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ABSTRACT An effective approach is developed to regulate the generation of Fe*
from an iron cathode in a three-electrode system. The Fe?* is then used for the
Pd-catalytic transformation of methyl tert-butyl ether (MTBE) in simulated
groundwater. Under conditions of pH 3, a total current of 50 mA, and 1 g/L Pd/Al,Os3,
20 mg/L MTBE was completely transformed within 60 min in an undivided
electrolytic cell using the iron cathode, with 14 mg/L of accumulated Fe**. Fe®*
accumulation follows pseudo-first-order kinetics and the rate is regulated by electric
current and groundwater pH, giving the relation of k = 5.3 x 10% « 102" — 7.25 « |> —
8.8 x 10M « 10?28 'where k is the rate constant of Fe** accumulation (min*) and I is
the current (mA). In a modified three-electrode column using iron as the first cathode,
the localized acidic and oxidizing conditions developed automatically in the iron
cathode zone by partitioning the current between the two cathodes, leading to
controllable generation of Fe?* for MTBE transformation. The stable transformation
of MTBE in a long-term study suggests that this method is a sustainable approach to
supplying Fe?* for Pd-catalytic transformation of organic contaminants in

groundwater.

INTRODUCTION

Methyl tert-butyl ether (MTBE) has been manufactured almost exclusively for use
as a fuel additive since the 1970s."® MTBE has been found in various environments,
particularly in groundwater, because of its high solubility under ambient conditions

(48 g/L).! MTBE was reclassified by the USEPA as “carcinogenic in humans by all
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routes of exposure” based on findings that indicated side effects of headaches,
vomiting, diarrhea, fever, cough, muscle aches, and skin and eye irritation."* Current
processes that have been proposed for remediation of MTBE in groundwater include
phase transfer,” in situ chemical oxidation (ISCO),° advanced oxidation technologies
(AOTs),”® and biodegradation.>*®** Electrochemical processes have attracted
increasing interest in groundwater remediation as it is simple and versatile.*> *®
Recently, a hybrid electrolysis and Pd-catalytic oxidation process, in which H,O, was
produced from the combination of electro-generated H, and O, on a Pd catalyst under
acidic conditions (eqg. 1-3), has been shown to be highly effective in treating a wide
range of recalcitrant contaminants in wastewaters and groundwater (egs. 4 and
5).121316 The concentration of Fe(ll) significantly affects the efficiency of the

contaminant transformation, %13

and a certain amount of Fe(ll) (13.7 mg/L) shifts
trichloroethylene (TCE) transformation from hydrodechlorination to hydroxyl

oxidation.*? However, in situ application of this process is limited because of a lack of

Fe(Il) (ca. 10 mg/L), especially in iron-defective aquifers.

2H,0 —> O, + 4H" + 4¢ (1)
2H,0 + 26" — Hp + 20H" )
Ho + 0, 29 5 H,0, )
H,0, + Fe** + H— Fe*" + «OH + H,0 (4)
Orgs + *OH — Oxidation products (5)

17,18

Fe(ll) is normally supplied by the addition of ferrous salts, sacrificed iron

19,20

anode,"®?® and iron-containing minerals in Fenton-based processes.?** The addition
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of ferrous salts complicates the implementation process. Sacrificial iron anodes can be
effective (eq. 6) but produce a lot of iron sludge.”® When iron is used as the anode, it
corrodes and no O, is produced. Therefore, there will be a lack of O, for H,0,
production as O, is a necessary reactant. Although iron-containing materials, such as
FesO4 and zero-valency iron (ZVI), can be mixed with Pd to supply Fe(ll), the

reaction will deplete the materials,***°

and precipitates on the Pd surface will decrease
the catalytic activity and clog the aquifer.?®?® Therefore, it is crucial to seek a new
cost-effective strategy to supply Fe(ll) for the hybrid electrolysis and Pd-catalytic
oxidation process.

Fe—2e —» Fe? (6)

Fe+2H" —» Fe® + H, ©)

During the process, localized acidic conditions in the vicinity of Pd automatically
develops in a modified three-electrode system as there are more H* ions produced at
the anode than OH" ions produced at the adjacent cathode.*® One anode and two
cathodes aim to sustain water electrolysis, thus supplying Hy, O,, H" and OH" for
H,O, production on the Pd surface (egs. 1-3).**'® Therefore, it is not feasible to
change the electrochemical reactions at the three electrodes. However, the chemical
reactions at the electrodes will still occur regardless of whether or not electricity is
applied. For example, chemical corrosion of iron occurs naturally, though it is
particularly intensive under acidic conditions (eq. 7). When the iron is used as the

first cathode in the three-electrode system,*® the chemical corrosion is enhanced under

the automatically developed acidic conditions. However, the corrosion is inhibited by
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a negative applied current that protects the cathode.**** Consequently, using iron as
the first cathode does not change the electrochemical reactions (eqs. 1-3), but supplies
Fe(Il) due to chemical corrosion under acidic conditions (eq. 7). The production of
Fe(ll) from the iron cathode can be theoretically regulated by conditioning the
cathodic current.

In this study, an undivided electrolytic cell with an iron cathode is used to regulate
the generation of Fe®* at different values of pH and current for Pd-catalytic
transformation of MTBE in simulated groundwater. The kinetics and mechanism of
Fe?* accumulation are also explored. The relation of Fe?* accumulation with pH and
cathodic current is modeled. A modified three-electrode column using an iron cathode
is then configured to regulate Fe?* accumulation by varying the cathodic current
applied on the iron cathode for transformation of MTBE. The long-term performance

of this column is ultimately evaluated.

EXPERIMENTAL

Chemicals. MTBE (99.8%) and tert-butyl alcohol (TBA, 99.5%) were purchased
from Sigma-Aldrich. Tert-butyl formate (TBF, 99.5%), acetone (AC, 99.5%),
formaldehyde (FA, 37%), and formic acid (99.5%) were supplied by Aladdin
Chemistry Co. Ltd. Palladium on alumina powder (5% wt. Pd, Shanxi Kaida
Chemical Ltd, China), with an average particle size of 6 um, was used as the catalyst
in the batch experiments. Palladium on alumina pellets (0.5% wt. Pd, Shanxi Kaida

Chemical Ltd) 4 mm in size was used in the column experiments. Iron plate (S45C
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type, Wuhan Steel Processing Co., Ltd, China) and mixed metal oxides (MMO, IrO,
and Ta,Os coating on titanium diamond mesh, Shanxi Kaida Chemical Ltd) with
dimensions of 5.0 cm diameter and 1.7 mm thickness were used as the electrodes.
Seventeen holes (4.1 mm in diameter) were evenly distributed through the iron plate
electrodes. Prior to the experiments, the iron electrode was polished with coarse
emery cloth, etched by diluted HCI solution (5 wt %), and washed with deionized
water. Deionized water (18.2 mQ-cm) obtained from a Millipore Milli-Q system was
used in all the experiments. All the chemicals used in this study were above analytical
grade.

Batch Experiments. An undivided acrylic electrolytic cell was used to evaluate
Fe?* generation for MTBE transformation at ambient temperatures (25 + 1 °C) (Figure
S1 in the Supporting Information). An MMO mesh and an iron plate were
respectively used as the anode and cathode, with 40 mm spacing in parallel positions.
For each test, 400 mL of 20 mg/L MTBE solution was transferred into the cell, and 10
mM Na,SO,4 and 1 g/L Pd/Al,O3 (5% wt. Pd) were attained by the addition of specific
masses of Na,SO, and Pd/Al,O; powder. Aqueous pH was adjusted to 3.0 by 1 M
H,SO,. For comparison, an MMO mesh was used as the cathode in the presence of 10
mg/L Fe**. The reactor was immediately sealed and stirred at 600 rpm using a
Teflon-coated magnetic stirring bar. A constant electric current of 50 mA (2 mA/cm?)
was applied with a cell potential of about 4 V. The aqueous solution was sampled at
pre-determined time intervals for analysis of MTBE and its transformation products,

iron species, pH, H,0O,, and *OH concentration. All experiments were carried out in
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Column Experiments. A vertical acrylic tube column (5.0 cm inner diameter x 30
cm length) was used to simulate one-dimensional flow conditions (Figure 1). Three
electrodes were mounted in the upward sequence of anode (MMO), cathode 1 (iron
plate) and cathode 2 (MMO). 4.5 g of Pd/Al,O3 pellets were supported by cathode 1
to produce a pellet bed monolayer. The remaining space in the column was packed
with 4 mm glass beads with a porosity of 0.46. The total and pore volume (PV) were
588 and 268 mL, respectively. Solution was pumped through the bottom of the
columns at a rate of 2.5 mL/min using a peristaltic pump (Luxi, model HL-2, China).
The flow rate was maintained at 2.5 mL/min, resulting in Darcy’s velocity of 1.83
m/day. The total current was kept at 80 mA by a DC power supply (GPC-3060D,
Taiwan Goodwill Instrument). By adjusting the rheostat, different currents were
partitioned between cathodes 1 and 2 so that the localized pH in the Pd vicinity could
be regulated. Simulated MTBE-contaminated groundwater (10 mg/L) with 5 mM
Na,SO,4 and 0.5 mM CaSO, deoxygenated solution (~ 840 uS/cm) was stored ina 5 L
gas-tight collapsible bag. The column was flushed by 2 PVs of contaminated
groundwater before switching on the power supply. Control experiments show that
the adsorption of MTBE on Pd/Al,O3 pellets and glass beads were negligible during
operation. At regular time intervals, 1 mL of groundwater was sampled from six ports
(see Figure 1 for locations) and measured for MTBE, pH, and iron species
concentration.

Chemical Analysis. MTBE, TBF, TBA, and AC concentrations were analyzed
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using a gas chromatograph (GC, Shimadzu 2014C, Japan) equipped with a flame
ionization detector (FID), a capillary column (30 m x 0.32 mm x 0.5 pm) and a
headspace concentrator (DK-3001A, Beijing Zhongxing Huili Technology
Development Co., Ltd.). The column temperature was held at 35 °C for 2 min, heated
from 35 to 60 °C at a rate of 5 °C/min, and then cooled to 35 °C at a rate of 10 °C/min.
The injector and detector temperatures were set at 220 and 250 °C, respectively. 2 mL
of the aqueous sample was collected and injected into a 20-mL headspace vial sealed
with septa. The equilibrium temperature in the vial was set to 105 °C. The detection
limits for all compounds were 0.1 mg/L. Gas concentrations were calculated by
Henry’s law. FA was analyzed by an LC-15C HPLC (Shimadzu) equipped with a UV
detector and an XDB-C18 column (4.6 x 50 mm) after derivatization with
2,4-dinitrophenylhydrazine.** The mobile phase used a mixture of acetonitrile and
water (60:40, v/v) at 1 mL/min, with the detection wavelength at 355 nm. Carboxylic
acids were also measured by HPLC. The mobile phase used a mixture of phosphoric
buffer (pH 2.7) and methanol at 99:1 (v:v) at 0.8 mL/min, and a detection wavelength
of 210 nm. The detection limits for FA and carboxylic acids were 1 pM.

H,O, concentration was determined at 405 nm by a spectrometer (UV-1800 PC,
Shanghai Mapada Spectrum Instrument Co., Ltd) after coloration with TiSO,.>* The
*OH levels were determined using dimethyl sulfoxide (DMSO) trapping and HPLC
methods described in previous literature.*® Iron species were measured at 510 nm
using the 1,10-o-phenanthroline analytical method.*® The corrosion potentials of the

iron electrode at various pH and at 50 mA were measured on a CS150 electrochemical
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workstation (Wuhan CorrTest Instrument, China) using a Pt electrode as the counter
electrode and a saturated calomel electrode (SCE) as the reference electrode. The

electrolyte used for measurement was 10 mM NaSOs,.

RESULTS AND DISCUSSION

Generation of Fe?* from Iron Cathode for MTBE Transformation. Figure 2a
shows the variation in the MTBE concentration in an undivided electrolytic cell using
an iron cathode under conditions of pH 3, 50 mA and 1 g/L Pd/Al,O3. The control
experiment using the iron cathode without an applied current or Pd catalyst does not
present any significant transformation of MTBE. In the presence of Pd/Al,03, MTBE
(20 mg/L) was completely transformed in 60 min following pseudo-first-order
kinetics with a rate constant of 0.040 min™. For comparison, the experiment also used
an MMO cathode in the presence of 10 mg/L Fe?*, which is the average concentration
accumulated in the cell using the iron cathode. This showed a slower MTBE
transformation with a pseudo-first-order rate constant of 0.036 min™. These results
prove that it is feasible to generate Fe®* ions from an iron cathode for Pd-catalytic
transformation of organic contaminants in groundwater.

The concentration of Fe?* increases to a plateau at about 14 mg/L within 60 min of
using the iron cathode, and decreases from the initial 10 mg/L to 8 mg/L using the
MMO cathode (Figure 2b). The solution pH increased from 3.0 to 3.3 using the iron
cathode. A parallel test using the MMO cathode had minimal variation of the pH. The

pH increase is attributed to the consumption of H™ ions by chemical corrosion of the
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iron cathode (eq. 7). The concentration of Fe** released from chemical corrosion due
to a rise in the pH was calculated to be 14 mg/L within 60 min, which is in good
agreement with the measured cumulative concentration. In addition, the corrosion
potential (Eh) of the iron electrode under conditions of pH 3 and 50 mA was measured
to be —0.440 V (Figure S2a), falling in the corrosion region (Figure S2b). As a result,
chemical corrosion of the iron cathode is responsible for Fe®* generation under the
protection of cathodic current.

The cumulative H,O, concentration reaches approximately 14 mg/L within 60 min
in the presence of Pd/Al,O; and absence of Fe?* (Figure S3). The cumulative
concentration of *OH radicals (oxidation potential: 2.8V/SHE) increases for both
systems using the iron and MMO cathodes (Figure S4). Good correlation between
MTBE transformation rate constants and *OH generation rate constants (Figure S5)
indicates that *OH was responsible for MTBE transformation (Kwreg-.on = 1.6 x 10°
M s 1.2 The combination of H,0, and Fe?* produces *OH radicals for MTBE
oxidation (egs. 4 and 5).'*"'® The ratio of H,0, to Fe?* is critical for the
transformation efficiency.'’*" H,0, and Fe** were generated gradually using the iron
cathode. In the cell using the MMO cathode, Fe* concentration was in excess relative
to the H,O, concentration during the first stage, but was defective in the later stage. In
this regard, using an iron cathode is advantageous over the external addition of Fe(ll)
in terms of Fe?* supply.

During the transformation of MTBE using the iron cathode, the primary

transformation intermediates identified are TBF, followed by AC, TBA, FA, and

S10



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

formic acid (Figure S6). The relatively low mass balance of carbon (65%) suggests
the production of CO,.** Accumulation of intermediates is due to their low reaction
rates with *OH, which are one or two orders of magnitude lower than that of MTBE.*®
It should be noted that the toxicities of the intermediates are lower than that of
MTBE.* The intermediates identified in this study are similar to those reported in
MTBE oxidation by anodic Fenton*® and UV/H,0,.2
Kinetic Model for Fe** Accumulation. When electricity is applied to the iron
cathode, accumulation of Fe?* depends on the current and solution pH. The decreasing
solution pH increases the rate of chemical corrosion of the iron cathode (eq. 7).% The
increasing current increases the electron density on the iron cathode, which suppresses
the release of electrons from the iron corrosion (reverse reaction of eq. 6).3%“ The
accumulation of Fe®" also decreases at high pH due to precipitation (eqg. 8). If the
reductive regeneration of Fe?* on the iron cathode is neglected, the rate of Fe?*
accumulation using an iron cathode in the absence of Pd/Al,O3 can be expressed as eq.
9.
Fe?* + 20H — Fe(OH), pKgp = 16.31 (8)
P g« [P« [Fe] ke [+ [Fe™] ko * [OHT - [Fe™] (9

Where ky*, ke and kon are the rate constants for Fe?* generation by H" and [ne] is the

electron density concentration.

[HT] =10P" (10)
[OH] = 10PH (11)
[ne] = dn/dt = (Lel/Na)/V (12)

S11



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

Where L is the quantity of electricity per unit time (6.24 x 10'®), N, is the Avogadro
constant (6.02 x 10%%), and V is the electrolyte volume (0.4 L in this study). Since the
concentration of Fe (expressed by surface area) is linearly related with Fe** (Figure

S7), eq. 9 can be re-written as
W = (k" » 102 — kg ke 17 — Koy » 107 « [Fe*]
=k o[ Fe*'] (13)
where k (= ky* » 102" — kg ok’s 17 — kon™ * 10?8 is the final accumulation rate of
Fe?*, and k (= C?/Na%V?) is a constant (= 6.7 x 10™'%). The accumulation of Fe?*
conforms to pseudo-first-order kinetics, and the rate constant can be quantitatively
regulated by electric current and solution pH.

Effects of Current and pH on Fe?* Accumulation. Figure 3 displays the variation
of Fe** concentration at different currents and pHs using the iron cathode. The values
of ki, ke-, and kon™ were calculated to be 5.3 x 10%, 1.08 x 10%, and 8.8 x 10 M™
s at pH 2 without electricity application, at pH 3 and 50 mA current, and at pH 5 and
50 mA current, respectively.** At pH 3, the accumulation of Fe** at different currents
approximately follows pseudo-first-order kinetics. A quantitative relationship between
k and current was obtained as k = 0.053 — 7.25¢1> when pH = 3 is set in eq. 13. It can
be seen that the k value decreases quadratically with increasing the current. The rate
constant of Fe?* accumulation decreases from 0.052 min™ without an applied current
to 0.005 min™* at 80 mA (inset in Figure 3a). When the current is higher than 120 mA,

Fe?* accumulation is minimal because of the low k values (close to zero). It can be

calculated that the accumulation of Fe** is insignificant when the current is higher
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than 85 mA.

Figure 3b shows that the accumulation of Fe?* at 50 mA with different pHs also
follows pseudo-first-order kinetics, giving the quantitative relationship of k = 5.3 x
10% « 10%" — 8.8 x 10™ « 10?*"#_ 3.6 x 10° when | = 50 mA in eq. 13. The rate
constant of Fe?* accumulation decreases from 0.022 to 0.00001 min™ as the solution
pH increases from 2 to 7 (inset in Figure 3b). Similar results were found for currents
of 0, 20, and 80 mA (Figure S8). This suggests that high pH inhibits the corrosion of
the iron cathode at a specific current (Figure S2).* When the solution pH was
elevated to 5.7, Fe®* did not accumulate significantly, which is consistent with the fact
that minimal Fe** accumulates at pH 7 at any applied current (Figure S8). The
relatively high correlation coefficients (R? > 0.934) suggest that the kinetic model (eq.
13) is reasonable for Fe?* accumulation.

The accumulation of Fe®" at different currents and pHs is calculated and depicted in
Figure 3c. A quantitative relationship between current and pH is found to be pH =
4.12 —log (1)/2 (I # 0) when k is set at zero in eg. 13. When the pH value is above the
curve, no Fe?* accumulates (region 1 in Figure 3c). In contrast, when the pH value is
below the curve, the value of k is negative, implying that the rate of Fe** consumption
is faster than that of generation (region 2 in Figure 3c).

Electrochemically Regulated Fe** Generation in a Three-electrode Column.
For this study, a modified three-electrode column®® using an iron cathode (Figure 1)
was configured to regulate the localized pH around the iron cathode for generation of

Fe?* by adjusting the current partition between cathodes 1 (iron cathode) and 2. When
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the current applied on the iron cathode increased from 30 to 50 mA, the pH in the
vicinity of iron cathode increased slightly from 3.0 to 3.5 (Figure 4a). With the current
further raised to 80 mA, the localized pH remarkably increases to 8. An exponential
relationship (eq. 14) between the pH and current is observed for the iron cathode zone
(inset in Figure 4a). This monotone function indicates that the localized pH is
determined by the current applied on the iron cathode, which differs from the batch
experiments where the pH is adjusted manually.
pH = 1.3°exp(liron) 30<1<80mA)  R*=0.973 (14)

As the localized pH is determined by the current on the iron cathode, accumulation
of Fe?* can be exclusively regulated by the current by substituting eq. 14 into eq. 13.
Figure 4b shows that the steady-state Fe** concentration along the column decreases
from maximum values in the iron cathode zone to the low values in both sides of the
iron cathode. It should be noted that minimal Fe?* were observed around cathode 2
because of the neutral or alkaline conditions.”® Cumulative Fe®* concentrations in the
vicinity of the iron cathode at different current partitions follow in the order of 30:50 >
40:40 > 50:30 > 60:20 > 80:0. This was confirmed by a slight decrement as the
current on the iron cathode increased from 30 to 50 mA (inset in Figure 4b), followed
by a dramatic decrease to a low value below the detection limit as the current
increased to 80 mA. Decreasing the current on the iron cathode speeds up Fe*

.OH’12,13,16—18,23 and

generation. However, excess Fe?* may consume H,0, and quench
a low current on the iron cathode can lead to an alkaline effluent. It is important to

keep the current on the iron cathode at appropriate levels for generating the required
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dosage of Fe?".

MTBE Transformation in the Column. In the three-electrode column using an
iron cathode, MTBE (10 mg/L) transformation attains steady state after 150 min of
operation (1.4 PVs) in a typical column (Figure S9). As shown in Figure 4c, MTBE
can be efficiently transformed through the Pd zone. With the five ratios of current
partition, the removal rates of MTBE are in the sequence 50:30 > 30:50 > 40:40 >
60:20 > 80:0, implying the critical role of current partition on MTBE transformation.
The anodic current generates O, and H* (eq. 1), and the cathodic current partitioned
on the iron (first cathode) generates H, and OH™ (eq. 2). As the quantity of H*
produced at the anode is more than that of OH™ produced at iron (first cathode), and
the reflux of OH™ from cathode 2 is complex, a low pH in local Pd zone was
automatically developed, which contributes to the production of Fe** (eq. 7), H,O- (eq.
3) and *OH (eqg. 4). The lowest transformation of MTBE at the current ratio of 80:0 is
likely result of the minimal generation of «OH from Fe’* and H,O, under alkaline
conditions (pH 8).2° The low efficiency of transformation at the current ratio of 60:20
is a result of the low concentrations of Fe** and H,0, at pH 5.1° At the current ratio of
30:50, the higher Fe?* concentration generated competes with MTBE for «OH.'" %%
Although similar efficiencies were obtained for current ratios of 50:30 and 40:40, the
effluent is alkaline (Figure 4a) and the energy consumption is higher for the latter
ratio (Table S1).

Long-term Performance for MTBE Transformation. The long-term MTBE

transformation performance of the three-electrode column using an iron cathode is
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also evaluated. Figure 5 shows that MTBE transformation can be sustained at a stable
level of around 70% for 20 days. About 30-40% MTBE is transformed in the anodic
zone (Ports 1 and 2), which may be caused by the fact that certain Fe** and H,0,
produced in the iron cathode zone diffuses into the anode zone under the localized
acidic condition. This finding suggests that the reaction zone was extended by
convection-dispersion effects. The localized pH in the iron cathode zone decreases
from 6.5 to 3.5 in the first 8 h, remaining almost constant until 10 days, after which it
decreased gradually to 3.3 (Figure S10). The decline of pH in the iron cathode zone is
beneficial to the accumulation of Fe?* and H,0,' which enhances MTBE
transformation. It is noted that the effluent pH dramatically decreases at 8 h from 8.5
to 6.5 (Figure S10). Since the transformation of MTBE does not show any significant
decrease after 20 days of operation, a relatively long longevity can be proposed for the
transformation of MTBE in the three-electrode column using an iron cathode.
Implications for Groundwater Remediation. In this study, an iron cathode is
employed in an in situ supply of Fe?* for Pd-catalytic transformation of MTBE in
simulated groundwater. Kinetic analysis and experimental results show that the
accumulation of Fe?* can be quantitatively related to the cathodic current applied on
the iron and the solution pH. In a modified three-electrode column using an iron
cathode, both the pH and Fe®* accumulation in the Pd vicinity are determined by the
current applied on the iron cathode, and MTBE transformation can be sustained at
high levels for relatively long periods of time. Fe?* concentration can be exclusively

regulated by the current being applied on the iron cathode, providing a flexible
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approach to supplying Fe** for Pd-catalytic transformation of organic contaminants in
an iron-defective aquifer. The findings of this study may also indicate a quantitative
supply of Fe?* for the conventional electro-Fenton process, i.e., using one iron
cathode and one O, reduction cathode. The effective transformation of organic
contaminants including dyes,*® TCE,** toluene,** phenol*®* and MTBE was
successfully achieved by the hybrid electrolysis and Pd-catalytic oxidation process.
However, a quantitative description of the transformation kinetics is still lacking.
Future work will look to develop a one-dimensional reactive transport model that will

describe the transformation process and guide laboratory and field remediation design.
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501  Figure 1 A schematic of the modified three-electrode column using an iron cathode.

502  P1 to P6 refers to six sample ports. The unit of dimensions is in millimeters.
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Figure 2 (a) Transformation of MTBE and (b) variations of iron species concentration
in the electrolytic cell. The reaction conditions using the iron cathode are based on 20
mg/L initial MTBE concentration, pH 3.0, 1 g/L Pd/Al,03 and 10 mM Na,SO,
background electrolyte. The reaction conditions using the MMO cathode are the same
as using the iron cathode except that 10 mg/L Fe** was added. Curves refer to

pseudo-first-order Kinetic fittings. Error bars indicate 95% confidence intervals.

S25



510

Dissolved Fe(ll) (mg/L)

Dissolved Fe(ll) (mg/L)

pH

50 _'A 0.05 T T (a)
40 —2 o:oz
30 | 00053 50 100 150 i
20
10
0 1 1 l 1 1
(b)
20+
m pH2
e pH3
15+

10

-

e o
s 9
g B
s 8

for dissolved Fe(ll)
°
2
s

- 0.005
X

0.000
2

1 1 1 1 1

0 15 30 45 60
Time (min)

H T T T T T T T

L Region 1 .
k<0, d[Fe(ll)]/dt<0

k=0 pH =4.12 - log (I)/2

d[Fe(ll))/dt=0

Region 2
k>0, d[Fe(ll)]/dt>0

0 10 20 30 40 50 60 70 80
Current (mA)

S26



511

512

513

514

515

516

517

Figure 3 Effects of (a) current and (b) pH on accumulation of Fe** using the iron
cathode, and (c) relationship of current and pH for accumulation of Fe**. Unless
otherwise specified, the reaction conditions are based on pH 3, 50 mA current and 10
mM Na,SO, background electrolyte. Curves refer to pseudo-first-order kinetic fittings.
The insets in (a) and (b) illustrate the pseudo-first-order rate constants of Fe®*

accumulation versus current and pH, respectively. Error bars indicate 95% confidence

intervals.
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pH and (c) dissolved Fe?* concentration along the column. The inset in (b) illustrates
the linear regression between pH and current in the vicinity of iron cathode. The inset
in (c) denotes the linear regression between Fe?* concentration and current in the
vicinity of iron cathode. Operation conditions are based on 10 mg/L initial MTBE
concentration, 2.5 mL/min and a total current of 80 mA with different partitions in

cathodes 1 and 2.
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Figure 5 Long-term performance of the three-electrode column using an iron cathode
for MTBE transformation. P1, P2, P3 and P6 denote different sampling ports (see
Figure 1 for details). Operation conditions are based on 10 mg/L initial MTBE
concentration, 2.5 mL/min and a total current of 80 mA with 50 and 30 mA

partitioned in cathodes 1 and 2, respectively.
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560 Figure S4 Cumulative *OH concentrations under different conditions. The reaction
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conditions are the same as in Figure 2 in the manuscript. Lines refer to

pseudo-zero-order kinetic fittings, which is given by C; = Kot, where t is the reaction

time (min), ko is the zero-order rate constant (uM/min), and Cy, and C; are the

concentrations (uM) at times of t = 0 and t = t, respectively. Error bars indicate 95%

confidence intervals.
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571  Figure S6 Transformation profiles of MTBE using the iron cathode. The reaction

572  conditions are the same as in Figure 2 in the manuscript.
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576  Figure S7 Correlation of Fe(ll) concentration with Fe concentration. The reaction

577  conditions are based on pH 3, 50 mA current, 10 mM Na,SO, background electrolyte,
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578 and 60 min reaction. The different Fe concentrations are expressed by the different
579  surface areas of the iron electrode immersed in the solution.
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582  Figure S8 Effect of pH on the accumulation of Fe(Il) using the iron cathode at (a) 0,
583 (b) 20 and (c) 80 mA. The reaction conditions are based on 10 mM Na,SO,
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584  background electrolyte. Curves refer to pseudo-first-order Kintic fittings. Error bars

585 indicate 95% confidence intervals.
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588  Figure S9 Typical variations of MTBE concentrations versus time in the column.
589  Operation conditions are based on 10 mg/L initial MTBE concentration, 2.5 mL/min
590 and a total current of 80 mA with 50 and 30 mA partitioned in cathodes 1 and 2,
591  respectively.

592

S37



593
594

595

596

Time (days)

0 10 15 20
A 4
8l [’ -
/V\ v\
6l L4 V-V-V-V-V-¥V V-V-V¥ |
I
Q al O-0-0- 0
u-u-u-n-u-m-m-a- Septaaaaeet |
2 - ©®0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0 -
0 ——P1 —e— P2 —s—P3 —v—P6

0 50 100 150 200 250
PVs

Figure S10 Variations of pH in the modified three-electrode column using an iron
cathode. P1, P2, P3 and P6 denote different sample ports (See Figure 1 for details).

Operation conditions are the same as in Figure 5 in the manuscript.
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Table S1 Parameters and Results Associated with the Column Experiments.

No.?

C1

C2

C3

C4°

C5°

C6°

C7°

cgt

Column

description

Pd/Aleg, no
current

no Pd/A|203

Pd/Al,O3

Pd/Al,O3

Pd/Al,O3

Pd/Al,O3

Pd/AlLO;

Pd/AlLO;

Steady-state pH

Iron cathode

vicinity

6.5—7

3.5-45

3.54

3-35

3.54

5-5.5

7-8

3.5-3.2

Effluent

6.5-7

8.5-9

8-8.5

11-11.5

9.5-10

7-1.5

7.5-8

6.5-7

Transformation

efficiency”

(%)

35

70.9

62.1

70.2

42.8

19

70

Cell

voltage

V)

23.8-29.3

22.7-28.8

31.7-33.4

30.5-31.6

29.4-31.5

17.2-18.7

25.6-30.2

Energy

consumption

(kWeh/gTeg)

1.8-2.2

0.9-11

1.2-1.3

1.3-14

1.8-2.0

1.7-1.8

1.0-1.2

%For C1-C8, 5 mM Na,SO, and 0.5 mM CaSO, were dissolved in groundwater as background

electrolytes. "Transformation efficiency refers to total removal percentages of MTBE in the columns

under steady state. “The cathode current partitions between cathodes 1 and 2 from C4 to C7 are

39



30:50, 40:40, 60:20, and 80:0, respectively. A much longer period of 20 d is lasted. Unless
otherwise specified, the operation conditions are based on 10 mg/L initial MTBE concentration and

2.5 mL/min, and the total current of 80 mA is applied in cathodes 1 (50 mA) and 2 (30 mA).
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