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Abstract

Electrical resistance heating (ERH) based on pulsed direct current (PDC) is a novel
and promising in-situ technology for the remediation of dense nonaqueous phase
liquid (DNAPL) contaminated sites. However, the uniformity and stability of heating
still require further improvement. In this study, we proposed an effective strategy for
optimizing the PDC heating process by regulating the ion behavior within porous
media. Hydraulic circulation (flow field control) and intermittent polarity reversal
(electric field control) were introduced as regulation measures for ion behavior,
leading to overall improvements in average temperature, heating uniformity, EC and
ion distribution uniformity, DNAPL removal, and energy efficiency. Compared to the
unregulated system, heating uniformity improved significantly, with approximately
a 40% reduction in the coefficient of variation and a 15-30°C increase in the average
temperature. The uniformity of ion and EC distribution was significantly enhanced,
while severe local ion depletion was effectively prevented, demonstrating the
importance of regulating ion migration pathways. Following these regulatory
measures, chlorobenzene DNAPL removal efficiency increased by 19.8%—37.8%,
while energy consumption decreased by 12.8%—47.5%. These findings suggest that
regulating the ion migration pathways was a promising approach for optimizating

thermal remediation using PDC.

Keywords: Groundwater remediation; Thermal remediation; Dense nonaqueous

phase liquids; lon migration; Chlorobenzene.
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1. Introduction

Soil and groundwater contamination by dense nonaqueous phase liquids (DNAPLs),
such as chlorinated solvents and creosote, has emerged as a pervasive and severe
environmental issue in numerous industrialized countries [1-5]. In-situ thermal
remediation is a competitive solution for DNAPL pollution remediation at such sites
owing to its effectiveness in overcoming mass transfer limitations in soil permeability
and improving remediation efficiency [6-9]. Electrical resistance heating (ERH) is one
of the most frequently used thermal remediation technologies [6, 10-13]. It was
typically applied by inputting high-output alternating current (AC) to subsurface porous
media, where electrical energy is converted to heat based on Joule’s Law [14-16].
Pulsed direct current (PDC) offered a recent alternative to conventional AC for
ERH, effectively integrating electrokinetic-driven migration with the Joule heating
effect [17-20]. ERH using PDC (PDC-ERH) has shown advantages over AC-ERH,
including faster heating rates, lower energy consumption, and stronger pollutant driving
effects in low permeability zones [17-20]. The PDC-ERH system was first proposed in
2021 and applied to the removal of trichloroethylene DNAPL, achieving faster heating
and approximately 30% lower energy consumption compared to AC-ERH [19].
Subsequently, studies revealed that PDC-ERH enhanced the migration of nitrobenzene
DNAPL at sub-boiling temperature compared to AC, consequently improving
contaminant accessibility in porous media [18]. Furthermore, PDC-induced thermal
activation of persulfate significantly improved the degradation of polycyclic aromatic

hydrocarbons compared to AC [17]. A recent study has further elucidated the
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enhancement mechanisms and dynamic effects of Joule heating on electrokinetic
transport processes [21]. These encouraging findings underscore the potential of PDC-
ERH as a promising in-situ remediation technology.

Nevertheless, a lingering concern with PDC-ERH was the uneven temperature
distribution with significant spatiotemporal variations during the heating process [22].
In contrast to traditional AC-ERH, where the electric field direction periodically alternates
at 50 or 60 Hz [7], causing minimal impact on ion distribution and stable temperature, PDC
maintains a constant electric field direction, triggering electrokinetically driven ion
migration and thereby creating more complex effects on media conductivity and
temperature [22]. In some case, the average temperature of the media may even decrease
after a period of heating [19, 22]. These issues hinder continuous and uniform
remediation, requiring further investigation and solution. Our prior research revealed
that the uneven temperature distribution and great spatiotemporal variations were
primarily caused by dynamic ion behaviors, involving complex interplays among
reactions, electrokinetic-driven migration, and mixed convection during the heating
process [22]. During the heating process, the potential gradient in the local media region
significantly increased, eventually leading to severe local ion depletion (up to 99%),
resulting in current and temperature drop, as well as uneven heat distribution [22].
Similar ion effects have also been observed in some studies on electrokinetic removal
of inorganic contaminants [23, 24]. To address the aforementioned issues with PDC-
ERH, incorporating effective regulation of ion behaviors to mitigate severe ion

depletion may be a viable strategy.
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PDC-ERH is a typical coupling process that involves interactions among electric
field, flow field, temperature field, and hydrochemical field. Controlling the flow and
electric fields has the potential to directly influence ion migration pathways, thereby
impacting the hydrochemical and temperature fields while optimizing the heating
remediation process. Some studies on direct current electrokinetic remediation have
employed hydraulic circulation and electrode polarity reversal to enhance the
distribution of inorganic nutrients, regenerate electroosmotic flow [25-27], and
intensify pollutant removal [28, 29]. Our previous research also preliminarily
introduced groundwater circulation to enhance the removal of dissolved nitrobenzene
in the low permeability zone using PDC [20]. However, the detailed regulation
mechanisms of these measures on spatiotemporal temperature changes in the porous
media and their subsequent effects on DNAPL removal still require further
understanding.

In this study, we introduced hydraulic circulation (flow field control) and
intermittent electrode polarity reversal (electric field control) to optimize the heating
performance and DNAPL removal of PDC-ERH while maintaining a constant electric
field intensity. Chlorobenzene (CB), a typical chlorinated solvent, was used as the
model DNAPL contaminant due to its extensive industrial use, high detection frequency,
resistance to degradation, and high toxicity [30-34]. We compared the spatiotemporal
evolution of media temperature, DNAPL removal, and energy consumption across three
heating systems: the unregulated PDC heating system (PDCH), hydraulic circulation

enhanced PDC heating system (HCE-PDCH), and polarity reversal enhanced PDC
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heating system (PRE-PDCH). To further investigate key regulation mechanisms, we
also systematically analyzed the evolution of electrical conductivity (EC) and major ion

composition of pore water and porous media, as well as electrical signals during heating.

2. Materials and methods

2.1 Experimental setup

Heating experiments were conducted in a custom-built two-dimensional (2D) sandbox
with internal dimensions of 54 cm x 30 cm x 4.5 cm, schematically illustrated in Fig.
1. The heating experimental system comprised the main sandbox, power supply, fluid
delivery, and monitoring modules. Silica sand (40/60 mesh, Shanghai Macklin
Biochemical Co., Ltd) and kaolin (Sinopharm Chemical Reagent Beijing Co., Ltd) were
used to simulate high permeability (~2.5 x 1072 cm s%) and low permeability (~3.7 x
107" cm s 1) zones. The dimensions of the low permeability lens were 27 cm x 13 cm
x 4.5 cm. This heating system and heterogeneity model have been applied in our prior
study [18, 22]. More detailed information about the experimental setup and media

packing can be found in these previous publication.
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Fig. 1 Schematic diagram of the experimental setup. (a) Schematic diagram of the treatment

system, (b) details of sampling points distribution.

Thermocouples (arranged in 5 rows and 5 columns, 4 mm in diameter, K-type,
Cesmooy, China) were installed on the back plate and connected to the data acquisition
system (Agilent 34970A) to record the temperature of porous media. Meanwhile, five
sampling ports (Fig. 1, P1-P5) were installed for collecting pore water samples.
Sampling ports P1-P5 were located 2, 11, 20, 29, and 38 cm away from the anode,
respectively. To indirectly assess the variations in EC of different media zones, three
embedded titanium wires horizontally divided the whole porous media zone into four

sections for measuring the partial voltage of each zone.
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2.2 Experimental operations

Table S1 summarizes all experimental conditions. To illustrate the enhanced
heating effects and mechanisms of hydraulic circulation and polarity reversal on PDC
heating, we first conducted HCE-PDCH and PRE-PDCH experiments without DNAPL,
and compared it with the previous unregulated PDCH system (Exp.1-Exp.3). In the
HCE-PDCH experiment, fluids were peristaltically pumped from the cathode chamber
to the anode chamber at the flow velocity of 5.4 mL min~* (pore velocity ~ 0.6 m d™)
to simulate the groundwater circulation. For the PRE-PDCH experiment, input electric
field conditions were programmed using a programmable power supply, with a fixed
interval set for automatic electrode polarity reversal. Based on observations from our
previous unregulated PDCH experiment, where a decline in media temperature
occurred after approximately 6 h, we selected a polarity reversal interval of 6 h. That is,
the positive and negative poles of the power supply automatically switched every 6 h.
These experiments lasted for 48 h.

Except for the control measures, all other experimental conditions were
completely consistent with the unregulated PDCH experiment. All experiments were
performed at room temperature and applied a same voltage gradient of 3 V cm™! (120
V). The bulk solution was 0.02 M Na>SOs solution. In the PDCH and PRE-PDCH
experiments, fluids were pumped into the left anolyte chamber through three inlets at a
flow velocity of 1.6 mL min~! (~0.2 m d!) to simulate natural groundwater flow. The

pumped fluids were identical to the initial bulk solution.
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To evaluate the heating performance, the temperature of porous media was
continuously monitored with intervals of 1 min. To further elucidate the influence
mechanism of the regulation measures, the system current was automatically recorded
every second using the programmable power supply, while the partial voltages in
distinct media zones were determined every minute using the data acquisition system
to continuously reflect the relative variations in EC of these zones. Simultaneously, pore
water was regularly collected from sampling ports (P1-P5) at 0 h, 12 h, 24 h, 36 h, and
48 h. Following the heating experiment, the media were sampled in 5 rows and 6
columns. These samples were then used to analyze the physicochemical properties,
including pH, EC, and concentrations of main water-soluble ions (sulfate and sodium
ions).

To further assess the DNAPL removal and energy consumption, we also performed
three DNAPL removal experiments using PDCH, HCE-PDCH, and PRE-PDCH
(Exp.4-Exp.6). The Oil Red O dyed CB DNAPL (20 mL, 22 g) was pre-added above
the low permeability lens, as shown in Fig. 1a, while a photograph of the actual sandbox
packed with the porous media and CB DNPAL was provided in Fig. S1. Oil Red O
(C26H24N40) is a lipophilic, non-ionic dye that was used in our study specifically for
the visualization of DNAPL [35-38]. The media sample was collected after 24 h to
analyze residual CB concentration and mass. Details of sampling points distribution
was shown in Fig. 1b. The porous media were sampled in 5 rows. Since nearly all of
the NAPL-phase contaminants were concentrated in the second row, this row was

divided into 7 sections (N1-N7). The media in these seven sections were completely
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collected and weighed, with each sample weighing approximately 200-300 g. In other
zones, the contaminants were present in the dissolved phase. We divided these zones
into 20 parts and sampled at the center of each part (D1-D20). Water samples from the
electrode chambers were also fully collected. Meanwhile, the current was recorded to

calculate energy consumption.

2.3 Analyses and calculations

The determination method of media specimens referred to EPA 9045D (2004) for
saturated soil. Four grams of wet media were weighed and added to 10 mL of ultrapure
water, and the supernatant was analyzed after thorough shaking. The EC and pH of the
collected aqueous samples were determined using a multiparameter meter (Seven
Excellence, Mettler Toledo) equipped with both an EC micro-electrode (InLab 751, 4
mm diameter) and a pH micro-electrode (InLab Micro, 3 mm diameter). Sodium and
sulfate ion concentrations were measured using ion chromatography (ICS 2000,
Dionex). The determination of sodium ion involved a cation-exchange column (lonPac
CS12A, Dionex) with a 20% methanesulfonic acid solution as the eluent and a flow rate
of 1 mL min~!. Sulfate ions were determined using an anion exchange column (lonPac
AS11-HC, Dionex) with the eluent (30 mM KaOH) at a flow rate of 1.2 mL min™".
The coefficient of variation (CV) was used to describe the uniformity degree of

temperature and EC distribution in porous media.

_ standard deviation
average value

CVv

1)



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

The electromigration velocitiy (u ms') of ions in porous media during PDC

mig,i ?

heating was derived from Eq. (2):

Z.F

u :—DI—VCD 2
o @

mig,i

in which D; [m? s7!] is the effective diffusion coefficient for porous media, z; is the
charge number, V® [V m™'] is the electric potential; F is the Faraday constant, R is
the gas constant, 7 [K] is the temperature. More details can be found in our previous
paper [22].

The CB concentration was measured by GC-MS (Agilent 7980A-5975). Each
media sample was mixed with 0.1 mol L' H2SO4 and hexane. Based on the sample
weight, CB was extracted from the media using a ratio of 1 g wet soil : 1 mL H2SOx4:
2.5 mL hexane. The total CB removal efficiency (¢, %) after 24 h was calculated
according to Eq. (3).

=27
0= M ater T Meoil _ Cwatervwater + Zi:l m;C; (3)
mO mO

where Mwater [g] IS the residual CB mass in electrode chambers, msoit [g] is the residual
CB mass in porous media, mo [g] is the CB initial mass (~ 22 g), cwater [g L™!] is the CB
concentration in electrode chamber solution, Vwater [L] is the volume of electrode
chamber solution (=2 L), ci [g g~! wet soil] is the CB concentration in porous media
(N1-N7, D1-D20), mi [g] is the meida weight corresponding to each region.

The energy consumption per log CB removal (W, kWh log™!) was calculated by Eqg.

(4):



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

W:LIUldt{log%] @)

t

where U [V] is the input voltage, | the current [A] is recorded by data acquisition every
1 min, t [h] is the reaction time, mt [g] is the total residual CB mass after 24 h, mo [g] is

the CB initial mass (~ 22 g).
3. Results and discussion
3.1 Improved heating performance: average temperature and uniformity

We compared the spatiotemporal temperature evolution in PDC heating systems using
different regulation measures (Exp.1-Exp.3). The results showed that introducing
hydraulic circulation or intermittent polarity reversal significantly improved the heating
performance of PDC (Fig. 2). In the case without additional regulation measures (i.e.,
PDCH system), the average temperature experienced a rapid increase over the first 6 h,
followed by a drop, and then a slight rebound at 36 h (Fig. 2a). After 48 h, the average
temperature remained at only 60°C. In contrast, the HCE-PDCH system maintained a
relatively stable average temperature after peaking, ranging from 71~75°C. Meanwhile,
the PRE-PDCH system showed a higher average temperature of 75~83°C after peaking,
with periodic fluctuations occurring every 6 h following polarity reversal. These
regulatory measures prevented a continuous drop in temperature and further elevated

the average temperature by 15~30°C compared to the unregulated system.
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Following the implementation of these regulatory measures, the uniformity of
temperature distribution also improved significantly. To quantify this improvement, we
calculated the temperature coefficient of variation, which served as an indicator of
heating uniformity. A lower coefficient of variation indicates a more uniform spatial
distribution of temperature [39]. Compared to the PDCH system, the temperature
coefficient of variation for both the HCE-PDCH and PRE-PDCH systems decreased by
approximately 40% (Fig. 2b), indicating a significant improvement in heating
uniformity. Fig. 2c presented the two-dimensional spatial distribution of temperature at
12 h intervals. In contrast to the uneven temperature distribution with significant
dynamic changes in the PDCH system, the temperature distribution in both the HCE-
PDCH and PRE-PDCH systems became more uniform and relatively stable after
peaking at 12 h. During the HCE-PDCH experiment, although heating uniformity
improved, the temperature on the anode side (near the pump inlets) remained lower than
in other zones, likely due to the cooling effect of the hydraulic circulation process. In
the PRE-PDCH system, the temperature distribution showed an almost axisymmetric

pattern.
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3.2 The key enhanced mechanism: optimizing ion migration and distribution

According to the Joule’s law, temperature evolution was directly related to current and
partial resistance. Our prior study revealed that the uneven temperature distribution and
significant spatiotemporal variations during PDC heating primarily stemmed from
dynamic ion behaviors with the impact of multi-fields including electric field, flow field,
and thermal field, etc [22]. Notably, severe local ion depletion led to drops in current
and temperature during the heating process [22, 40, 41]. In this study, the observed
improvements in heating performance may be likely attributed to the effective
regulation of ion migration pathways. This section discussed and elucidated the detailed

mechanisms involved.

3.2.1 Variations in electrical signals and ionic composition of pore water among the

direction of electric field

We first recorded real-time current in different systems. To evaluate changes in
partial resistance, partial voltages across different media regions were monitored to
indirectly assess variations in media resistance, while the EC and ionic composition of
pore water among the direction of electric field was also directly measured.

Similar to the average temperature trends (Fig. 2a), hydraulic circulation and
intermittent polarity reversal effectively suppressed the current drop during the PDC
heating process, with stabilized current values increasing by 25~63% compared to the
unregulated system (Fig. 3a). In the HCE-PDCH system, the current initially increased

at a slightly slower rate than in the PDCH system but gradually stabilized at a higher
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value of ~1.2 A. In the PRE-PDCH system, the initial behavior resembled that of the

PDCH system, showing a notable decrease in current between 3~4 h. However, the

current rapidly elevated after the first polarity reversal at 6 h, with subsequent reversals

causing significant current surges. Two polarity reversals constituted one heating cycle

and triggered periodic changes in both current and temperature, demonstrating the key

role of polarity reversal in regulating current and temperature during the PDC heating
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Fig. 3 Variations in system electrical signals over time. (a) system current and (b) media

partial voltage, where U/Uj is the ratio of real-time partial voltage to initial partial voltage in

the different media sections. The media zone was equally divided into four sections along the

direction of the electric field to measure the partial voltage, with sections 1 to 4 ranging from

left to right within the sandbox.
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Analysis of partial voltage and pore water EC jointly showed a significant
improvement in the spatial uniformity of EC distribution for both the HCE-PDCH and
PRE-PDCH systems compared to the PDCH system (Fig. 3b and Fig. 4). In contrast to
the PDCH system, where local partial voltage increased to 2~3 times their initial value,
the variations in partial voltage in different media sections during HCE-PDCH
remained within 27% of the initial value. Additionally, the EC range for pore water
samples (measured at 12 h, 24 h, 36 h, and 48 h) was 5.5~9.2 mS cm™! in the HCE-
PDCH system, much narrower than the range of 0.293~26.0 mS cm™! observed in the
PDCH system (Fig. 3). The initial pore water EC was ~4 mS cm~!. Therefore, no
significant decline in EC was observed during the HCE-PDCH process. Since the EC
is the index of water-soluble ions content [24], these results suggest that hydraulic
circulation might effectively avoid severe ion depletion that has been previously proven

to cause drops in both current and temperature during PDCH.
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direction of input electric field. Samples P1-P5 were pore water withdrawn from sampling
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Although hydraulic circulation homogenized the EC distribution, further detailed
analysis of ion composition in pore water (Fig. 4b) still revealed significant changes
compared to the initial composition of 20 mM Na2SOs during HCE-PDCH. In the
unregulated PDCH system, a clear pH jump was obsevered, which indicated that the
acidic and alkaline fronts of groundwater met in the media [22, 40]. In this HCE-PDCH
system, acidic, pH jump, and alkaline zones still gradually formed due to continuous
water electrolysis, yet severe ion depletion did not occur in the pH jumping zone. For
example, the pH jumping zone in the third section of the media at 12 h exhibited only

a 15% increase in partial voltage from the initial value, in contrast to a surge exceeding
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300% observed with severe ion depletion in the PDCH system (Fig. 3b). Additionally,
concentrations of H" and OH™ in pore water during HCE-PDCH were significantly
lower than those in the PDCH system (Fig. 4a), owing to the circulation of cathode
effluent into the anode well. Some H" and OH neutralized in the anode well,
contributing to the enhanced uniformity of EC and potential gradient.

Regarding stable water-soluble ions, Na" showed a relatively uniform distribution
with a concentration range of 20 mM~40 mM (Fig. 4b), likely attributed to circulation
facilitating the delivery of Na® from the cathode to the anode. Based on parameters
under stable temperature conditions (72°C), the ion electromigration velocity of Na”
was estimated to be 2.3x107° m s7!, consistent with the groundwater flow velocity,
supporting the relatively stable migration of Na™ within porous media. The uniform
distribution of Na" further enhanced the uniformity of EC and potential gradient. For
SO4*", the concentration continued to decrease significantly after 12 h (< 1 mM) in the
alkaline region. This decrease was attributed to the electromigration of SO4>~ towards
the anode opposing the direction of groundwater flow. Nevertheless, the presence of
Na'and OH ™ prevented a significant decline in the EC of the alkaline region. Pore water
samples with a near-neutral pH were not directly collected during HCE-PDCH.
However, according to the electroneutrality theory, if Na” were found in the near-neutral
zone, an equally charged amount of anions (i.e., SO4>") would be required [42]. These
findings indicate that maintaining a relatively uniform distribution of one stable water-
soluble ion would be effective when regulating ion behavior to prevent severe ion

depletion and consequent declines in temperature and current.
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Regarding the PRE-PDCH system, with periodic changes in the direction of the
input electric field, pore water EC and ion composition, as well as media partial voltage
also exhibited corresponding periodic variations (Fig. 3c and Fig. 4c). The electrode
polarity automatically reversed every 6 h, forming a cycle of each 12 h. In the initial 6
h, the media partial voltage was similar to that of the PDCH system (Fig. 3a). The partial
voltage in the second section of media gradually increased, with a maximum amplitude
close to 100%, thus leading to a decrease in current after 4 h (Fig. 2). Following a 6-
hour electrode polarity reversal, the above partial voltage declined, and simultaneously,
the current rapidly increased. At 12 h, the media partial voltage became uniform with a
change in amplitude from the initial value of only 6~14%. During the subsequent
polarity transition cycle, the partial voltage exhibited a similar periodic change, with
the highest partial voltage change amplitude always less than 100%, lower than the
maximum increase of 300% in the unregulated case.

Variations in EC and ion composition of pore water also followed a periodic
pattern. At 6 h, the pH jump zone initially showed a significant decrease in ion
concentration and EC, yet gradually returned to levels close to the initial conditions at
9 h (i.e., 3 h after the first polarity reversal), as depicted in Fig. S2. The above changes
can be attributed to the reversal of ion electromigration direction with the shift of
electrode polarity, thereby improving the uniformity of ion distribution. Subsequently,
a similar EC and ion distribution was observed at the end of each polarity transition
cycle (i.e., 12 h, 24 h, 36 h, and 48 h, Fig. 4c). The detected ion concentration range

was 14~66 mM for Na* and 8~46 mM for SO4>". We collected a pore water sample near
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the pH jumping zone at 24 h (P3, pH = 8.36), where the concentrations of Na* and
SO4* remained close to their initial values, providing direct evidence that the
regulatory measures of intermittent polarity reversal effectively prevented ion depletion

in the pH jumping zone.

3.2.2 Changes in physicochemical properties after heating

In order to gain a deeper understanding of the spatial variation in media properties, the
pH, EC, and major ions of media were analyzed after 48 h of heating. The media zone
was divided equally into 30 parts in 6 rows and 5 rows after the experiment. The EC
and ion concentration results of these media samples were provided in Fig. S3, while
the corresponding two-dimensional spatial distribution in different heating systems was
plotted in Fig. 5. Similar to the results of pore water, the uniformity of EC, Na", and
SO4?~ distribution significantly improved with HCE-PDCH and PRE-PDCH compared
to PDCH. The maximum difference of EC in different media regions was only 1.6 mS
cm ! for HCE-PDCH and 1.5 mS cm ™! for PRE-PDCH, whereas the difference using
PDCH (7.1 mS cm™") was 4~5 times that of these regulated systems (Fig. S3). The EC
coefficient of variation decreased from 0.75 in the PDCH system to 0.40 in the HCE-

PDCH system and 0.47 in the PRE-PDCH system (Fig. S4).
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Fig. 5 Two-dimensional spatial variations in physicochemical properties of porous media
after 48 h.

In terms of the two-dimensional spatial distribution, the downstream of the low-
permeability lens still showed a significant decrease in EC and ion concentration in the
HCE-PDCH system (Fig. 5b). The EC value and ion concentrations were reduced by
more than 60% from the initial value. This phenomenon indicated that regulating ion
transport downstream of the lens was challenging owing to the flow bypassing.

Nevertheless, effective regulation for ion and EC distribution across other high
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permeability zones could establish efficient current paths, thus having relatively little
impact on the overall current and temperature of the system.

With PRE-PDCH, the concentrations of Na* and SO4>", as well as EC at all
sampling points remained at high levels (Fig. 5¢). Multiple sampling samples from both
high permeability and low permeability media zones were collected in the pH jumping
zone with pH values ranging from 5 to 9. These results once again confirmed that
polarity reversal can effectively regulate ion migration and prevent severe ion depletion
within the pH jumping zone. In addition, a comparative analysis of ion concentrations
showed that the Na" concentration using PRE-PDCH was approximately twice that
using HCE-PDCH. This difference was likely attributed to the migration direction of
Na" towards the upstream during the previous 6 h (42~48 h), resulting in more Na*

being trapped in the porous media driven by electric field forces.

3.3 Enhanced DNAPL removal and energy efficiency

We selected CB DNAPL as a model pollutant and further compared CB removal
in the PDCH, HCE-PDCH, and PRE-PDCH systems (Exp.4-Exp.6). Residual CB
concentration distribution in porous media after 24 h of heating was shown in Fig. 6a.
The residual concentrations in the HCE-PDCH system (< 6.9 mg g!) and the PRE-
PDCH system (< 3.3 mg g ') were significantly lower than those in the PDCH system
(< 11.0 mg g"). In the PRE-PDCH system, the removal efficiency was the highest at
92.0%, while the HCE-PDCH system achieved a removal efficiency of 74.0% (Fig. 6b).

These efficiencies represented a 37.8% and 19.8% improvement compared to the
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PDCH system (54.2%) at the same voltage gradient. These results indicated that the
removal efficiency was positively correlated with heating performance. Furthermore,
the co-boiling of NAPL and water is crucial for contaminant removal. Among these
systems, the PRE-PDCH system exhibited the highest number of temperature
measurement points exceeding the co-boiling temperature (approximately 91°C [43]),
along with the longest co-boiling duration, further supporting its superior

chlorobenzene removal efficiency.
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Fig. 6 Comparison of (a) residual CB concentration distribution and (b) removal efficiency
and energy consumption per log removal after 24 h in different systems.
Based on the residual CB mass and current data, the energy consumption per log
removal was further calculated for each system (Fig. 6b and Table S2). The PRE-PDCH

system achieved the highest DNAPL removal with the lowest energy consumption of
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2.7 kWh log™!, which was 47.5% lower than that of the PDCH system (5.1 kWh log™!).
The energy consumption in HCE-PDCH system (4.4 kWh log ') was reduced by 12.8%
compared to the PDCH system. These comparison results further emphasized the
importance of regulating electric and flow fields to ensure continuous and uniform
heating of the porous media. With a constant electric field intensity, adjusting the flow
or electric field can potentially achieve efficient removal with low energy consumption.

Overall, these findings further highlight the potential benefits of PDC-ERH when
combined with effective regulation measures, including improved remediation
efficiency, reduced energy consumption, and enhanced long-term sustainability. The
proposed systems are expected to be applicable to various volatile and semi-volatile
contaminants and media conditions, while performance may vary depending on
contaminant and media characteristics. Contaminants with high adsorption or low
volatility may require additional remediation strategies, such as coupling with other
treatment agents [15, 17, 44]. Meanwhile, media permeability and moisture content
significantly influence heating uniformity and ion migration [22], especially when
groundwater circulation control is employed. In low-permeability formations (e.g.,
clay-rich formations), hydraulic circulation may be less effective due to limited fluid
flow, while polarity reversal could still enhance ion migration and heating uniformity.
Currently, field applications of PDC-ERH remain in the early stages, and our findings
would provide a critical foundation for future field implementation. Nonetheless,
scaling PDC-ERH for larger applications still presents challenges, particularly the need

for precise control over electric and flow fields across heterogeneous sites, which may
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require more complex infrastructure and monitoring systems, potentially leading to
higher upfront costs. However, the system’s potential for reduced energy consumption
and improved efficiency could result in long-term cost savings, while further
advancements in automation and real-time monitoring technologies may help mitigate
these challenges. Given these considerations, further development and implementation
of PDC-ERH in diverse field settings are urgently needed, building on existing AC-
ERH practices to fully evaluate the system’s scalability and validate its potential

advantages.

4. Conclusions

In this study, we demonstrated that introducing external hydraulic circulation and
electrode polarity reversal comprehensively enhanced the heating performance (both
average temperature and uniformity), uniformity of EC and ion distribution, DNAPL
removal, and energy efficiency. Compared to the unregulated heating system at the
same voltage, the average temperature of the porous media increased by 15~30°C,
while heating uniformity improved markedly with the coefficient of variation
decreasing by approximately 40%. Additionally, DNAPL removal efficiency achieved
an increase of 19.8%~37.8% with energy consumption decreasing by 12.8%~47.5%.
These improvements were primarily attributed to the effective regulation of ion
migration pathways in porous media through adjustments to the electric and flow fields.
These measures significantly improved the uniformity of ion and EC distribution within

the porous media, while effectively preventing pronounced elevations in local electric
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potential gradients and the subsequent formation of severe ion depletion zones. These
results showed the importance of effective ion regulation in optimizing PDC heating
performance and thereby DNAPL removal. Future work should focus on evaluating the
scalability of PDC-ERH in field applications. Additionally, integrating PDC-ERH with
complementary remediation methods (e.g., thermally activated persulfate) may further
enhance the degradation of recalcitrant contaminants. Developing real-time monitoring
systems for ion distribution and temperature gradients will also be essential for

optimizing regulation strategies and advancing sustainable remediation.
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Highlights

Regulating ion migration pathways effectively improved the PDC heating
process.

e Hydraulic circulation and polarity reversal were effective ion control measures.
e Average temperature and uniformity greatly improved compared to unregulated

system.

* DNAPL removal efficiency increased by 19.8%~37.8%, with lower energy

consumption.
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