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ABSTRACT: Carbon-Ti4O7 composite reactive electrochemical mem-
branes (REMs) were studied for adsorption and electrochemical
reduction of haloacetic acids (HAAs). Powder activated carbon
(PAC) or multiwalled carbon nanotubes (MWCNTs) were used in
these composites. Results from flow-through adsorption experiments
with dibromoacetic acid (DBAA) as a model HAA were interpreted
with a transport model. It was estimated that ∼46% of C in the
MWCNT-REM and ∼10% of C in the PAC-REM participated in
adsorption reactions. Electrochemical reduction of 1 mg L−1 DBAA in
10 mM KH2PO4/K2HPO4 at −1.5 V/SHE (hydraulic residence time,
∼11 s) resulted in 73, 94, and 96% DBAA reduction for Ti4O7, PAC-Ti4O7, and MWCNT-Ti4O7 REMs, respectively. The reactive-
transport model yielded kobs values between 9.16 and 33.3 min−1, which were 2 to 4 orders of magnitude higher than previously
reported. PAC-Ti4O7 REM was tested with tap water spiked with 0.11 mg L−1 of nine different HAAs in a similar reduction
experiment. The results indicated that all HAAs were reduced to <20 μg L−1. Moreover, the total combined concentration of five
regulated HAAs was lower than the regulatory limit (60 μg L−1). Density functional theory simulations suggest that a direct electron
transfer reaction was the probable rate-determining step for HAA reduction.

1. INTRODUCTION
Haloacetic acids (HAAs) are a group of water contaminants
that are primarily produced during drinking water and
wastewater chlorination. The suite of chemicals contains
different halogen substituents (i.e., Cl, Br, and I). The toxicity
of HAAs was investigated on male mice in previous studies,
which suggested that dichloroacetic acid (DCAA) and
trichloroacetic acid (TCAA) may be responsible for hepatic
tumor formation in the liver.1,2 Due to potential human health
concerns, the U.S. Environmental Protection Agency (EPA)
has regulated five HAAs (HAA5), including monochloroacetic
acid (MCAA), DCAA, TCAA, monobromoacetic acid
(MBAA), and dibromoacetic acid (DBAA), with a combined
concentration of <60 μg L−1 in drinking water.3 The reaction
between organic carbon in the water sources and chlorine-
based water disinfectants is the most notable cause of HAA
formation.4 In addition, the presence of Br− in water during
chlorination can result in Br-containing HAA formation.5

Several HAAs have also been detected in air,6 swimming pool
water,7,8 rainwater,9,10 and river water.11

Destructive methods for remediation of halogenated
compounds have been found to be a reliable approach to
decreasing their risks and thus have been investigated in
numerous research studies.12−15 Methods include but are not
limited to sonoelectrochemical methods,16 photocatalysis,17,18

biodegradation,19−21 and electrochemical oxidation and
reduction with various electrodes and electrocatalysts (e.g.,
carbon material, Au, and Pd).22−27 Application of these

methods is limited by high capital and energy costs
(photocatalysis and sonochemical methods), high capital
costs (electrochemical methods), and special culture require-
ments for biodegradation methods (e.g., preparation of free
cells, immobilization of specific bacteria, and protein
purification).
Electrochemical methods have shown promising results to

transform halogenated water contaminants to nontoxic
compounds.28,29 However, most previous studies utilize
precious metals such as Pd (∼$1700 per ounce)30 or expensive
boron-doped diamond (BDD) electrodes (∼$7000 per m2),31

which poses a significant barrier to employ these methods
broadly. By contrast, the application of Ti4O7, a conductive
Magneĺi phase of TiO2, is inexpensive (e.g., ∼$0.36 per m2 for
laboratory-scale synthesis),31 and it has shown exceptional
performance as either an anode or cathode for the elimination
of various groups of water contaminants.32−36 However, a
recent study showed that Ti4O7 electrodes do not have a
significant adsorption capacity for polar water contaminants
(e.g., N-nitrosodimethylamine (NDMA)), which can limit the
removal efficiency when utilized in a single-pass operational
mode.32 Therefore, the addition of low-cost conductive carbon
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adsorbents to Ti4O7 is expected to increase the dehalogenation
performance.37−39

In this study, carbon-Ti4O7 composite reactive electro-
chemical membranes (REMs) were prepared from Ti4O7
powder and amended with either powder activated carbon
(PAC) or multiwalled carbon nanotubes (MWCNTs) to
increase the adsorption capacity of the REMs for HAAs. The
prepared REMs were characterized for their physical properties
and tested in a single-pass flow-through reactor to investigate
the performance of the carbon-composite REMs for simulta-
neous adsorption and reduction of HAAs in synthetic and tap
water solutions. A reactive transport model was used to
interpret the experimental data, and density functional theory
(DFT) simulations were used to investigate possible reaction
mechanisms.

2. MATERIALS AND METHODS
2.1. Reagents. The mixture of nine HAAs (HAA9) was

obtained from Restek Corporation (Bellefonte, PA), which
include bromochloroacetic acid (BCAA), bromodichloroacetic
acid (BDCAA), chlorodibromoacetic acid (CDBAA), dibro-
moacetic acid (DBAA), dichloroacetic acid (DCAA), mono-
bromoacetic acid (MBAA), monochloroacetic acid (MCAA),
tribromoacetic acid (TBAA), and trichloroacetic acid (TCAA).
All other reagents were obtained from Sigma-Aldrich (St.
Louis, MO), Fisher Scientific (Pittsburgh, PA), and VWR
International (Radnor, PA). All gases were of ultrahigh purity
grade (UHP) and were obtained from Praxair (Danbury, CT).
All solutions were prepared with deionized (DI) water, which
was obtained from a Barnstead NANO pure water system
(18.2 MΩ cm at 25 °C). All reagents were used as received
without additional purification.
2.2. Fabrication of Ti4O7 Electrodes. The Ti4O7 REMs

and carbon-Ti4O7 REMs were fabricated according to recently
reported methods.32 The carbon-Ti4O7 composites were
fabricated with MWCNTs or PAC to increase their adsorption
capacity for HAA9. The three electrodes used in this study
were labeled as follows: REM (100% Ti4O7), MWCNT-REM
(90% Ti4O7/10% MWCNTs), and PAC-REM (90% Ti4O7/
10% PAC). All electrodes were cylindrical in shape with a 1
cm2 surface area, 2 mm thickness, and 30% porosity.
2.3. Physical Characterization. Cross-sectional scanning

electron microscopy−energy dispersive X−ray spectroscopy
(SEM-EDS; SEM: Hitachi S-3000N VPSEM, Schaumburg, IL;
EDS: Oxford Inca EDS system with a light element Si(Li) X-
ray detector, High Wycombe, U.K.) and cross-sectional Raman
spectroscopy (alpha300 RA, WITec, Ulm, Germany) were
performed to characterize the morphology and spatial
elemental distribution of the carbonaceous materials in the
REMs.
2.4. Analytical Methods. HAA9 compounds (BCAA,

BDCAA, CDBAA, DBAA, DCAA, MBAA, MCAA, TBAA, and
TCAA) were analyzed following EPA method 552.3.40 Briefly,
3 mL water samples were adjusted to a pH of <0.5 with sulfuric
acid (18 M) and extracted with 3 mL of methyl tert-butyl ether
(MTBE). 1,2,3-Trichloropropane was used as the internal
standard. The extracted HAA9 was converted to methyl esters
by adding 2 mL of 10% sulfuric acid in methanol (18 M) and
reacted at 50 °C for 2 h. An aliquot of 5 mL of a 150 g L−1

Na2SO4 solution was added to remove the acidic aqueous
phase, and 0.75 mL of a saturated NaHCO3 solution was used
to neutralize the solution. The extracts were then analyzed by
gas chromatography with an electron capture detector (GC-

ECD), where an Rxi-5ms column (30 m × 0.25 mm, 0.25 μm;
Restek Inc., Bellefonte, PA) was used with N2 as the carrier
gas. Instrumental method details are provided in the
Supporting Information. Solid-phase extraction of HAA9
from REM, MWCNT-REM, and PAC-REM was performed
to complete the mass balance (see the Supporting
Information). The concentration of Br− and DBAA from
batch reactors with an elevated initial concentration of 250 μM
was analyzed by ion chromatography (IC) (Dionex, ICS-
2100). For all liquid chromatographic methods, the analytical
standards were prepared in the background electrolytes used in
the experiments.

2.5. Adsorption Isotherm Analysis. The Ti4O7, PAC-
Ti4O7, and MWCNT-Ti4O7 powders were tested in batch
adsorption experiments (without applied potentials) to
construct adsorption isotherms of HAAs. The solid-phase
concentrations of HAAs were calculated using a mass balance
approach by determining the change in aqueous concentration
of HAAs after 24 h when the adsorption equilibrium was
achieved. Kinetic adsorption tests were performed to verify
that this time frame was sufficient (see Figure S1, Supporting
Information).

2.6. REM Flow-Through and Batch Reactors. A flow-
through reactor was used for conducting adsorption/electro-
chemical reduction experiments for DBAA and HAA9, and a
batch reactor was used to conduct experiments for calculation
of the enthalpies of activation (ΔH‡) for electrochemical
reduction of DBAA. The flow-through reactor was operated in
the up-flow direction in which the feed solution was pumped
first through a 0.5 cm2 REM disk cathode (working electrode)
followed by a 0.33 cm2 316 stainless-steel anode (counter
electrode). A 1 mm Ag/AgCl reference electrode (LF-100,
Warner Instruments, Hamden, CT) was placed ∼1 mm from
the working electrode (Figure S2, Supporting Information). A
digital gear pump (model no. 75211-70, Micropump,
Vancouver, WA) and a Gamry potentiostat/galvanostat
(Gamry Instruments, Warminster, PA) were used to perform
the experiments. The solution resistance between the reference
and working electrodes was measured, and all potentials were
corrected and reported versus the standard hydrogen electrode
(SHE). The permeate flux was held constant at 200 L m−2 h−1

(LMH), which provided a liquid residence time of ∼11 s in the
REMs.
Adsorption and reduction experiments of DBAA alone and a

mixture of HAA9 compounds were carried out using all three
REMs in the flow-through reactor. A feed solution of 1 mg L−1

DBAA was prepared in 10 mM KH2PO4/K2HPO4 (pH 7).
Additional experiments were conducted with tap water spiked
with the HAA9 mixture (each compound at 0.11 mg L−1), and
the PAC-REM was used to evaluate its performance for the
treatment of contaminated drinking water. For adsorption
experiments, each REM was tested under open-circuit
potential (OCP) conditions. After obtaining the HAA
breakthrough curves and achieving saturation of the sorbents,
cathodic potentials between −1.1 and −1.5 V/SHE were
applied, and permeate concentrations were analyzed over time.
The reduction experiments were carried out for 45 h. All
experiments were conducted in duplicate and at room
temperature (∼22 °C). Error bars in all figures and errors
reported in the text represent 95% confidence intervals of
mean values.
The batch reactor was a divided-cell, jacketed, glass reactor

(Figure S3, Supporting Information). A Nafion A115
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membrane (Ion Power, Inc., New Castle, DE) was used as a
separator of anode and cathode chambers. The REM was
placed in a custom-made rotating disk electrode (RDE) holder
and rotated at 5000 rotations per minute (RPM). The Ag/
AgCl reference electrode was placed ∼2 mm from the working
electrode, and a Pt wire (Alfa Aesar, Tewksbury, MA) was used
as a counter electrode and placed in the anode chamber. A
recirculating water bath (NESLAB RTE 7, Thermo Fisher
Scientific, Grand Island, NY) was used to control temperatures
at 15, 20, 25, and 30 °C. Three sets of experiments at cathodic
potentials of −1.1, −1.5, and −1.8 V/SHE were carried out at
each temperature to calculate the experimental ΔH‡ values
according to the Arrhenius equation.
2.7. Transport Simulations. Mathematical reactive trans-

port simulations were used to estimate DBAA adsorption and
reaction in the REM system, according to eq 1.

∂ ̅
∂

= ∂ ̅
∂ ̅

− ∂ ̅
∂ ̅

− ̅ ̅R
C
T Pe

C
X

C
X

kC
1 2

2 (1)

The parameter R is known as the retardation factor and is
given by eq 2.

ρ
θ

= + −R nK C1 ( )b
F

n( 1)
(2)

In these equations, ̅ ̅ =( )C C C
C0 , =( )T T tu

L
, ̅ ̅ =( )X X x

L
,

̅ ̅ =( )k k k L
u
obs are the dimensionless concentration, time,

length, and kinetic rate constant, respectively; =( )Pe Pe uL
Da

is the Peclet number; L is the REM thickness (L = 2.0 × 10−3

m); C0 is the feed concentration; C and q are the
concentrations in the aqueous and solid phases, respectively;
u is the pore velocity of the fluid (u = 1.85 × 10−4 m s−1); Da is
the axial dispersion coefficient; ρb is the bulk density of the
available adsorbent phase; θ is the REM porosity (θ = 0.3); kobs
is the observed pseudo-first-order reaction rate constant; x is
the depth into the REM; t is the time; KF is the Freundlich
adsorption constant; and n is the exponent of nonlinearity.
Equation 1 was solved using the pdep solver in MATLAB
(R2016b) with the following initial and boundary conditions:

̅ = = < ̅ <C T X( 0) 0 0 1 (adsorption experiments)
(3a)

̅ = = < ̅ <C T X( 0) 0 0 1 (reduction experiments)
(3b)

̅ ̅ = = ≥C X C T( 1) 00 (4)

∂ ̅ =
∂ ̅

= ≥C X
X

T
( 1)

0 0
(5)

More details regarding the mathematical model derivation are
provided in the Supporting Information.
2.8. Quantum Mechanical Simulations. Density func-

tional theory (DFT) calculations utilized the Gaussian 16
software.41 Unrestricted spin, all-electron calculations were
performed using the 6-311G++(d) basis set for frequency,
geometry optimization, and energy calculations. The M06-2X
hybrid meta exchange-correlation functional was used for all
calculations.42 Implicit water solvation was simulated using the
SMD model.43 Explicit water molecules were not incorporated
into simulations as initial calculations indicated that hydrogen
bonding was unimportant for the molecules investigated.

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

= −
Δ

−E
G
nF

E (SHE)r0
0

abs
0

(6)

where ΔrG
0 is the Gibbs free energy for the reduction reaction,

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

0 (SHE) is a reference value for the absolute
standard reduction potential of the SHE (4.28 eV).44,45

Calculation results found that ΔH0 ≈ E0 (i.e., within ±|0.12|
V difference) due to small entropic contributions to the Gibbs
reaction energy. Therefore, potential-dependent ΔH‡ values
for direct electron transfer reduction reactions were
determined using a Marcus-type relationship, as follows46

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
λ

λ
Δ = + −‡H

E E
4

1
96.5( )H

0 2

(7)

where E is the applied electrode potential, and λΗ is the
enthalpic contribution to the total reorganization energy of the
reduction reaction. The ratios of the reorganization energies
for the forward and reverse reactions (Λ = λH,f/λH,r) were
calculated to check the validity of using Marcus theory, where
Λ should be ∼1.0.

2.9. Energy Calculations. The electrical energy per order
(EEO) (kWh m−3) was calculated using the following equation

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

= ×−E
V I

Q
10

log
C

C

EO
3 cell

f

p (8)

where Cf is the compound feed concentration, Cp is the
compound permeate concentration, Vcell is the cell potential
(V), I is the current (A), and Q is the volumetric permeate
flow rate (m3 h−1). The electrical energy consumption per
gram of compound degraded (EC) (kWh g−1) was calculated
using eq 9.

=
−

V I
Q C C

EC
( )f p

cell

(9)

In eq 9, concentrations are in mg L−1.
The required energy for pumping the feed through the

membrane (EQ, kWh m−3) was calculated by eq 10

ρ
η

= ×
Δ−E
g P

(3.6 10 )Q
6

(10)

where ρ is the water density, g is the gravitational constant, ΔP
is the transmembrane pressure, η is the pump efficiency
(assumed 0.7), and 3.6 × 10−6 is the conversion factor from
joules to kWh.

3. RESULTS AND DISCUSSION
3.1. Physical Characterization. The physical properties

of the three REMs were characterized in a previous study.32

Results indicated that the REMs contained high-purity Ti4O7,
and Raman spectroscopy analysis indicated that the carbona-
ceous content was not sufficiently altered during the synthesis
process.32 The average DI water permeabilities were 806 ± 14
LMH bar−1 for REM, 589 ± 16 LMH bar−1 for PAC-REM,
and 290 ± 13 LMH bar−1 for MWCNT-REM.32 Conductivity
measurements were 935 ± 14 S m−1 for REM, 1832 ± 19 S
m−1 for PAC-REM, and 2991 ± 37 S m−1 for MWCNT-
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REM.32 The effective average pore sizes for REM, PAC-REM,
and MWCNT-REM were 0.35 ± 0.05, 0.30 ± 0.04, and 0.20 ±
0.04 μm, respectively.32

Cross-sectional analysis of the REMs using SEM-EDS was
performed to characterize the structural morphology and
elemental composition as a function of depth into the REMs.
To conduct this analysis, vertical cross sections of each REM
were prepared, and three positions were defined and analyzed:
0 mm from the surface (top), 1 mm from the surface (middle),
and 2 mm from the surface (bottom). The SEM images for the
REMs showed the typical porous structure observed in prior
studies (Figure 1 and Figure S4).34 SEM-EDS analyses showed

that the distribution of the carbon was present throughout the
Ti4O7 matrix, with some carbon segregation detected for both
MWCNT-REM and PAC-REM. Figure 1 shows the SEM-EDS
data from the middle of the REMs, and other data are provided
in Figures S4 and S5 (Supporting Information). Images from
the three locations showed similar results, indicating that fairly
uniform distribution of carbon throughout the REM samples
was achieved. Trace levels of well-dispersed carbon were
detected in the Ti4O7 REM, which was attributed to carbon
contamination from the environment. The EDS analysis of the
PAC-REM detected other trace elements (i.e. Mg, Si, and K),
which was attributed to constituents present in the PAC
powder as they were not seen in other REM samples. See
Figures S4−S8 (Supporting Information) for details of spectra
and images for all regions of the samples.
Raman spectroscopy was also used to spatially characterize

the carbonaceous materials in the PAC-REM and MWCNT-
REM. Cross-sectional Raman analysis was performed on five
different spots (i.e., 0, 0.5, 1.0, 1.5, and 2.0 mm) from top to
bottom of the REMs (Figure 2). For the REM sample, neither
D nor G peaks related to carbon compounds were observed, as
expected. Characteristic D and G peaks were observed at

Raman shift values of 1324−1341 and 1581−1589 cm−1 for
PAC-REM and 1324−1341 and 1565−1573 cm−1 for
MWCNT-REM, respectively. The characteristic 2D peak
related to MWCNTs was observed at 2659−2673 cm−1 at
different sample locations. The D/G intensity ratios were 1.11,
1.05, 1.04, 1.02, and 1.06 for PAC-REM from top to bottom
and were 1.05, 1.1, 1.05, 1.08, and 1.07 for MWCNT-REM
from top to bottom. The peak intensities varied between
sampling points and was attributed to the non-uniform C
distribution and the laser sampling size of 720 nm. Results
showed the presence of the carbonaceous materials in the
composites without substantial alteration either on the surface
or in the bulk due to the synthesis methods and are in
agreement with past works.32,34,36

Figure 1. Cross-sectional scanning electron microscopy−energy
dispersive X-ray spectroscopy (SEM-EDS) of (a) REM, (b)
MWCNT-REM, and (c) PAC-REM. Elemental mapping attributed
to each scanned region was obtained for titanium, oxygen, and carbon.
Scale bars are the same for all panels. See the Supporting Information
for the other regions on the top and bottom of the REMs and the
distribution graphs for each element.

Figure 2. Cross-sectional Raman spectroscopy from top to bottom for
(a) REM, (b) PAC-REM, and (c) MWCNT-REM. Both D and G
peaks were observed for PAC in the standard region. For MWCNTs,
a 2D peak was also observed. Each type of REM was analyzed by five
spots from top to bottom.
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3.2. Adsorption Isotherms. The adsorption isotherms of
HAA6 are shown in Figure S9 (Supporting Information) for
REM, PAC-REM, and MWCNT-REM. Three of the HAA9
compounds were not stable, and some degradation occurred.
Approximately 39, 6.4, and 1.3% of TBAA, CDBAA, and
BDCAA disappeared during the experimental time frame of 24
h, respectively. By contrast, appreciable loss was not observed
for the other HAAs (HAA6: MCAA, DCAA, TCAA, MBAA,
DBAA, and BCAA) in 24 h, which is consistent with a previous
study.39 As such, the present study proceeded with HAA6, all
of which exhibited nonlinear sorption behavior and fit the
Freundlich model (eq 11)

=q K CF e
n

(11)

where q (mg g−1) and Ce (mg L−1) are the adsorbed and
aqueous concentrations of HAA6 at equilibrium, respectively.
Results from the isotherm fitting are summarized in Figure S9
and Table S1 (Supporting Information). In general, as the
number of halogen substituents (−Cl or −Br) increased, KF
values increased (MCAA < DCAA < TCAA), while n values
decreased (MCAA > DCAA > TCAA). The decrease in n
values suggests that the interaction between HAA6 and
carbonaceous materials becomes stronger as the number of
halogen atoms increases, possibly resulting in the higher
adsorption capacity. Similar trends were observed for HAA6 on
granular activated carbon (GAC) in a previous study.47 In all
cases, the n values were less than 1.0, indicating that the
adsorption process was a physical process.48 Furthermore, n <
1 was attributed to a decrease in bonding energies between
adsorbent and adsorbate phases as a result of multilayer
adsorption and heterogeneous adsorption sites.49 The HAA6
exhibited higher adsorption capacities toward MWCNT-REM
followed by PAC-REM and REM. We postulate that the larger
surface area of MWCNTs and PAC with respect to REM
contributed to their enhanced adsorption capacities.
3.3. Flow-Through Adsorption Experiments. DBAA

was selected as a stable model compound to carry out
adsorption and electrochemical reduction experiments and
evaluate the carbon-Ti4O7 composite REMs, as control
experiments indicated that it was a stable compound for
reduction in the presence of unpolarized PAC and MWCNT
powders for 24 h in batch mode (see Figure S10, Supporting
Information). To acquire DBAA breakthrough curves, 1 mg
L−1 solution of DBAA in 10 mM KH2PO4/K2HPO4 (pH 7)
was prepared and tested with the three REMs under OCP
conditions. The results indicated that the required bed
volumes to reach 50% of the feed concentration were 703,
1900, and 6006 for REM, PAC-REM, and MWCNT-REM,
respectively, indicating that the adsorption capacity of DBAA
increased by 2.7-fold on PAC-REM and increased by 8.5-fold
on MWCNT-REM relative to the REM (Figure 3). It should
be noted that early breakthrough of DBAA was observed in the
low bed volume data presented in Figure 3 with normalized
concentrations of ∼0.1. These aqueous concentrations were
attributed to short-circuiting of the liquid flow around the
sealing gaskets of the REMs.
Average results from duplicate experiments and transport

model fits (eq 1) are included in Figure 3a,c. Model
simulations utilized Pe = 10, which was determined by
conservative tracer data obtained with a 1 mM NaClO4
solution (see Figure S11, Supporting Information). The
transport model was fit to the adsorption data by using the
values obtained from the batch isotherm parameters (i.e., KF

and n), setting k̅ = 0, and fitting a value for ρb. For the case of
the REM, DBAA batch adsorption experiments did not yield
reliable isotherm data due to negligible adsorption. Therefore,
an average value of R = 9.1 was fit to the data (Figure 3a).
Fitting the transport model to the experimental data yielded
values of ρb = 138 g L−1 (∼46% of total C added) for
MWCNT-REM (Figure 3b) and ρb = 31.4 g L−1 (∼10% of
total C added) for PAC-REM (Figure 3c). These results
indicated that the MWCNTs were more available for
adsorption reactions than the PAC within the Ti4O7 matrix,
which is similar to findings in our previous study.32

3.4. Electrochemical Dehalogenation of HAAs. Deha-
logenation of HAAs with the carbon REMs was used under
cathodic polarizations instead of anodic polarization because a
past work indicated that the carbonaceous material in the REM
was not stable during anodic polarization.32 Flow-through
experiments were first conducted with 1 mg L−1 DBAA in 10
mM KH2PO4/K2HPO4 at a potential of −1.1 V/SHE with
PAC-REM, and negligible removal was observed (see Figure
S12, Supporting Information). Therefore, the potential was
increased to −1.5 V/SHE with J = 200 LMH, and ∼94%
removal of DBAA was achieved. Figure 3 shows the average
concentration profiles from duplicate experiments for the
reduction of 1 mg L−1 DBAA on the three REMs. The results
from duplicate experiments showed steady-state removal values
of 70.7 ± 0.1% and 75.3 ± 0.5% for REM, 92.2 ± 0.2% and
95.8 ± 0.01% for PAC-REM, and 94.7 ± 0.01% and 97.8 ±
0.01% for MWCNT-REM. Average values of these duplicate
experiments are shown in Figure 3. The steady-state permeate
concentrations observed with the application of cathodic
potentials indicated that adsorption site saturation was not
occuring and the treatment strategy could operate as a
continuous process without the need for offline adsorbent
regeneration. Results also indicated that the DBAA concen-
trations in the permeate after reduction were 268 ± 7.8 μg L−1

for REM, 59 ± 1.3 μg L−1 for PAC-REM, and 37.5 ± 0.1 μg

Figure 3. Adsorption and electrochemical reduction results of 1 mg
L−1 DBAA in 10 mM KH2PO4/K2HPO4 for (a) REM, (b) MWCNT-
REM, and (c) PAC-REM at cathodic polarization of −1.5 V/SHE.
Each graph represents an average value of duplicate experiments. (d)
Total bromine analysis for permeate samples after reduction
experiments using all types of REMs.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b06744
Environ. Sci. Technol. 2020, 54, 1982−1991

1986

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06744/suppl_file/es9b06744_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06744/suppl_file/es9b06744_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06744/suppl_file/es9b06744_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06744/suppl_file/es9b06744_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06744/suppl_file/es9b06744_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06744/suppl_file/es9b06744_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06744/suppl_file/es9b06744_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06744?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06744?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06744?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06744?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b06744?ref=pdf


L−1 for MWCNT-REM. The permeate concentrations for the
PAC-REM and MWCNT-REM were lower than the EPA
regulation (60 μg L−1) for HAA5 (MCAA, DCAA, TCAA,
MBAA, and DBAA) in drinking water.3

Fitting of the transport model to the reduction data utilized
the previously determined parameters to fully describe R and

varied ̅ ̅ =( )k k k L
u
obs . Values of k̅ = 1.65 (kobs = 9.16 min−1) for

REM (Figure 3a), k̅ = 6.0 (kobs = 33.3 min−1) for MWCNT-
REM (Figure 3b), and k̅ = 3.3 (kobs = 18.3 min−1) for PAC-
REM (Figure 3c) were obtained. By comparison, kobs for
DBAA reduction using elemental iron (Fe0) was reported as
0.014 min−1.50 Recent works have reported kobs values between
0.03 and 0.58 min−1 for TCAA electrochemical reduction in
batch mode,25,26,51−53 which are approximately 57 to 1110
times lower than our results with the MWCNT-REM. The
very high rate constants observed in our study were attributed
to the high surface area and efficient mass transport of the
flow-through reactor. The increase in the rate constants by a
factor of 3.6 for MWCNT-REM and 2.0 for PAC-REM relative
to the REM was attributed to the increased adorption capacity
due to carbon addition.
Figure 3d shows the total bromine mass balance of the

DBAA dehalogenation experiments for the three REMs. The
results showed Br− release and trace MBAA formation during
DBAA reduction on the REM. The further oxidation of Br−

was not observed on the anode. Most likely due to the short
hydraulic residence time on the low-surface area (0.33 cm2)
planar electrode. MBAA formation was not seen in the
reduction experiments with PAC-REM and MWCNT-REM.
Solid-phase extraction to detect adsorbed DBAA and other Br-
containing compounds was performed on the REMs after the
experiments to complete the bromine mass balance. Un-
identified Br-containing compounds adsorbed on the REMs
were oxidized to BrO3

− and are reported in Figure 3d as
“Bromine Adsorbed by REMs”. Results indicated that only
small amounts of DBAA were extracted back from the PAC-
REM (0.6 μg) and MWCNT-REM (0.3 μg). Most of the
adsorbed Br was from other unindentified compounds (99.5−
99.7%), see Table S2. The total Br mass balance, calculated as
the ratio of bromine concentrations in DBAA and its
transformation products over the intitial DBAA ((2 ×
[DBAA] + [MBAA] + [Br−] + [Br Adsorbed])/(2 ×
[DBAA]0) × 100), was 95.5 ± 11.6% for REM, 95.3 ± 9.7%
for PAC-REM, and 98.9 ± 12.5% for MWCNT-REM. The lack
of significant HAA reduction products in the permeate, low
concentration of adsorbed DBAA (0.03−0.05% of total feed
mass), low concentration of other Br-containing products
(10−12% of total feed mass), and the near 100% mass balances
indicated the effectiveness of the REMs for DBAA reduction.
To test the carbon-Ti4O7 REMs with a realistic drinking

water treatment scenario, a solution of 0.11 mg L−1 of each
HAA9 was added to tap water (ionic strength, 2 mM; see Table
S3, Supporting Information, for tap water composition)
without the addition of a background electrolyte. This solution
was tested at −1.5 V/SHE cathodic polarization and 200 LMH
flow rate with the PAC-REM in flow-through mode. The PAC-
REM was selected over the MWCNT-REM due to the low
cost of PAC and concerns over the potential release of
MWCNTs to drinking water.54−57 The tap water spiked with
HAA9 solution was fed to the PAC-REM for 50 h, and
concentration analysis was performed on permeate samples.
Results showed that the HAA concentrations decreased from

111 to <20 μg L−1 for all of the HAA9 compounds over the
duration of the 2 day experiments. The lowest concentration
was for TCAA with a concentration of 6.0 ± 0.5 μg L−1, and
the highest one was TBAA with a concentration of 16 ± 0.1 μg
L−1. Figure 4 shows the reduction results for the HAA9-spiked

tap water experiment. A control experiment was conducted
without an applied potential and showed that near complete
breakthrough of all HAA9 compounds (Figure S13, Supporting
Information), indicating that nonelectrochemical reactions
(e.g., hydrolysis) were not a significant removal pathway
under these short hydraulic residence times (∼11 s). The
combined concentration of HAA5 (MCAA, DCAA, TCAA,
MBAA, and DBAA) was 37.9 ± 3.5 μg L−1, which was lower
than the EPA maximum contaminant level of 60 μg L−1 for
HAA5,

3 with a hydraulic residence time of only 11 s. By
contrast, a recent study of electrochemical reduction of HAA5
from an initial concentration of 120 to <60 μg L−1 required
approximately a 15 min hydraulic residence time.26

The reduction results of either DBAA or mixture of HAA9
showed significant removal from water using the carbon-Ti4O7
REMs. The carbon-Ti4O7 composites were able to increase the
removal of HAAs from 73.0 ± 0.65% on REM to 94.0 ± 0.13%
on PAC-REM and 96.2 ± 0.05% on MWCNT-REM. Both
composite REMs were able to decrease the HAA concen-
trations to <60 μg L−1 and showed that they could effectively
reduce HAAs from water.

3.5. Reaction Mechanism. Studies have investigated the
primary mechanisms for electrochemical HAA reduction by
utilizing experimental techniques, and it is generally thought
that HAA reduction occurs through either direct electron
transfer or atomic hydrogen reduction.26,51 The hydrogen
reduction mechanism is thought to be dominant when a
hydrogenation catalyst (e.g., Pd and Ni) is a component of the
cathode material, and direct electron transfer is dominant for
nonprecious metal cathodes.26 Therefore, simulations were
conducted to determine the E0 and the potential-dependent
ΔH‡ values for the direct electron reduction reactions of all
HAA9 compounds studied in this work, according to eqs 6 and
7, respectively. The general concerted reduction reaction is
shown below

− + → +− −R X e R X (12)

Figure 4. Electrochemical reduction results for a mixture of HAA9 at a
concentration of 0.11 mg L−1 each in tap water (ionic strength, 2
mM) for PAC-REM at a cathodic potential of −1.5 V/SHE.
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where X is a halide atom. The E0, ΔH0, λH, and Λ values are
listed in Table 1. Marcus theory assumes similar potential

energy surfaces for the reactant and product, which requires Λ
≈ 1.0. These conditions were approximately met for these
simulations, with Λ values ranging from 1.09 to 1.39 for the
HAA9 (Table 1). In general, the E0 values were the most
negative for the monohalogenated compounds and the least

negative for the trihalogenated compounds. These results were
attributed to the electron-withdrawing capacity of the
halogens, where multiple halogens increased the partial
positive charge on the carbon atoms and thereby allowed the
electron transfer reaction to occur at lower cathodic potentials.
Brominated and chlorinated HAAs with the same number of
halogen atoms had very similar E0 values to each other but
more significant differences in their λH values (Table 1), where
the combination of these two parameters ultimately determines
the potential dependent ΔH‡ and free energy of activation
(ΔG‡) values.
The potential-dependent ΔH‡ and ΔG‡ profiles are shown

in Figure 5 for HAA9. It should be noted that the ΔH‡ and
ΔG‡ profiles for a given compound are very similar, thereby
justifying the use of a Marcus-type relationship for ΔH‡

calculations (eq 7). The ΔH‡ and ΔG‡ values were higher
for the chlorine-substituted HAAs relative to the bromine-
substituted HAAs with the same number of halogen atoms,
which is consistent with past research.58 This result is due to
the higher reorganization energy for chlorine-containing
compounds relative to bromine-containing compounds
(Table 1). To provide supporting evidence for the direct
electron transfer mechanism, experimental ΔH‡ values were
calculated using the Arrhenius equation (see Figures S14−S16,
Supporting Information), and the data are included on Figure
5b. The general agreement between experimental and

Table 1. Results from DFT Simulationsa

Compound E0 (V/SHE) ΔH (V/SHE) λH (kJ mol−1) Λ

MBAA −1.04 −1.12 237 1.09
DBAA −0.68 −0.80 219 1.28
TBAA −0.37 −0.49 207 1.33
MCAA −0.97 −1.06 300 1.28
DCAA −0.64 −0.73 259 1.39
TCAA −0.29 −0.40 227 1.13
BCAA −0.66 −0.77 267 1.16
DBCAA −0.34 −0.43 −234 1.13
DCBAA −0.32 −0.45 203 1.28

aMBAA, monobromoacetic acid; DBAA, dibromoacetic acid; TBAA,
tribromoacetic acid; MCAA, monochloroacetic acid; DCAA,
dichloroacetic acid; TCAA, trichloroacetic acid; BCAA, bromochloro-
acetic acid; DBCAA, dibromochloroacetic acid; DCBAA, dichloro-
bromoacetic acid.

Figure 5. Results for DFT-calculated ΔG‡ (a, c, e) and ΔH‡ (b, d, f) values as a function of electrode potential. Panel (b) includes data points for
experimental enthalpy ΔH‡ measurements. MBAA, monobromoacetic acid; DBAA, dibromoacetic acid; TBAA, tribromoacetic acid; MCAA,
monochloroacetic acid; DCAA, dichloroacetic acid; TCAA, trichloroacetic acid; BCAA, bromochloroacetic acid; DBCAA, dibromochloroacetic
acid; DCBAA, dichlorobromoacetic acid.
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theoretical ΔH‡ values suggests that direct electron transfer
was the likely rate-determining mechanism responsible for
DBAA reduction, and these results should be analogous for
other HAAs.
3.6. Technical and Environmental Significance. The

analysis related to reduction of either DBAA or HAA9 showed
significant removal of these compounds by using carbon-Ti4O7
cathodes. Similar to a previous work for NDMA,32 increasing
adsorption in the composites due to existence of the
carbonaceous materials had a significant effect on the removal
performance of the REMs. Previous studies on electrochemical
reduction of the HAAs were carried out by using costly
catalysts (e.g., Pd and Au) and high-conductivity electrolytes
(e.g., 0.1−0.5 M)22,23 or employing common metallic catalysts
(e.g., Co and Fe) in an acidic environment (pH 5.6)27 to
increase the kinetics of HAA removal. Most of the previous
studies focused on one or a selected group of HAAs (mostly
chloroacetic acids)24,26 and did not consider the other HAAs.
By contrast, our work provides a feasible remediation method
for a range of HAAs with low-cost materials in low-
conductivity, neutral pH solutions.
The energy usage for reducing DBAA in duplicate

experiments was calculated as EEO = 0.33 ± 0.05 kWh m−3

(EC = 0.37 kWh g−1) and EEO = 0.27 ± 0.04 kWh m−3 (EC =
0.30 kWh g−1) for REM, EEO = 0.19 ± 0.06 kWh m−3 (EC =
0.21 kWh g−1) and EEO = 0.33 ± 0.1 kWh m−3 (EC = 0.37
kWh g−1) for PAC-REM, and EEO = 0.30 ± 0.06 kWh m−3 (EC
= 0.33 kWh g−1) and EEO = 0.22 ± 0.02 kWh m−3 (EC = 0.24
kWh g−1) for MWCNT-REM. The energy usage for the tap
water-spiked HAA9 was calculated between EEO = 0.10 and
0.14 kWh m−3 (EC = 0.11 to 0.16 kWh g−1) (i.e., EEO = 0.10 ±
0.07 kWh m−3 for MCAA, 0.11 ± 0.07 kWh m−3 for MBAA,
0.12 ± 0.07 kWh m−3 for DCAA, 0.10 ± 0.06 kWh m−3 for
TCAA, 0.11 ± 0.06 kWh m−3 for BCAA, 0.10 ± 0.06 kWh m−3

for DBAA, 0.13 ± 0.08 kWh m−3 for BDCAA, 0.13 ± 0.08
kWh m−3 for CBDAA, and 0.14 ± 0.08 kWh m−3 for TBAA).
Previous studies on electrochemical reduction of HAAs
reported EC = 0.6 kWh g−1 for dechlorination of TCAA at a
cathodic potential of −1.16 V/SHE on a Pd/graphene
cathode.25 Another study on a graphene-Cu cathode reported
EC values as low as 0.067 kWh g−1 (EEO = 0.15 kWh m−3).26

The required energy for pumping was calculated using eq 10,
and EQ = 0.01 kWh m−3 was obtained for the experimental
conditions (i.e., J = 200 LMH, ΔP = 2.33 m of head),
indicating that it was negligible in the overall energy
consumption. Comparing electrochemical reduction to treat
HAAs with other methods such as sonoelectrochemical
treatment shows a significant higher energy requirement.
Removing TCAA from water by the sonoelectrochemical
method required energy usage between 600 and 810 kWh m−3

(∼7000 times higher than the carbon-composite REMs).16

Considering all of these results, it is apparent that
elecrochemical reduction of HAAs on carbon-Ti4O7 REMs is
an effecient and cost-effective treatment strategy. However,
more work is needed to assess the long-term performance of
the technologies in diverse water sources.
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Phase TiO2 Reactive Electrochemical Membranes Doped with Pd-
Based Catalysts. Environ. Sci. Technol. 2018, 52, 9370−9379.
(35) Jing, Y.; Almassi, S.; Mehraeen, S.; LeSuer, R. J.; Chaplin, B. P.
The Roles of Oxygen Vacancies, Electrolyte Composition, Lattice
Structure, and Doping Density on the Electrochemical Reactivity of
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