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ABSTRACT

Interactions with solid matrices control the persistence and (bio-)degradability of
hydrophobic organic chemicals (HOC). Approaches influencing the rate or extent of HOC
interactions with matrices are thus longed for. When a direct current (DC) electric field is
applied to a matrix immersed in an ionic solution, it invokes transport processes including
electromigration, electrophoresis, and electroosmotic flow (EOF). EOF is the surface charge-
induced movement of pore fluids. It has the potential to mobilize uncharged organic
contaminants and, hence, to influence their interactions with sorbing geo-matrices (i.e. geo-
sorbents). Here, we assessed the effects of weak DC electric fields on sorption and
desorption of phenanthrene (PHE) in various mineral and carbonaceous geo-sorbents. We
found that DC fields significantly changed the rates and extent of PHE sorption and
desorption as compared to DC-free controls. A distinct correlation between the Gibbs free
energy change (AG°) and electrokinetic effects such as the EOF velocity was observed; in
case of mineral sorbents EOF limited (or even inhibited) PHE sorption and increased its
desorption. In strongly sorbing carbonaceous geo-sorbents, however, EOF significantly
increased the rates of PHE sorption and reduced PHE desorption by > 99 % for both
activated charcoal and exfoliated graphite. Based on our findings, an approach linking AG°
and EOF velocity was developed to estimate DC-induced PHE sorption and desorption
benefits on mineral and carbonaceous sorbents. We conclude that such kinetic regulation
gives rise to future technical applications that may allow modulating sorption processes e.g.

in response to fluctuating sorbate concentrations in contaminated water streams.

KEY WORDS:
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BRIEF
DC electric fields significantly influence the rates and extents of sorption and desorption of

phenanthrene to mineral and carbonaceous model geo-sorbents by electroosmotic flow.
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1. INTRODUCTION

Interactions with solid geo-matrices are key drivers of the persistence of hydrophobic organic
chemicals (HOC) and, hence, control their fate as well as the exposure of environmental and
human receptors (Harms et al., 2017b). Various studies have shown that the sequestration of
hydrophobic chemicals in the solid phase significantly reduces HOC bioavailability and
biodegradation (Harms et al., 2017a). Three potentially rate-limiting steps may influence the
sorption of a chemical to and its release from geo-matrices, respectively: (i) diffusion of the
chemical within the molecular nano-porous network, (ii) pore or surface diffusion in
aggregated geo-matrices, and (iii) diffusion of the sorbate across an aqueous boundary layer
surrounding sorbent particles. As a consequence of progressive binding, residual
hydrophobic chemical may become less leachable and thus less efficiently available for
microbial degradation (Johnsen et al., 2005). The sorption and release of HOC in various
sorbents can be investigated by kinetic (Ahn et al., 2005; Ho et al., 2000; Morelis and van
Noort, 2008) and thermodynamic (e.g., Gibbs free energy of sorption, AG°) approaches
(Doke and Khan, 2013; Huang and Weber, 1997). Electrokinetic approaches (Qin et al.,
20154, 2015b; Shan et al., 2018) (typically using DC fields of an electric field strength of X =
0.2 - 2.0 V cm™) have shown high potential to mobilize otherwise poorly mobilizable
hydrophobic organic pollutants in matrices of low permeability (Jeon et al., 2010; Kim et al.,
2006; Li et al., 2000; Pham et al., 2009; Reddy, 2010; Saichek and Reddy, 2003; Shaplro and
Probstein, 1993). When an electric field is applied to a matrix immersed in an ionic solution,
it invokes transport processes including electromigration, electrophoresis, and electroosmotic
flow (EOF). Electromigration and electrophoresis refer to the transport of charged molecules
and particles to electrodes of opposite charge. EOF is the surface charge-induced movement

of pore fluids in an electric field usually moving from the anode toward the cathode (Rice
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and Whitehead, 1965). It originates from the enrichment of ions in the so-called electric
double layer near a surface and is particularly effective in fine-grained materials where meso-
and micro-pores dominate. These are situations where low hydraulic flow is extremely small
and molecular diffusion may limit the access of sorbates to and the release of sorbates from
smaller pores(Reddy and Saichek, 2004; Shi et al., 2008). Electroosmotic perfusion induces
efficient liquid flow in inter- and intra-particle network pore channels (Tallarek et al., 2001)
and, hence, increase release rates and natural attenuation of HOC at locations where pump
and treat approaches may be inadequate (Kim et al., 2007; Reddy et al., 2009; Reddy and
Saichek, 2004) or energetically ineffective (Hassan et al., 2015). EOF can thus be applied for
the dispersal and separation of uncharged entities or the dewatering of matrices (Hoshyargar
et al., 2018; Li et al., 2018). Contrary to the parabolic velocity profile of pressure-driven
hydraulic flow in a pore, the velocity profile of EOF is quasi planar beginning at the so-
called electrical double layer located a few nanometers above the surface. It thus likely arises
at scales relevant for chemical-sorbent interactions. This effect is, for instance, used in
capillary electrochromatography (CEC) where EOF (rather than pressure-driven-flow such as
in HPLC) is used to effectively separate uncharged solutes between a mobile and a stationary
phase (Vallano and Remcho, 2000). Recent work showed that DC fields increased PHE
sorption rates in carbonaceous exfoliated graphite sevenfold and reduced the PHE desorption
rate by > 99 % (Qin et al., 2015a). This was discussed as a result of electroosmotic perfusion
of PHE to pores that contribute most of the sorption sites, but are difficult to access in the
absence of EOF by molecular diffusion only. Still scarce mechanistic information exists on
the impact of DC on the sorption and desorption of hydrophobic chemicals with geo-
matrices. In our study we tested whether electrokinetic phenomena are able to change

interactions of the common oil contaminant (Bansal and Kim, 2015) phenanthrene (PHE)
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with mineral (zeolites, aluminum oxides, silicates) and carbonaceous (activated charcoal,
exfoliated graphite) sorbents as compared to DC-free controls. In particular, we assessed to
which degree (i) DC electric fields influence the sorption and desorption of PHE in model
sorbents of differing sorption strength, (ii) DC-induced benefits of PHE sorption/desorption
correlate with Gibbs free enthalpy (AG®), and (iii) EOF may explain DC-induced benefits of

PHE-geo-matrix interactions.



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

2. MATERIAL AND METHODS

2.1 Reagents and sorbents.

One hundred mg PHE (purum > 97.0 % GC; Fluka, Germany) were stirred in 100 mL of
methanol in a light-protected volumetric flask for one hour. One mL of the methanolic PHE
solution was then added to 1 L of either a sterile 1, 10 or 100 mmol L™ potassium phosphate
buffer (PB; i.e. K;HPO,4, KH,PO,4) at pH = 7, shaken for 24 h under light exclusion and
stored at 4 °C until use. Except for the exfoliated graphite (EG), which was prepared as
described earlier,(Moustafa, 2009; Qin et al., 2015a) all sorbents (silica gel 404, 60A, 100A
(Davisil), aluminum oxide (Al,Os; Si/Al = 0), Zeolite NaY (Si/Al = 5), Zeolite 13X (Si/Al =
1.4) and activated charcoal (AC)) were purchased from Sigma-Aldrich Chemie GmbH,
Germany. The mineral sorbents were cleaned by exposure to 500 'C for 4 h in a muffle
furnace and subsequent storage in a desiccator. For desorption experiments the sorbents were
spiked with PHE as described earlier (Puglisi et al., 2007); shortly, 10 mg of the sorbents
were added to 10 mL of hexane containing 1 mg mL™ of PHE in a tightly sealed vial and
sonicated for one h in an ultrasonic bath (Sonorex Super RK255/H, Bandelin Electronic
GmbH). Thereafter, the vial was opened and the hexane allowed evaporating at 60 °C for 10

min. After loading, all of the sorbents were stored at 5 °C in a closed vial in the dark.

2.2 Analytical methods.

Aqueous samples with dissolved PHE were analyzed by high performance liquid
chromatography (HPLC) (Shimadzu Class-VP) on an RP-18 column (Nucleosil 100-5 C18 4
mm D) using an isocratic mobile phase (MeOH / water (90:10 v/v); flow: 1 mL min™) and

UV detection at 250 nm. The physicochemical surface characteristics (BET surface, pore size
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and the zeta potential ({)) of the sorbents were characterized by Doppler electrophoretic light
scattering analysis, and BET analysis (cf. Figure S1).

2.3 Electrokinetic apparatus and running conditions.

The electrokinetic apparatus used for the sorption and desorption was composed of two
electrode compartments and three central chambers. (cf. Figure S2) as described earlier by
Qin et al. (Qin et al., 2015a). The apparatus was mounted horizontally, filled with either 1,
10, 50, or 100 mmol L™ electrolyte, and connected to a PowerPac (P333, Szczecin, Poland)
to produce an electric field of an electric field strength X of 1.8 V cm™ and resulting currents
| of 3+ 0.4, 14 + 2, 30 + 3 mA for 1, 10, and 100 mmol L™ of electrolyte, respectively. The
electrolyte was circulated from the anode to the cathode by a peristaltic pump (ISM 935,
Ismatec, Glattbrugg, Switzerland) with sterilized Teflon at 26.4 ml h™* (bed flow velocity:

0.004 cm s™*). Experiments in the absence of electric field were conducted as controls.

2.4 Kinetics of PHE Geo-sorbent Interactions

2.4.1 Desorption: Desorption of PHE from PHE-loaded sorbents was quantified in presence
and absence of a DC electric field (X = 1.8 V cm™) in 10, 50 and 100 mmol L™ electrolyte
solutions. The central of the three chambers (cf. Figure S2) was packed with dry, PHE-spiked
sorbent prepared as described by (Puglisi et al., 2007); either 1 g of a mineral sorbent (silica
40A, 60A, 100A, ALOs, zeolite NaY, zeolite 13X), 0.5 g of AC, or 70 mg of EG. The
apparatus then was filled with 200 mL PB solution (denoted as t = 0 h) and continuously
flushed overnight (11 h) for system equilibration prior to the application of the DC electric
field. Thereafter samples of 1 mL were taken from chamber (3) (cf. Figure S2), transferred

each to 1.5 mL glass vials and the PHE content analyzed by HPLC. No significant changes
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of the temperature and the pH of the electrolyte were observed in either of the ionic strengths

of the electrolyte used. All experiments were performed in three independent replicates.

2.4.2 Sorption. Sorption of PHE to sorbents was quantified in presence and absence of a DC
electric field (X = 1.8 V cm™) in 1, 10 and 100 mmol L™ electrolyte solutions. The chamber
(4) (cf. Figure S2) was packed with dry, cleaned sorbent as described above, the apparatus
was filled with 200 mL electrolyte solution and then continuously flushed with PHE
containing electrolyte (Ce = 400 pg L) at a rate of 26.4 mL h™* under DC and DC-free
conditions. After a stabilization time of 5 min (denoted as t = 0 h), samples of 1 mL were
taken at given intervals from both chambers (1) and (3) next to the central chamber (4); (cf.
Figure S2), transferred to 1.5 mL glass vials and the PHE contents were analyzed by HPLC.

All experiments were performed in three independent replicates.

2.5 Determination of sorption isotherms.

Triplicate batch experiments of PHE sorption on all sorbents were performed separately
either at 5+ 2 °C, 25 + 2 °C, and 35 + 2 °C in 10 and 100 mmol L™ PB. Isothermal sorption
experiments were performed according to a standard protocol (Huang and Weber, 1997; Su
et al., 2006; Zhao et al., 2014) in 30 mL (mineral sorbents) or 200 mL (carbonaceous
sorbents) glass vials that were sealed with a Teflon-coated butyl rubber septum crimp cap.
Activated charcoal was ground into fine particles (diameter 14 + 3 um, n = 20) to shorten the
time needed to reach sorption equilibrium (James et al., 2005). The solid-to-solution ratios
(w/v) were 1:20 (g mL™) for PHE sorption to mineral sorbents and 1:8000 (g mL™) for
carbonaceous sorbents, respectively. Dissolved PHE concentrations of 100, 200, 300, 400,

and 500 pg L™ were used for mineral sorbent while 10, 20, 30, 40, 50, 60, 70, and 80 mg L™
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were used for carbonaceous sorbents (0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, and 0.8%
MeOH was added as co-solvent accordingly). The glass vials were horizontally shaken in a
reciprocal shaker (3016, GFL, Germany) at 12 rpm for 7 days. All experiments were
performed in three independent replicates. Aqueous PHE concentrations were quantified by
HPLC as mentioned above. Sorption isotherms were approximated using Freundlich
adsorption isotherm (eq. 1) (Ai and Jiang, 2012; Duan and Naidu, 2013; Zhang et al., 2010).
logqg, =logK: +nlogC, (eqg. 1)

where ¢ is the equilibrium concentration of PHE adsorbed to sorbents, Ce is the dissolved
PHE equilibrium concentration, n is the Freundlich exponent (a measure of sorption
linearity) and K is the Freundlich isotherm constant (ug kg™) (L pg™)". The distribution
coefficient Kq at equilibrium was determined by Kg = qe/Ce (L g™). The specific surface-
normalized distribution coefficient Ky can be further calculated by dividing Ky by the

specific surface area (m? g*) of the sorbents.

2.6 Calculation of sorbed and desorbed PHE fractions.

Tgest (%) and I'sor ¢ (%) refer to normalized time-dependent fractions of PHE in the sorbent in
desorption and sorption experiments, respectively. They were calculated from PHE inflow
(Ci) and outflow concentrations (C.) of the reactor chamber, the electrolyte volume flushed
(V; L), and the initial PHE load (Mo; mg) in the sorbent and the maximum amount of PHE

that can be loaded on clean sorbent in the column (Ms; mg), respectively (egs. 2 & 3)

Mo~ [ Ce v ,
. =——4Jdo eq.
des,t Mo (q )
t t
jcidv—j CedV
Ly =2 v 0 (eg. 3)

S

10
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The relative influence of DC electric fields on PHE desorption (Algest) and sorption (Al sert)
at a given time can be calculated from egs. 4 & 5, where subscripts denote the absence and

presence of the electric field.

AI—Vdes,t = Fdes,noDC,t - Fdes,DC,t (eq 4)
A]ﬁsor,t = Fsor,noDC,t - Fsor,DC,t (eq 5)

2.7 Thermodynamics of PHE geo-sorbent interactions.
The standard Gibbs free energy of sorption (AG°) relates to standard sorption enthalpy (AH°)
and sorption entropy changes (AS°) by eq. 6.
AG° = AH°—-TAS® (eg. 6)
AGP® can be estimated according to the following equation at T = 298 K:
AG®=-RT InK, (eq. 7)

K. is the equilibrium constant; it is dimensionless and based on the Freundlich isotherm K¢
(at 298 K) and the water density (o) 1000 g L™, and can be calculated using eq. 8 (Ghosal

and Gupta, 2015; Kopinke et al., 2018; Tran et al., 2017):
6 (1-n)
=22 (eq. 8)
1000\ p
AH can be estimated using the van’t Hoff equation by substituting eq. 7 to eq. 6 (Kopinke et

al., 2018; Tran et al., 2017):

—AH®° 1 AS°
X —+

R T R

The AH° (kJ mol™) is a measure of the enthalpy change (isosteric heat) involved in the

InK, =

(eq. 9)

transfer of solute from the reference state to the sorbed state at a given solid-phase
concentration. R is the universal gas constant (8.314 x 10 kJ mol™ K™) and T is temperature
in Kelvin. The values of AH° can be estimated by the slope and intercept of a plot of In K
versus 1/T, and AS° can be calculated by AH® and AG° according to eq.6.

11
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2.8 Approximation of the EOF velocity.
The electroosmotic (EOF) flow velocity in an intra-particle pore of radius r (Veor,) can be
calculated by Veor, max and a function of «r (i.e., f(xr)) (Rice and Whitehead, 1965) as

detailed by eqgs. 10-12.

Veorr =Veorma * f(xT) (eq. 10)
E & X+
VEOF, max — _g (eq 11)
n
f(xr) = 1—M (eg. 12)
xrl,(xr)

Here lo, 1, are the zero and first-order modified Bessel functions, «* the thickness of the
electrical double layer (EDL, nm) calculated by the Guoy-Chapman theory with C and z the
molar bulk concentration and the charge number of the electrolytes, respectively (Sharma

and Rao, 2003) (eg. 13).

1 =[3.202¢2 ]
x [ ] (eg. 13)
The term xr reflects the ratio of the pore radius (r) to the thickness of the double layer.
Equation 10 is a simplified expression of the Navier-Stokes equation (Cummings et al.,
2000), where, & is the dielectric constant of water (78.5), & (8.85 x 10™ F m™) is the

vacuum permittivity, ¢ is the actual zeta potential of the solid surface at the experimental

conditions, and X is the electric field strength applied.

3. RESULTS

3.1 Characterization of sorbent properties

12



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

Physico-chemical properties including specific surface area, average pore size, and zeta
potential were analyzed for all eight sorbents (Table 1). All sorbents had average pore sizes
of 2-10 nm and were of a high specific surface area (> 190 m?g™), with AC, EG, silica 40A
and zeolite 13X expressing specific surface area > 500 m? g™*. Although the carbonaceous
materials had lower charges, all sorbents exhibited clearly negative zeta potentials at all ionic
strengths tested (Table 1). Silica 40 A, silica 60 A, and silica 100 A exhibited similar zeta
potentials in all the electrolyte concentrations. The equilibrium sorption capacities were
reflected by the surface normalized partition coefficients K4 ranging from 1 x 10° mL cm™
(mineral sorbents) to 0.148 x 10 mL cm™ for carbonaceous sorbents. Minor effects of the

ionic strength on Kq~ for 10 mmol L™ and 100 mmol L™ at 25 °C were found (Table 1).

3.2 Effect of the DC field on PHE-sorbent interactions

In order to assess the effect of weak DC electric fields on PHE-sorbent interactions, all
sorbents were exposed to a DC electric field of X = 1.8 VV cm™ at fixed bed conditions and
the extent and the rates of PHE sorption and desorption compared to DC-free controls. Clear
DC-field effects on both PHE sorption and desorption were observed as evidenced by time
dependent relative PHE fractions remaining in the sorbents in desorption Igs: (%) and
sorption Isort (%) experiments (Figures 1 & S3). In mineral sorbents the DC field stimulated
the PHE desorption (Figures 1A & C) and reduced the extent of PHE sorption by 30-40 %
(Figures 1B & D). By contrast, in carbonaceous EG and AC, DC field treatment increased
PHE sorption (Figures 1F & H), and limited PHE desorption from EG (Figure 1E). No PHE
release from AC was observed at any condition (Figure 1G). As EOF velocity depends on the
ionic strength of the electrolyte, PHE desorption and sorption experiments further evaluated

the effect of different electrolyte ionic strengths (1, 10, 100 mmol L™ PB in sorption

13
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experiments and 10, 50, 100 mmol L™ PB in desorption experiments). As the electrolyte
ionic strengths also may influence the sorption properties in the absence of DC, we
calculated the effects of DC electric fields on PHE desorption (Algest) and sorption (Al sort)
relative to DC free controls. Positive Alyes: refers to increased desorption in presence of DC,
while a negative Aljes: refers to reduced desorption. Similarly, positive Al denotes
decreased sorption to the geo-sorbents relative to the control, while negative values refer to
increased sorption. Figure 2 depicts Algest and Al fOr two mineral (silica 40A, Zeolite
NaY) and two carbonaceous (AC, EG) materials exposed to various electrolyte ionic
strengths: at low (1 mM) electrolyte concentrations the DC electric field showed minor or no
significant change of I and, hence minor DC effects on PHE sorption (Figures 2 & S4)
while an increase of the electrolyte ionic strength resulted in Als,: > 0 (i.e., reduced
sorption, Figures 2B & D) for mineral and Al < O (i.e., increased sorption, Figures 2F &
H) for carbonaceous materials. Likewise electrolyte effects on DC-induced PHE desorption
from mineral sorbents were observed: increased ionic strength resulted in improved PHE
desorption (Alges: > 0) for silica 40A and Zeolite NaY (Figures 2A & C), yet had no

apparent impact in AC ((Alges =~ 0) Figure 2E).

4. DISCUSSION

4.1 Effects of the DC field on PHE-sorption and desorption kinetics

Applying a DC field to a suspended solid matrix invokes electrokinetic effects such as EOF,
resulting from the motion of mobile counter-ions in the EDL located at the walls of pores and
continuous micro-channels (Sinton and Li, 2003; Tallarek et al., 2001). As EOF exerts a

dispersive force on PHE molecules while acting at scales relevant for chemical-sorbent

14
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interactions, we quantified electrokinetic impacts on the sorption and desorption kinetics of
PHE using zeolites, aluminum oxides, silicates, activated carbon and exfoliated graphite.
These model geo-sorbents cover a broad range of physicochemical and morphological
properties as well as PHE sorption characteristics (Table 1). Suspended sorbents were
exposed in a fixed-bed reactor to a weak DC field and differing electrolyte concentrations at
constant hydraulic flow. The rates of PHE sorption and desorption were then compared to
those in identical DC-free controls. As the EOF velocity (Veorr €q. 10) is directly
proportional to f(x») and {; representing two distinct sorbent properties, we presumed that
increasing Veor, would influence PHE sorption to and PHE desorption from sorption sites
beyond mere mass diffusion. Figures 3C & D correlate observed relative benefits of DC
electric fields on PHE desorption (A7 yes t=s6n) and sorption (Al s =31n) t0 the calculated Veor,
(Fig 3C & D), and the logarithmic surface-normalized PHE partition coefficient (Log Kg
Figures 3A&B) at the end of our experiments (i.e. at 86 h (desorption) and 31 h (sorption).
Except for Kg that reflects equilibrium conditions, good correlations (R? = 0.90 for sorption
at 31 h and 0.72 for desorption at 86 h) were detected, supporting the hypothesized effect of
EOF on PHE-sorbent interaction (Figures 3C & D). In order to further evaluate DC-induced
kinetic effects we varied the EDL thickness above the sorbents by changing electrolyte
concentrations. A shift from 1 to 100 mmol L™ results in a calculated reduction of the EDL
thickness from 2.2 to 0.7 nm and an increase of the electroosmotic (EOF) flow velocity in
(Veor,y). Simultaneously, a combination of bigger pores and smaller EDL thickness (i.e.,
increased «xr, (eq. 10)) promotes an up to fivefold faster Veor, and proportional changes
Algest, and Also ¢ (Figure S6) for silica 40A, 60A, and 100 A in PB electrolytes of varying
ionic strengths. At conditions of low Veor,: (.. when the ionic strength of the electrolyte

and/or the zeta potential of the sorbent is low) the DC field-induced impact on PHE-sorbent

15
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interactions was low. For the strong PHE sorbents AC and EG, however, no correlation with
Kg', and Veor, was observed (Figure 3). This suggests that the sorption properties of AC and
EG for PHE prevail over the possible EOF effects. As better sorption of PHE to EG in
presence of DC was observed, it may be speculated whether EOF may mediate the
redistribution of weakly bound PHE within the sorbent (Ai and Jiang, 2012), i.e., translocate

PHE molecules from weak to strong sorption sites.

4.2 Sorption thermodynamics and electrokinetic phenomena

In order to further interpret electrokinetic effects on PHE-sorbent interactions, we determined
the changes of the Gibbs free energy (AG°), the enthalpy (AH®) and the entropy (AS°) of PHE
sorption to all sorbents (Table 2). AG° is an indicator for the degree of spontaneity of PHE
interaction with sorbents (Liu, 2009). A negative value (AG° < 0) thereby refers to a
spontaneous reaction. AG® of PHE sorption was found to be negative for all sorbents and
poorly depended on the ionic strength of the PB electrolyte (Table 2). PHE sorption was
exothermic (AH° < 0) and accompanied by minor changes of AS® (Table 2). This observation
confirms earlier work showing that hydrophobic (carbonaceous) and hydrophilic (mineral)
surfaces exhibit distinct PAH sorption enthalpies in aqueous solutions (Drost-Hansen, 1978;
Huang and Weber, 1997). As the interaction energy of water with mineral surfaces is greater
than that of PAH, the water molecules may outcompete PAH molecules in an exothermic
sorption processes. According to this assumption, PAH molecules may associate with a ~100
nm thick layer (Drost-Hansen, 1978) of vicinal water rather than directly with the mineral
surface (Mader et al., 1997) and, hence, may be subject to significant EOF velocity. The
plug-like velocity profile of EOF thereby is likely to exert a dispersing force on PHE

molecules above mineral surfaces with a typical electric double layer thickness ranging from

16
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0.65 nm to 6.87 nm for our experimental range of electrolyte concentrations (cf. eq. 13).
According to the model postulated by Huang et al. (Huang and Weber, 1997), the PHE
molecules are likely to interact directly with the surface of carbonaceous sorbents (i.e.
express clearly negative AG®) and hence may require a high EOF kinetic energy for being
replaced by water molecules. Based on such reasoning, we tested whether there is an
apparent correlation between Veor, and the Gibbs free energy for PHE molecule in the
vicinity of a sorbent surface (Figure 4). Such ad hoc correlation is further tempting as the
ionic strength of the electrolyte was found to have minor influence on AG° yet to promote the
intra-pore Veor,. Figures 4 & S5 show that Veor, as low as 4.4x107 m s result in significant
sorption and desorption benefits for sorbents with AG® > -13.5 kJ mol™. Generally, more
negative AG° and a lower EOF velocity seem to result in an electrokinetic promotion of PHE
sorption (cf. warm color area in Figure 4B) and a reduction of PHE desorption (cf. cold color
area in Figure 4A). By contrast, less negative AG° and higher EOF may lead to electrokinetic
promotion of PHE desorption (cf. warm color peaks in Figure 4A) and clearly reduced
sorption (cf. cold color peaks in Figure 4B), respectively.

4.3 Conclusion: Relevance for environmental and biotechnological applications

The transformation of chemicals in natural and man-made systems is often mass transfer-
limited as it requires chemicals to be sufficient to initiate chemical or microbial catalysts. In
soil for instance, the type, the sorption capacity or the spatial and energetic distribution of the
sorption sites may impose serious limitations on the rate of HOC biotransformation. In order
to ensure sufficient transformation rates, environmental biotechnology has to ensure and
manage transport of chemicals at least over the distances typically separating hotspots of
pollution from transforming microbes (Harms and Wick, 2006). This is of special relevance

for HOC which are typically associated with solid particles from which they are very slowly

17



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

released by diffusive transport processes (Johnsen et al., 2005; Semple et al., 2007). Using
sorbents of either purely mineral or carbonaceous nature, we here suggest that the application
of EOF may be used to control PHE-matrix interactions as a driver for subsequent PHE
availability to organisms. In natural systems however, sorbent matrices typically consist of a
mixture of mineral and carbonaceous materials and may result in hardly predictable benefits
of electrokinetic HOC flushing and biodegradation (Gill et al., 2014; Wick et al., 2007)
despite of the absence of apparent negative DC-field effects on soil microbial communities
(Wick et al., 2010). Knowledge of the composition of environmental matrices and their
chemical, thermodynamic and sorption properties is important for the prediction of
electrokinetic effects on HOC-matrix interactions. For example, at situations of low organic
carbon content (< 1 g kg™) the mineral phase may dominate and given sufficient electrolyte
concentrations DC fields will significantly reduce HOC retention and, hence, increase HOC
availability. On the other hand, in activated charcoal treatment of contaminated groundwater
or thermal soil remediation technology using activated carbon, DC electric fields may elevate
HOC sorption rates, decrease the risk of HOC diffusion, and save the often expensive sorbent
materials. Electrokinetic approaches may be further used to kinetically regulate the
interaction of sorbates and sorbents in environmental (bio-)technology (Qin et al., 2015a,
2015b; Shan et al., 2018). This kinetic regulation may give rise to future technical
applications, which allows regulating sorption processes, for instance in response to
fluctuating sorbate concentrations in contaminated water streams, in electro-bioremediation

or to avoid unwanted sorption of hydrophobic solutes in technical applications.
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Table 1. Overview of the properties (BET surface area, pore size and zeta potential ({)) of the sorbents used in the study and their
temperature-dependent Freundlich sorption isotherm parameters (Kg and n) of PHE sorption at C, = 400 pg L™ in 10 and 100 mmol L*

electrolyte.
Properties 10 mmol L* 100 mmol L*
Sorbents BET Pore  Zeta potential { (mV) 5°C 25°C 35°C 25°C 5°C 25°C 35°C 25°C
Surface  Size
( 2 1 1 10 50 100 log Log log log log log
m°g’)  (nm) A ‘b o
mM mM mM mM K n K: n K: n Ky K: n K: n K: n Ky
Silica 40A 675 4 -39.8 -33.3  -22 -18.5 -0.80 0.83 -1.05 0.84 -1.17 0.84 0.0049 -1.05 0.84 -1.34 0.84 -1.58 0.85 0.0026
Silica 60A 404 6 -35.1 -28.3 -203 -17 -1.48 0.83 -1.79 0.84 -1.83 0.84 0.0016 -1.45 0.84 -1.80 0.84 -190 0.84 0.0015
silica 100A 300 10 335 25 227 -17.2 -1.66 083 -1.83 0.84 -1.88 0.85 0.0019 -152 084 -1.83 084 -195 0.84 0.0018
Zeolite NaY 199 2 435  -412 -308 -25.8 -0.55 0.43 -064 042 -0.74 0.44 0.00037 -045 042 -065 044 -081 044 0.00049
Zeolite 13X 683 2.1 478 -452 -33.8 -283 247 090 -2.77 091 -295 091 0.00015 -2.03 091 -230 091 -253 0.92  0.00043
AlL0; 782 3.5 -39.0 -35,5 -285 -276 -2.85 094 -3.25 1.04 -3.00 0.93 0.00092 -2.76 1 -3.02 1.00 -3.09 0.99 0.00097
AC* 717 2.8 n.a.’ -17 n.a.’ -11 1.54 1.96 1.4 2.65 1.20 2.71 0.136 2.16 201 1.84 216 1.61 3.44 0.148
EG ¢ 525 na? n.a. -9 n.a -5.6 3.67 1.96 3.14 212 276 2.14 0.133 1.62 1.93 0.74 1.98 0.69 2.09 0.138

a)

n ¢

n.a. = not applicable, ® surface normalized Ky~ (x10% mLcm™), o log K as (ug kges ™ )(L pg™)",

7

activated charcoal, 9 exfoliated graphite.
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572  Table 2. Table of changes of the Gibbs free energy (AG°), enthalpy (AH°) and the entropy
573  (AS°) of PHE sorbing to different mineral and carbonaceous sorbents at 25 °C in 10 and
574 100 mmol L™ PB electrolyte solutions.

575
10 mmol L* 100 mmol L™
Sorbents
AG° aHC as® AG° aH° as®
(k) mol™) (k) mol'™) (k) mol* K?) (ki mol™) (kI mol™) (k) mol* K?)
Silica 40 A -11.1 -20.2 -0.03 -9.47 -28.0 -0.06
Silica 60 A -6.9 -20.0 -0.04 -6.85 -25.1 -0.06
) silica 100 A -6.7 -12.3 -0.02 -6.68 -23.7 -0.06
Mineral
Sorbents Zeolite NaY -13.5 9.8 0.01 -13.4 -19.0 -0.02
Zeolite 13X -1.3 -25.8 -0.08 -3.99 -26.3 -0.07
Al,O04 -4.0 -11.2 0.02 -4.70 -19.1 -0.05
AC -25.1 -36.3 -0.04 -27.6 -29.3 -0.01
Carbonaceous
sorbents
EG -22.6 -32.2 -0.03 -21.3 -54.0 -0.11
576
577
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FIGURE LEGENDS

Figure 1. Time dependent normalized PHE fractions in desorption (Idest) and sorption
(I'sort) experiments in presence (filled symbols) and absence (open symbols) of a DC
electric field using a 10 mmol L™ PB electrolyte: silica 40A (Figures 1A & B), Zeolite
NaY (Figures 1C & D), exfoliated graphite (Figures 1E & F), activated charcoal (Figures
1G & H). Areas with a gray background refer to DC-free periods of the experiments. Data

represent averages and standard deviations of triplicate experiments.

Figure 2. Effects of PB electrolyte concentrations (1 mmol L™ (squares); 10 mmol L™
(circles), 50 mmol L™ (diamonds) and 100 mmol L™ (triangles)) on the relative DC-
induced influence on PHE desorption (Al gest, Figures 2A, C, E, G) and the DC-induced
influence on PHE sorption (Alsrt, Figures 2B, D, F, H): Silica 40A (Figures 2A & B),
Zeolite NaY (Figures 2C & D), exfoliated graphite (Figures 2E & F), activated charcoal
(Figures 2G & H). The grey area refers to no electric field periods. Positive and negative
values of Alye: refer to increased and reduced desorption in presence of DC,
respectively. Positive Al denotes decreased sorption to the geo-sorbents relative to the
control, while negative values refer to increased sorption. Data represent averages and

standard deviations of triplicate experiments.

Figure 3. Effects of the surface normalized partition coefficient Ky (Figures 3A & B)
and the calculated EOF velocity (Fig 3C & D) on the relative DC-induced PHE
desorption benefits (Al yes =86 h, Figures 3A & C) and PHE sorption (Alsort=31 n, Figures
3B & D). Circles and triangles refer to mineral and carbonaceous (triangles) sorbents,

respectively.

Figure 4. Apparent effects of the calculated electroosmotic flow velocities (Veor,) and
the Gibbs free energy change (AG°) on the relative DC-induced PHE desorption benefits
(AT gest=s6h, Figure 4A) and the relative DC-induced PHE sorption benefits (Alsort=31h,
Figure 4B) using 10 and 100 mmol L™ PB electrolytes.
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