mixing.

Analytical Methods. The permeate samples were split
during collection. One part was immediately quenched with
Na2SO3 and used for further analyses; the other part was used
for free chlorine measurements. Concentrations of Cl−, ClO2

−,
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ClO3
−, and ClO4

− were determined by ion chromatography
(Dionex ICS-2100; Dionex Ion Pac AS16 column; KOH
eluent; 0.75 mL min−1 flow rate) with method detection limits
of 10 nM for ClO2

−, ClO3
−, and ClO4

− and 5 nM for Cl−. Free
chlorine (as Cl2) concentrations were determined by Hach
method 802143 according to the manufacturer’s protocol and
consisted of HOCl and OCl− under the pH conditions of the
experiments. The Cl− concentration was calculated by
subtracting the measured free chlorine concentration from
the IC measured Cl− concentration, where the latter was
quenched with Na2SO3. The total moles of Cl were calculated
using eq 2:

Total moles of Cl 2 Free Chlorine (Cl ) Cl

ClO ClO ClO
2

2 3 4

= × +

+ + +

−

− − −
(2)

Resorcinol concentrations were determined using a Shimadzu
UFLC XR HPLC with a Phenomenex Kinetex 5 μm C18
column (5 μm, 100 Å, 250 × 4.6 mm2) and a photodiode array
detector (PDA) (Nexera X2, Shimadzu). The mobile phase
was 75:25 (%, v/v) mixture of methanol and DI water with a
flow rate of 1.0 mL min−1. The PDA detector was set to 254
nm for resorcinol analysis.43−45 COD measurements were used
to estimate resorcinol mineralization according to the
manufacturer’s protocol.46

Select samples were analyzed by negative mode electrospray
ionization liquid chromatography−mass spectrometry (LC−
MS; Agilent 1260 HPLC coupled to an Agilent 6460 triple-
quad MS). Elutions were achieved using an Agilent Poroshell
120 EC-C18 column with 0.1% formic acid (10% acetonitrile,
v/v) and acetonitrile as the aqueous and mobile phases,
respectively, at a flow rate of 0.25 mL/min. The mass-to-charge
ratios (m/z) of chlorinated compounds were identified from a
full MS scan from 25−500 m/z based on the isotopic signature
of chlorine. All m/z values measured by LC−MS were
converted to Daltons (Da) by adding the mass of one proton
after verifying that the ions were singly charged. The
differences in the masses of proposed structures and the
measured masses may be due to slight differences in the
Cl35:Cl37 isotope ratios but are within the error of the LC−MS.
For all proposed Cl-containing compounds, it was assumed
that Cl had a standard molar mass of 35.45 Da.
Quantum Mechanical Simulations. DFT simulations

were performed using Gaussian 16 software.47 Unrestricted
spin, all-electron calculations were performed using the 6-31G
++(d) basis set for frequency, geometry optimization, and
energy calculations. The M06-2X hybrid meta exchange-
correlation functionals were used,48 and implicit water
solvation was simulated using the SMD model.49 Individual
explicit water molecules were incorporated into simulations
where appropriate to simulate important hydrogen bonding
interactions.
Direct electron transfer reactions were modeled using

Marcus theory, according to methods described previously.33,50

The E0 values for a given direct electron transfer reaction were
calculated by the following equation:

E
G

nF
E SHE( )r
abs

0 0= −
Δ

−
°

(3)

where ΔrG
0 is the standard free energy for the reduction

reaction, F is the Faraday constant, n is the number of
electrons transferred, and Eabs

0 (SHE) is the absolute standard
reduction potential of the SHE (Eabs

0 (SHE) = 4.28 eV).51,52

The potential dependent Gibbs free energy of activation
(ΔG‡) for direct electron transfer oxidation reactions were
calculated using Marcus theory according to the following
equation:53

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
G

E E
4

1
96.5( )f

f

0 2
λ

λ
Δ = −

−‡

(4)

where E is the applied electrode potential, and λf is the total
reorganization energy of the forward oxidation reaction. The
effect of the solvent on λf was not considered as previous
research showed negligible solvent effects in polar solvents.54

■ RESULTS AND DISCUSSION

Resorcinol Oxidation Experiments. The Ti4O7 Magneĺi
phase reactive electrochemical membranes (REMs) used in
this study were thoroughly characterized in prior work.38 The
conductivity of the REM was 765 S m−1, and the XRD pattern
contained the characteristic peak at 20.8° and other peaks that
matched the Ti4O7 standard data (Figure 1a). A schematic
showing the possible electrochemical reaction pathways for
resorcinol and chloride oxidation is shown in Figure S3.
Control oxidation experiments were conducted containing
only 1 mM resorcinol (flux = 240 LMH; KH2PO4 electrolyte;
solution conductivity = 283 μS cm−1; pH = 6.7). Under OCP
conditions (0.11 V/SHE), resorcinol removal was not
observed (Figure 1b), which indicated that it did not
significantly adsorb on the REM. Measurable resorcinol
oxidation began at potentials >1.0 V/SHE, and average
normalized permeate resorcinol concentrations (Cp/Cf) for
duplicate experiments were 0.80 ± 0.01, 0.52 ± 0.001, 0.29 ±
0.01, and 0.12 ± 0.01 at anodic potentials of 1.6, 2.1, 2.5, and
3.1 V/SHE, respectively. The OCP, 2.5, and 3.1 V/SHE were
used for subsequent resorcinol electrochemical oxidation
experiments, which is a realistic potential range for which
electrochemical oxidation would be used in a treatment
scenario. The current densities for each set of experiments are
provided in Table S1.
To investigate chlorinated byproduct formation, NaCl

concentrations of 1 and 5 mM were added to 1 mM resorcinol.
Resorcinol permeate concentration profiles indicated that the
addition of NaCl to solution had a small but observable effect
on resorcinol removal (Figure S4). For example, the average
resorcinol Cp/Cf values for duplicate 1 mM resorcinol
experiments without NaCl were 0.29 ± 0.01 and 0.12 ±
0.01 at 2.5 and 3.1 V/SHE, respectively. These values
increased to 0.38 ± 0.02 and 0.20 ± 0.01 for the 1 mM
resorcinol/1 mM NaCl solutions and were 0.35 ± 0.03 and
0.14 ± 0.02 for the 1 mM resorcinol/5 mM NaCl solutions at
applied potentials of 2.5 and 3.1 V/SHE, respectively. In
addition, the Cp/Cf values for COD were used to estimate the
extent of resorcinol mineralization (Figure S4). Estimates of
mineralization at 2.5 V/SHE were 60 ± 0.3%, 68 ± 6%, and 57
± 9%, and estimates at 3.1 V/SHE were 74 ± 1%, 69 ± 6%,
and 68 ± 3% at 0, 1, and 5 mM NaCl concentrations,
respectively. Results show an increase in resorcinol mineraliza-
tion as a function of potential but do not show a trend with
respect to NaCl concentration. Resorcinol mineralization was
>60% in a single pass through the REM in all experiments, and
the overall oxidation half-reaction is shown in reaction 5:

C H O 10H O 6CO 26H 26e6 6 2 2 2+ → + ++ −
(5)
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Electrochemical Byproduct Formation. The formation
of inorganic chlorinated byproducts was investigated in two
sets of experiments: (1) NaCl-only controls with 1 and 5 mM
NaCl and (2) 1 mM resorcinol containing either 1 or 5 mM
NaCl. Results from oxidation of a 1 mM NaCl solution are
shown in Figure 2a and are reported as a percentage of the feed
Cl− concentration at log-scale. Only 6.0 ± 4.0% to 7.0 ± 2.0%
of Cl− was oxidized at anodic potentials between 1.0 to 3.1 V/
SHE, indicating slow reaction kinetics for Cl− at the Ti4O7
surface compared to resorcinol oxidation. Inorganic chlori-
nated compounds were limited to free Cl2 (i.e., HOCl + OCl−)
at concentrations between 5.1 and 21 μM (1.0 to 4.3% of feed
Cl−), and approximately 0.7 μM of ClO2

− (0.070% of feed
Cl−) was detected at an anodic potential of 3.1 V/SHE (Figure
2a). Neither ClO3

− nor ClO4
− was detected (<10 nM) during

the oxidation of the 1 mM NaCl solution. The oxidation
products from a 5 mM NaCl solution are shown in Figure 2c.
Chloride oxidation was between 3.0 ± 4.0% at 1.0 V/SHE and
6.0 ± 2.0% at 3.1 V/SHE. Oxidized inorganic chlorinated
species included free Cl2 (6.5 to 110 μM; 0.26 to 4.4% of feed
Cl−), ClO2

− (0.1 to 2.5 μM; 0.0020 to 0.050% of feed Cl−),
ClO3

− (6.0 to 8.0 μM; 0.12 to 0.16% of feed Cl−), and low
concentrations of ClO4

− of 0.3 μM (30 μg L−1; 0.0060% of
feed Cl−) at 1.6 V/SHE and 3.1 V/SHE (Figure 2c).
Perchlorate was not detected at 2.1 and 2.5 V/SHE, which
may be due to the evolution of different functional groups on
the Ti4O7 electrode as a function of potential. Prior work has
shown that ClO4

− formation is highly sensitive to functional

groups at BDD electrodes.17,18 However, more research is
needed to test this hypothesis for Ti4O7 electrodes. The ClO4

−

concentrations were lower than the EPA’s proposed MCLG for
perchlorate (56 μg L−1), and ClO3

− concentrations were close
to the EPA’s HRL. The highest measured conversion of Cl− to
inorganic byproducts in the 1 mM NaCl solution was 4.3% at
2.5 V/SHE and in the 5 mM NaCl solution was 4.5% at 2.5 V/
SHE. The total measured inorganic chlorinated byproducts
were not significantly different from the total Cl− conversion.
The inorganic chlorinated byproducts that formed during

the oxidation of resorcinol in NaCl solutions were similar to
the NaCl-only control experiments, and Cl− oxidation was 10
± 1% at both anodic potentials of 2.5 and 3.1 V/SHE.
Permeate solutions contained low concentrations of free Cl2
(1.1 and 4.0 μM; 0.22 and 0.80% of feed Cl−) in the 1 mM
NaCl/resorcinol solution (Figure 2b) and free Cl2 (5.0 and 7.0
μM; 0.20 and 0.28% of feed Cl−), ClO2

− (2.0 μM; 0.040% of
feed Cl−), and ClO3

− (3.5 and 3.0 μM; 0.070 and 0.060% of
feed Cl−) in the 5 mM NaCl/1 mM resorcinol solution
(Figure 2d). Perchlorate was detected at a low concentration
(0.3 μM; 0.0060% of feed Cl−) in the 5 mM NaCl control but
was not detected in the 5 mM NaCl/1 mM resorcinol
experiments, similar to prior work that concluded that ClO4

−

formation is lower in chloride solutions that contain organic
compounds.55 In fact, all inorganic chlorinated products were
lower in the presence of resorcinol (comparing Figure 2a and b
to Figure 2c and d) due to the competition for reactive sites
and available oxidants and reactions between organics and

Figure 1. (a) XRD analysis of Ti4O7 pellet (blue line) and the standard diffraction data of Ti4O7 (JCPDS. No. 50−0787) (orange dots). (b)
Normalized resorcinol concentration profiles (Cp/Cf) in the feed (red square) and permeate (black dots) without NaCl addition. Experiments had
a flux of 240 LMH and retention time of 13 s. Error bars are contained within the data points.
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chlorinated inorganic oxidants. The highest measured con-
version of Cl− to inorganic byproducts in the 1 mM NaCl/1
mM resorcinol solution was 0.8% at 3.1 V/SHE and in the 5
mM NaCl/1 mM resorcinol solution was 0.3% at 2.5 V/SHE.
The total measured inorganic chlorinated byproducts were
much lower than the total Cl− conversion, indicating that
chlorinated organic byproducts formed.
Since ClO4

− is a terminal oxidation product of Cl−, it has
potential to accumulate in solution under conditions of
extended electrolysis (e.g., batch mode oxidation). Therefore,
separate experiments were conducted to investigate ClO4

−

formation with a 1 mM NaClO3 feed solution at an anodic
potential of 3.0 V/SHE and as a function of flow rate (Figure
S5). Results from these experiments yielded a first order rate
constant of 0.04 s−1 for ClO4

− formation, and permeate ClO4
−

concentrations ranged between 31 to 48 μg L−1, for hydraulic
residence times between 2.6 to 13 s, respectively (Figure S5a).
These concentrations yield projected surface area normalized
rates between 115 and 371 μmol m−2 h−1 (Figure S5b), which
are approximately three orders of magnitude lower if
normalized by the total REM surface area (0.07 and 0.21
μmol m−2 h−1; total surface area = 883 cm2).38 Furthermore,
the ClO4

− concentrations in our experiments were always
lower than the EPA’s MCLG of 56 μg L−1.21 These
experiments represent the worst-case scenario for ClO4

−

formation, as they were conducted with high ClO3
−

concentration (1 mM) and in the absence of organic
compounds. A previous study with a rotating disk electrode
(RDE) setup and under similar reaction conditions (i.e, 1 mM
NaClO3, anode potential of 2.6 to 2.7 V/SHE, pH 4.5)
measured ClO4

− formation rates from ClO3
− on BDD

electrodes between 28 000 and 45 000 μmol m−2 h−1,17

which are over two orders of magnitude higher than our

projected surface area normalized rates and five orders of
magnitude higher than our total surface area normalized rates.
The mass transfer rate constant for the RDE setup in the BDD
study was estimated at 3.7 × 10−4 m s−1 using the Levich
equation,17 which is comparable to previous values reported in
our REM flow-through reactor (3.0−4.5 × 10−4 m s−1).38

Since the mechanism of ClO4
− formation from ClO3

− is not
pH dependent,17 comparison of our results to the BDD study
is appropriate. These results show the low production rate of
ClO4

− on the Ti4O7 REM anodes compared to BDD.
During the oxidation of resorcinol to CO2, it was assumed

that various radicals formed and reacted with each other to
form a diverse set of products. To characterize the primary
stable products during this process, permeate solutions from
resorcinol oxidation were analyzed by LC−MS (Figure 3). The
raw LC−MS data are provided in the Supporting Information,
and isotopic patterns were used to identify chlorinated
products (Figures S6 and S7). Resorcinol oxidation in NaCl-
free solutions at potentials of 2.5 and 3.1 V/SHE resulted in
nonchlorinated products with observed masses of 110.1, 116,
154.1, 187.2, and 218 Da (Figure 3). The 110.1 Da product
had the same mass as resorcinol but a different retention time,
indicating it was an oxidation product. Under OCP conditions,
products were not observed, which was in agreement with the
lack of resorcinol transformation (Figure 1b). Products were
not detected with a mass less than resorcinol (110.1 Da),
indicating that higher molecular weight compounds formed
from the coupling of radical carbon species and addition of
OH• during the reaction. Resorcinol oxidation in the presence
of 1.0 and 5.0 mM NaCl caused a slight decrease in the peak
areas of the nonchlorinated oxidation products relative to the
NaCl-free experiments at both 2.5 and 3.1 V/SHE (Figure 3),

Figure 2. Inorganic chlorinated byproducts detected during oxidation experiments: (a) 1 mM NaCl; (b) 1 mM NaCl and 1 mM resorcinol; (c) 5
mM NaCl; and (d) 5 mM NaCl and 1 mM resorcinol. All experiments had KH2PO4 background electrolyte, solution conductivity = 283 μS/cm,
solution pH = 6.7, and J = 240 LMH.
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indicating some competition at the electrode surface between
organic species and Cl− oxidation.
The addition of 1 mM and 5 mM NaCl to solution resulted

in the formation of organic chlorinated byproducts (Figure 3).
The chlorinated organic byproducts consisted of a chlorinated
compound with four Cl atoms and a mass of 196.7 Da at 2.5
V/SHE and a monochlorinated compound with a mass of
202.1 Da at 3.1 V/SHE (Figure 3 and Figure S7). The
chlorinated organic byproduct peak areas increased by an order
of magnitude by increasing the NaCl concentration from 1 to 5
mM at both 2.5 V/SHE (Figure 3a) and 3.1 V/SHE (Figure
3b). Other chlorinated organic compounds were not detected,
suggesting that the chlorinated compounds with masses of
196.7 and 202.1 Da were fairly resistant to further oxidation,
oxidized to nonpolar chlorinated organic compounds that were
not detected by LC−MS, or mineralized to CO2, H2O, and
inorganic chlorine species (ClOx

−, x = 1 to 4).
Free Chlorine Generated Byproducts. Additional

control experiments were conducted to determine if the
organic chlorinated byproducts that were observed during
electrochemical oxidation of resorcinol were a result of
reaction with free Cl2. Therefore, a batch experiment
containing equimolar concentrations of 1 mM NaOCl and 1
mM resorcinol in the KH2PO4 background electrolyte with the
same solution composition as electrochemical experiments was
conducted. The 1:1 molar ratio of NaOCl:resorcinol was used
to better reflect the anticipated solution conditions near the
anode surface, where free Cl2 concentrations would be higher
and resorcinol concentrations lower compared to the bulk
solution. The formation of organic chlorinated byproducts was
studied using LC−MS analysis, and results are shown in the SI
(Figures S8 and S9) for reaction times of 10 and 40 min. The

total reaction time between free Cl2 and resorcinol for
electrochemical experiments was approximately 6 min, which
corresponded to the time the fluid entered the REM reactor
until it was quenched with NaSO3. Organic chlorinated
byproducts with masses of 84, 150, and 178 Da were detected
in the NaOCl/resorcinol solution (Figures S8 and S9).
Structures with masses of 82.5, 150.5, and 178.9 Da were
proposed as possible products for the reaction between
resorcinol and HOCl/OCl− (Figure S10 and Table S2) and
were based on results from the literature.55−66 Products
include a chlorinated phenolic compound (mass = 178.9 Da)
and chlorinated aliphatic compounds (masses = 150.5 and 82.5
Da). The products for direct reaction between resorcinol and
HOCl/OCl− were distinctly different from those for electro-
chemical oxidation experiments (Figure 3), indicating that
oxidation of resorcinol in electrochemical experiments was not
solely attributed to reactions with HOCl/OCl−.

Mechanism. DFT modeling was used to interpret the
experimental data and to gain insights into probable reaction
pathways for the electrochemical oxidation of resorcinol and
subsequent chlorinated byproduct formation. The potential
dependent ΔG‡ values for the oxidation of resorcinol (R) via
direct electron transfer (DET) (reaction 6) were calculated
using the Marcus Theory (eq 4):

R R e→ +•+ − (6)

The results are shown in Figure 4a, and the optimized R/R•+

structures are shown in Figure S11. Modeling determined E° =
1.50 V/SHE and λf = 26 kJ mol−1. Figure 4a shows that ΔG‡ =
54 kJ mol−1 at 1.0 V/SHE and ΔG‡ = 3.9 kJ mol−1 at 1.56 V/
SHE. These results are consistent with experimental results
where resorcinol degradation began to increase in this
potential range (Figure 1b), suggesting the DET was a primary
mechanism for resorcinol oxidation at anodic potentials that
were too low for OH• formation (i.e., < 2.5 V/SHE).67 At
higher potentials, where OH• formation increases, reaction
between OH• and resorcinol will occur with a diffusion-limited
rate constant (kOH•

, Res. = 1.2 × 1010 M−1 s−1; pH = 9),68

indicating that it could also be a contributing mechanism for
resorcinol oxidation at anodic potentials >2.5 V/SHE. The
combination of R•+ and OH• formation and the various radical
oxidation and dimerization reactions that are possible can lead
to a wide range of products. The masses detected by LC−MS
in the NaCl-free solutions (110.1, 116.1, 154.1, 187.2, and 218
Da) can be explained by three general pathways (Scheme 1).
Pathway 1, DET reactions that lead to dimerization of R•;
Pathway 2, OH• attack of R to form ring opening products;
and Pathway 3, C fragment addition to R to form substituted
phenolic compounds.7,69,70

Pathway 1 is proposed to form R dimerization products with
a mass of 218 Da. The 218 Da product was detected in the
NaCl-free solution at 2.5 V/SHE but not at 3.1 V/SHE
(Figure 3), which was attributed to a higher yield of OH• at
3.1 V/SHE that would both break the phenolic ring of R and
oxidize any dimerization products that formed. The formation
of the 218 Da product was also sensitive to the NaCl
concentration. For example, it was not detected in the 1 mM
NaCl solutions but was detected at 5 mM NaCl at both
potentials (Figure 3). The exact mechanisms responsible for
these observations are unclear but are likely a result of
reactions between OH• and chlorine species, as well as
competition for DET sites at the electrode surface between R,
Cl−, and reaction intermediates.

Figure 3. Organic and chlorinated byproducts formation in the
permeate solution during oxidation process with applied potential (a)
2.5 V/SHE and (b) 3.1 V/SHE. Mass of organic byproducts were
determined by LC−MS (solid = 0 mM NaCl; striped = 1 mM NaCl;
hatched = 5 mM NaCl; ∗ = chlorinated product). Table S2 contains a
list of the masses of proposed structures.
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Pathway 2 leads to ring opening reactions with proposed C4
products of maleic acid (MA) and fumaric acid (FA), both
with mass of 116.1 Da, and the C5 product of cyclopent-4-ene-
1,2,3-trione (C), with a mass of 110.1 Da. Both MA and FA
have been detected in prior studies of electrochemical
oxidation of phenolic compounds.7,70 The 116 Da product
was only detected at 3.1 V/SHE and in the presence of 1 mM
NaCl (Figure 3), which indicates that this product was
generally a fast reacting intermediate but its rate of degradation
was affected by competitive reactions from Cl−.
Pathway 3 involves the reaction between R/R•+ and C

fragments that form during the electrochemical oxidation
process, forming proposed products of 3,5-dihydroxybenzoic
acid (BA), with a mass of 154.1 Da, and 2-(3,5-dihycroxy-
cyclohexa-2,4-dien-1-yl)ethane-1,1,2-triol (DHC), with a mass
of 188.2 Da. Both of these products were detected with similar
peak areas at 2.5 and 3.1 V/SHE, but their detection was
highly affected by the NaCl concentration (Figure 3). For
example, at 2.5 V/SHE, the 154.1 Da product was not detected
at 5 mM NaCl concentration and the 187.2 Da product was
not detected at either 1 or 5 mM NaCl concentrations. At 3.1
V/SHE, the 154.1 Da product was detected at both NaCl
concentrations, but the 187.2 Da product was not detected at 5
mM NaCl concentration.
The reaction mechanisms responsible for organic chlori-

nated byproduct formation in the presence of NaCl are more
complex and can involve reactions between a wide range of
organic compounds, reactive oxygen species, and reactive
chlorine species generated during the oxidation process. We
propose possible structures for the chlorinated products based
on the following constraints: (1) the number of Cl atoms were
determined by the isotope data (Figure S7); (2) a close match
to the measured m/z value; (3) inclusion of a −OH or
−COOH ionizable functional group is needed for the
compound to be detected by the LC−MS method; and (4)
the compound only contains C, H, O, and Cl.

On the basis of these constraints, we propose two
chlorinated alcohol products as candidates for the 196.7 Da
product detected during the electrochemical oxidation of R in
the presence of NaCl at 2.5 V/SHE. Since the LC−MS data
indicated that this compound contained 4 Cl atoms (see
Figure S7), possible products of C3H2OCl4 and C3H4OCl4
were proposed (Figure 4b), which have masses of 195.9 and
197.9 Da, respectively. Previous studies have proposed the
formation of C2 and C3 chlorinated ketones and haloace-
taldehydes during chlorination and chloramination of phenolic
precursors,64,71 which are similar in structure to our proposed
compounds. However, electrochemical oxidation is expected to
produce a different suite of chlorinated products, based on the
additional DET and OH• oxidation pathways, which could be
responsible for the formation of these chlorinated alcohol
products. At a potential of 3.1 V/SHE, the 196.7 Da product
was not observed, indicating it was further oxidized at this
potential.
Figure 4b shows the proposed chlorinated phenolic

(C8H7O4Cl) product, with a mass of 202.6 Da, which is
similar to the target mass of the 202.1 Da. Furthermore, the
proposed C8H7O4Cl product is similar to the proposed DHC
compound (188.2 Da) that was assigned to the 187.2 Da
product (Scheme 1). The peak area for DHC decreased as a
function of NaCl addition at 3.1 V/SHE (Figure 3b),
suggesting that it or a similar compound could be a precursor
for C8H7O4Cl formation.
The electrochemical pathways leading to the formation of

the proposed chlorinated organic byproducts are complex, and
the fact that only one chlorinated product was observed at each
potential makes any proposed pathway speculative. However,
the detection of a single compound at each potential suggests
that these products were fairly recalcitrant at the given anodic
potential and solution conditions. Therefore, DFT simulations
were conducted to determine the potential-dependent ΔG‡

values for the oxidation of the proposed chlorinated products
via DET (eq 4). Figure 4c shows the potential-dependent ΔG‡

Figure 4. (a) Activation energy for resorcinol. (b) Proposed structures for the 196.7 and 202.1 Da compounds. (c) Activation energy for C3H2OCl4
(195.9 Da) and C3H4OCl4 (197.9 Da). (d) Activation energy for C8H7O4Cl (202.6 Da). Atom key: carbon = gray; oxygen = red; hydrogen =
white; chlorine = green.
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values for the proposed chlorinated alcohol products
(C3H4OCl4 and C3H2OCl4), and Figure 4d shows the
potential-dependent ΔG‡ values for the chlorinated phenolic
product (C8H7O4Cl). Modeling determined E° = 3.04 V/SHE
and λf = 34 kJ mol−1 for C3H2OCl4, E° = 4.06 V/SHE and λf =
97 kJ mol−1 for C3H4OCl4, and E° = 1.94 V/SHE and λf = 25
kJ mol−1 for C8H7O4Cl. Results suggest that both C3H2OCl4
and C3H4OCl4 were resistant to DET at 2.5 V/SHE, but
oxidation of C3H2OCl4 was feasible by DET at 3.1 V/SHE. For
example, data in Figure 4c indicate that ΔG‡ = 55 kJ mol−1 at
2.5 V/SHE and ΔG‡ = 5.8 kJ mol−1 at 3.1 V/SHE for
C3H2OCl4 (195.9 Da) and ΔG‡ = 93 kJ mol−1 at 3.1 V/SHE
for C3H4OCl4 (197.9 Da). Furthermore, additional DFT
calculations indicated that the reactions between OH• and
C3H2OCl4 were not thermodynamically favorable for either H-
abstraction (reaction energy = 540 kJ mol−1) or OH• addition
mechanisms (reaction energy = 435 to 449 kJ mol−1). By
contrast, DFT simulations estimated a reaction energy of −90
kJ mol−1 for the H-abstraction reaction between OH• and
C3H4OCl4, indicating that this reaction is thermodynamically
favorable. The SI contains product structures for the reactions
discussed above (Figures S12−S15). These findings are
consistent with experimental results that showed the 196.7
Da compound was detected at 2.5 V/SHE but was not
detected at 3.1 V/SHE. That is, both C3H2OCl4 and
C3H4OCl4 are expected to be oxidized at 3.1 V/SHE, the
former via a DET mechanism and the latter via a OH•-
mediated mechanism.
In addition, DFT simulations indicated that the C8H7O4Cl

product would react by DET without an activation energy at
both 2.5 V/SHE and at 3.1 V/SHE (Figure 4d). Similar to
other phenolic compounds, the C8H7O4Cl compound is also
expected to react readily with OH•, indicating it was likely a
transient intermediate. Therefore, its detection at 3.1 V/SHE
indicates that pathway 3, which leads to C fragment addition to
resorcinol (Scheme 1), was likely a primary pathway for
formation of chlorinated organic compounds.

Additional products from the oxidation of the two detected
chlorinated products were not observed experimentally. The
lack of detection of additional products was likely due to the
formation of nonpolar C1 and C2 chlorinated products that
were not detected by LC−MS or further reacted to form CO2
and Cl−.72 Independent analyses were not conducted to
quantify THMs or HAAs using standard methods. However,
HAAs were expected to be detected with our LC−MS method,
but the detection limit was not quantified. Therefore, further
work is needed to characterize THMs, HAAs, and other
nonpolar compounds and determine their concentrations
relative to other EAOP electrodes.

Environmental Significance. The results reported in this
study are the critical first step in understanding chlorinated
byproduct formation on Ti4O7 electrodes under anodic
conditions. Although it may be possible to eliminate all
chlorinated organic byproducts through a combination of
direct and indirect oxidation reactions, accomplishing this goal
would require long residence times in the electrochemical cell,
which in turn would favor ClO4

− formation. The use of Ti4O7
REMs for potable water treatment applications will require
optimization of operating conditions and possibly a multi-
barrier approach. Coupling an appropriate cathode material
downstream of the Ti4O7 anode may be necessary to
dehalogenate the halogenated organics that form under anodic
conditions. Recently a carbon-composite Ti4O7 cathode was
shown to efficiently dehalogenate a range of halogenated acetic
acid compounds to below regulatory standards.73 These
tandem strategies need to be tested experimentally to
determine their feasibility compared to conventional ap-
proaches (e.g., activated carbon). Further work is also needed
to understand the roles that different NOM functional groups
have on halogenated byproduct formation.
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Scheme 1. Proposed Mechanism of Resorcinol Electrooxidation in NaCl-Free Solutionsa

aMasses of compounds are for proposed structures and may differ slightly from masses detected by LC−MS (see Table S2).
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