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Abstract

A new Liquid Activated Carbon (LAC)-enhanced micro-wave (MW) treatment was studied in the remediation
of PAH-contaminated soils. The role of different doses of LAC was studied at the bench-scale varying MW
input and irradiation times. Laboratory transport tests were also designed to assess the potential mobility of
LAC suspensions in unsaturated porous media under the effect of gravity, thus simulating field application via
ground flooding and gravity-driven percolation.

The main results revealed that the LAC can significantly increase the MW electric field absorbing performance
of the irradiated medium, leading to very high soils temperatures up to ~1100 °C within 3-min irradiation time
(LAC 10%). This resulted in largely shortened PAH removal kinetics. A LAC dose of 5% led to a total PAH
removal in 5 min, whereas the maximum dose of 5% shorted this time to 2 min. Transport tests evidenced a
good mobility of LAC when applied by gravity-driven percolation, without active injection. In 18 cm long
columns, approximately 30% of LAC was retained, with a fairy homogeneous distribution along the bed
length. Experimental and modelling results validate the concept of the LAC-enhanced MW heating and the

fundamental role of the liquid enhancer for in situ remediation interventions.

Keywords: in situ soil remediation, thermal desorption, microwave enhancers, nano-remediation, colloidal

activated carbon, Polycyclic Aromatic Hydrocarbons (PAHS).



1. Introduction

Polycyclic Aromatic Hydrocarbons (PAHs)-contaminated soil is a very important concern worldwide [1]. For
instance, about 50% of the 1400 federal US-EPA contaminated sites are severely impacted by this class of
contaminants [2]. PAHSs are organic compounds mainly generated by pyrolysis or incomplete combustion of
organic matter during anthropogenic (fossil fuel or coal tar industries, waste incineration) or natural activities
(volcanic eruption, forest fire) [3]. PAHSs are ubiquitous and very persistent in the environment with a strong
affinity with soil particles. Their carcinogenic nature represents a threat to human health [4-6]. Then, the
pathways of human exposure to PAHs make remedial activities strictly needed but very challenging, due to
the contaminant nature and their strong interaction with soil particles. VVarious chemico-physical and biological
technologies have been proposed so far for PAH-contaminated soils, however their poor biodegradability and
low water solubility make most of these remediation alternatives inappropriate or ineffective [3]. In particular,
biological-based treatments are still ineffective or long-clean-up time requiring. Moreover, biological PAH
remediation is strongly affected by concentration of heavy metal in soil, with a reduction of bioactivity,
dysfunction and retardation on microbial enzymatic and metabolic functions [7]. In any cases, high PAH
concentrations represent a strong limit in remedial process [8]. As a consequence, rapid alternatives for
effective decontamination interventions are needed. Particular interest has been recently shown in enhanced-
thermal techniques [9].

Microwave (MW) heating has recently been showed as a potent technology in several environmental
applications [10]. The key factor is the thermal process called dielectric heating. It is based on the passive
ability of the irradiated matrices to immediately and largely convert the MW absorbed energy into heat. The
heat production, expressed by Eq. 1 [11], results in a temperature increase able to trigger several contaminant
removal mechanisms [12,13]. In dielectric heating, the heat (Q) generated per unit of soil volume during the
irradiation depends on the dielectric properties of the irradiated medium expressed by the dielectric loss factor
(") and electromagnetic field (E):

Q:%(Deos"|EfnaX| = meos"|E2| @
where o (MW angular frequency) = 2xf (with f being the MW frequency) [Hz], eois free space permittivity [-

], Emax is maximum local electromagnetic field value [\V/m], E is the effective local electromagnetic field value
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[V/m].

Our recent study showed the ability of MW heating in removing selected PAHs from soils [14]. The results
revealed removals of 70 to 100% with the highest values achievable only applying the maximum power
investigated. This is correlated to the dielectric properties of the irradiated matrix: soil is considered transparent
to MWs, and PAHSs present a low-medium dielectric constant. Then, the treatment still results as potential
energivorous, while low or moderate costs are strictly desired. In general, the literature studies demonstrate
that MW heating is heavily limited when irradiated media have poor dielectric features [10]. However, they
can be improved by adding specific MW catalysts (enhancers) to the contaminated soil. Several solid enhancers
have been largely investigated so far in MW lab-scale applications: Cu.O [15,16], NaOH [15,17], MnO-
[17,18], graphite [15,16], ferrite (MgFe.O4) [19] or carbon nanotubes [20]. One of the most used is the
activated carbon (AC) in the granular or powder forms, widely employed for a number of other environmental
applications, e.g. water filters [16,21-24]. However, its granular nature requires the excavation of the matrix
before the enhancer-soil mixing phase [25], thus limiting the enhanced-MW heating treatment only to the ex-
situ applications. On the other hand, world environmental policies encourage the application of in situ
technologies due to their lower risk and higher social sustainability [9], making the investigation of liquid
MW-enhancer a very active research topic [26].

In the continuous search for liquid enhancing agents, Liquid Activated Carbon (LAC) is an innovative and
non-hazardous material that could represent a very favourable alternative to granular forms. LAC is a highly
concentrated water-based suspension consisting of nano-to-micron-scale activated carbon, typically applied in
groundwater to form adsorptive/reactive zones for contaminant removal from the agueous phase, and recently
in particular for per- and polyfluoroalkyl substances (PFAS) remediation [27]. LAC conventional use includes
low-pressure injection through wells or direct push injection, with the dual function of adsorbing contaminants
onto AC particles and stimulating organic biodegradation [28,29]. LAC use in enhanced-MW treatments, still
unexplored, would allow to combine the high dielectric properties of solid AC jointly with the potential
application in in situ applications (without soil excavation). Literature and laboratory studies usually report a
high LAC mobility in the porous medium, on average higher than other nano- or micro-materials typically

applied for in-situ remediation. Niarchos et al. reported the breakthrough of 22% of the injected colloidal
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activated carbon with a particles’ size distribution between 1 and 2 um in columns packed with a silty loam
[30]. Surface and colloidal stabilization with oxidative pre-treatment or application of anionic stabilizer can
further enhance activated carbon mobility with a breakthrough of up to 85% [31]. If an extremely high mobility
can be potentially an issue when these materials are applied in groundwater, this characteristic represents a
positive factor in view of their possible application in soils, opening perspectives for LAC delivery in top soils
or at the bottom of excavated areas directly by ground flooding and percolation via gravity, similarly to liquid
(non-viscous and particle-free) reactants used for other in situ soil treatments [32].

In the present work, a novel liquid activated carbon-enhanced MW treatment was investigated at the lab-scale
to remediate PAH-contaminated soils. The influence of different experimental conditions (irradiation power,
heating time, LAC dose) on soil temperature increase and PAH removal kinetics was investigated. LAC
particles were characterized in terms of size, morphology and colloidal stability, assessing the impact of water
chemistry on the potential aggregation, sedimentation and reduced mobility in the porous medium. Laboratory
transport tests were designed to assess, at a preliminary level, the potential mobility of LAC suspensions in
unsaturated porous media under the effect of gravity, studying their percolation in sand-packed partially-
saturated columns and evaluating the final particle distribution in the porous medium. This is expected to show
the potentiality of the investigated treatment in terms of clean-up time, decontamination effectiveness and
environmental sustainability.

2. Materials and Methods

2.1 Liquid activated carbon characterization

A commercial LAC was used in all tests. The nominal composition included colloidal activated carbon
(nominal size 1-2 um, particle concentration 320 g/l) and di-hydrated calcium sulfate (nominal concentration
< 10%). The suspension density (1.178+0.002 g/cm® was estimated via gravimetric method. After
centrifugation, the density of the supernatant solution (1.013 g/cm?) and, through a mass balance, the bulk
particle density (1.55 g/cm?®) were determined. The distribution of the particle size and the surface charge were
obtained using a Dynamic Light scattering (DLS, ZetaSizer Nano ZSP, Malvern, UK) for LAC suspensions
diluted to 100 mg/l or 500 mg/I (corresponding to AC particle concentrations of 32 and 160 mg/I, respectively)
in deionized water (DI) or in tap water (TW) (the latter to mimic field-like conditions). The tap water was

collected from the municipal water supply network of Torino and analyzed for salts, pH, EC and TDS (Table
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S2 in Supplementary Information). 5 replicates (each comprising 10 measurements) were run for each tested
condition to ensure statistically reliable results.

Scanning Electron Microscopy (Inspect S, FEI Company, US) images were used to assess the LAC particle
morphology. The SEM images were processed using the freeware software ImageJ (National Institutes of
Health, US) to automatically identify the individual particles and, for each of them, to calculate particle area,
perimeter, Feret diameter, and sphericity. Assuming a particle spherical shape, the diameter of each particle
was then calculated as Dsem = 2A%%, and the particle size distribution was compared with DLS results. A dried
LAC sample was analyzed using XRD (SmartLab SE with D/teX Ultra 250 detector, Rigaku, JP) operated at
30 mA and 40 kV over a scan range from 50 to 90° (208) with a scan speed of 10.00°/min ad a step width of
0.01°. The colloidal stability of the LAC diluted in deionized water and in tap water to a concentration of 500
mg/l (160 mg/l of AC particles) was studied in sedimentation tests. To this aim, a set of 10 ml sacrificial vials
was prepared for each studied solution. A sample of the supernatant was collected at fixed time (0.1, 2.5, 18,
24, 48 h) and analyzed for the particle concentration using UV-vis spectrophotometry (Specord S600, Analytic
Jena, Germany; monitored wavelength 500 nm, calibration curves in Figure S2 in Supplementary Information)
and for particle size using DLS.

2.2 LAC-enhanced MW treatments

A model soil (Che.Mi.Fil., Italy) (Table 1) was artificially contaminated with a PAH-dichloromethane (DCM)
solution. Four PAHSs [Fluorene (Flu), Phenanthrene (Phe), Anthracene (Ant) and Pyrene (Pyr) from the US-
EPA priority list (Sigma-Aldrich, Italy) (Table S1 in Supplementary Information) was dissolved in the solvent,
then mixed with the soil. The PAH-DCM-soil mixture was shacked for 1 hour using a Biichi rotavapor until
the total DCM evaporation. The PAH-contaminated soil was stored sealed at 4 °C before initial contaminant
concentration (Co) analysis or MW heating simulated experiments. For the LAC-enhanced MW treatments,
different doses (2.5 — 10.0%) of LAC were manually mixed with the soil before irradiation. SEM analysis of
the LAC-soil system was also performed. MW and LAC-MW heating treatments were simulated using a
custom-made bench-scale oven working with a 1-kW (f = 2.45 GHz) magnetron and a MW cavity volume of
31 1. The oven cavity was coupled with an exhaust gas line with a capture (condensing) section and a vacuum
pump. For the experiments (conducted in triplicates), 15 g of PAH-contaminated soil samples (with or without
LAC addition) were irradiated for a maximum time of 5 min (Power range = 440 — 1000 W). Soil temperature
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(T) profiles were monitored using a 1.5 mm type-k thermocouple system. After the MW treatment, the soil
samples were sealed and stored at 4 °C, then analyzed for PAH residual concentrations (C) and removal (R,
%) calculations: R = [(Co— C)/Co]*100. C values and re-condensed PAH or PAH-by-products (for soil samples
contaminated with Anthracene) were guantified using HPLC analysis.

The experimental data (C, t) were least-squares fitted to an exponential decay curve [33]:

_ —kt"
C=C,e @)

where k is the decay rate term (min) and n is the shape term (-).
The desorption parameters and the correlation coefficient r> were obtained via least-squares fitting for all tests.
2.3 Extraction procedures and analytical methods
The PAHSs present in the soil were recovered with dichloromethane (DCM) applying the EPA method 3540C.
1,2-dinitrobenzene was used as standard to verify the quantitative extraction [34]. Briefly, extraction was
carried out in absence of light for 24h using a sub sample of 15 g and the correct amount of DCM (twice the
volume of the used Soxhlet) as solvent. At the end of the extraction, the solvent was removed by means a
rotavapor. The obtained sample was dissolved in acetonitrile in a warm (35 “C) bath for 10 min under ultrasonic
field and filtered with a 0.2 um PTFE filter syringe (Millipore). The extracted sample was dried under nitrogen
and re-dissolved in a mixture of H,O : ACN (70:30) before the HPLC analyses. The HPLC analyses of
extracted compounds were performed with Hewlett-Packard 1100 equipped with on-line diode array detector
(DAD), and a Kontron SFM fluorescence detector (FLD). A mixture water : acetonitrile (30:70 v/v) was used
as mobile phase (flow ImL/min) in isocratic mode for the extraction of Ant and its by-products using a reverse-
phase Cis column (Lichrosphere; 4.6 mm x 250 mm). For PAHs mixture a gradient flow (1mL/min) was used
to elute the compounds as follow increasing the % v/v of acetonitrile:

e 0-16 min from 75 to 85%,

e 16-27 min 85%,

e 27-55 min, from 85 to 90%,

e 55-60 min, back to 75%.
The chromatographic run was monitored at 265/389 (Aexciem) NM from 0 to 60 min (for Flu, Ant, Pyr, and Chr)

[34].



2.4 Column transport experiments

The mobility of LAC in unsaturated porous media was investigated in column transport tests. Deionized water
or tap water were used, depending on the test. A vertical plexiglass column (inner diameter 1.6 cm) was wet-
packed with 60 g of silica sand (Dorsilit n. 8, Germany; 0.415 - 0.5 mm) to a length of 18 cm. Before packing,
the sand was washed and sonicated in order to remove possible residual colloids, following the procedure
described in [35], and degassed before packing to ensure the complete removal or residual air micro-bubbles
from sand grain surface. Adjustable end fittings were used at both upper and lower ends, with polypropylene
filters (mesh: 120 um mesh) to prevent sand entering in the tubing without hindering LAC passage. The
detailed protocol included:

- Pre-flushing in saturated conditions for at least 1 hour at a constant discharge rate of 0.75 ml/min using
a peristaltic pump (Ismatec Reglo Analog MS-4/8, Germany).

- Tracer test (saturated conditions): injection of bromophenol blue solution at 0.75 ml/min for 50
minutes, followed by the injection of tracer-free solutions for additional 50 mins. The injected and
effluent bromophenol blue concentrations were monitored in-line with a UV-vis spectrophotometer
(Specord S600, Analytik Jena, Germany) equipped with flow-through cells with 5 mm lightpath at a
wavelength of 595 nm. The tracer tests were interpreted using MNMs [36] to determine the saturated
porosity and dispersivity coefficient and consequently the pore volume (Table 3).

- Column drainage: the column was further flushed for additional 5 pore volumes, then the flow was
stopped and the outlet of the column was disconnected from the tubing leading to the flow-through
cell, and let drain under gravity until no drops were recovered at the outflow for at least 5 mins.

- LAC infiltration (unsaturated conditions): the LAC transport was studied under gravity in the
unsaturated medium to mimic a possible application at the field scale. To this aim, a suspension was
prepared diluting 6 g of stock LAC (1.92 g of AC particles) in a volume of deionized (or tap) water
equal to the pore volume, thus reaching a particle concentration of 113 g/l. The applied volume was
chosen equal to the saturated pore volume to ensure that the suspension can potentially fill the pores
of the system while flowing through it. The applied suspension was prepared to reach a 1:10 mass
ratio of LAC suspension to soil mass (i.e. 6 giac: 60 gsil, corresponding to approximately 1 Qparticie

30 gsoit), Which is in line with typical LAC doses adopted for field applications. The LAC suspension
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was applied on top of the column and let drain through it under gravity. The effluent was collected at
a frequency of 10 s. The volume of each sample was measured to determine the effluent discharge,
and the samples were then analysed with UV-vis spectrophotometry to determine the LAC particle
breakthrough curve.
At the end of the test, the column was extruded and dissected in 9 or 10 aliquots, depending on the test, each
corresponding to a column length of approximately 2 cm, to determine the profile of retained LAC particles.
Each sample was introduced in a known volume of deionized water and sonicated for 10 min to promote LAC
detachment. The supernatant was then sampled, and the LAC concentration was measured with UV-vis
spectrophotometry. The procedure was repeated three times on each sample to ensure complete recovery of
the particles. After LAC extraction, the sand aliquots were dried and weighted and the retained concentration
(mass of LAC particles per unit mass of sand) was calculated via a mass balance for each column aliquot, thus
allowing the reconstruction of the concentration profile.
3. Results and discussion
3.1 LAC characterization
SEM images were acquired for the LAC suspensions at various dilutions. An example is reported in Figure
la. The analysis evidenced a sharp-cornered morphology, without a predominant dimension. Most particles
are in the nanometer range, with few larger ones in the order of 1-3 um. Three SEM images were selected to
extract the particle size distributions of the samples (see Figures S3 and S4 in the Supplementary Information
for the individual images, particle size distributions and an example of the extraction procedure). Figure 1b
shows the results in terms of number percent distribution. The distribution reports a main peak at approximately
170 nm, with a secondary peak around 550 nm, and a non-negligible number of particles close to or above 1
pum, thus indicating that most of them are in the nanometer range. From the cumulant distribution (not
reported), D10, Dso and Dgo equal respectively to 148 nm, 292 nm and 1053 nm were obtained. The particle
size measured using DLS indicated a Zeta-average value of 403.5£30.11 nm for particles dispersed in
deionized water, and 454+53.78 nm for particles dispersed in tap water. The size distribution reported in terms
of scattering intensity (Figure S5 in the Supplementary Information) also in this case evidenced a multi-modal
shape, characterized by a main peak at 355.5+66.65 nm (for deionized water) or 401+141.0 nm (for tap water)

and an associated shoulder peak at lower size (146.4+40.89 nm for deionized water, 178.2453.76 nm
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approximately), the latter not being clearly identifiable in all samples. In some samples, a (limited) peak in the
range above 5000 nm appeared, in particular for the samples dispersed in tap water, suggesting the presence
of a small number of particles (or, more likely, aggregates) in the micrometer range. In order to allow a direct
comparison with SEM results, the DLS particles distributions (usually reported in terms of intensity) were
transformed in number distributions: the mean distribution obtained for samples dispersed in deionized water
at 32 mg/l (directly comparable with the SEM samples) is reported in Figure 1b. The two curves are in good
agreement. Also the DLS PSD showed a main peak 164 nm, and a second peak at larger size (460 nm), but did
not capture particles larger than 1um. From the cumulant distribution (not reported), D1o, Dso and Dgo equal
respectively to 137 nm, 179 nm and 416 nm were obtained. The measured Zeta potential was -21.2+2.0 mV
for the samples dispersed in deionized water and -18.7+0.6 mV for samples in tap water, thus confirming the
possibility of a slightly lower colloidal stability for the latter samples, even though no visual differences in
terms of aggregation nor sedimentation were observed over 24 h. The pattern from XRD analysis (dried LAC
particles) (Figure S1 in the Supplementary Information) shows the distinctive shape of activated carbon.
Moreover, the characteristic peaks of di-hydrated calcium sulphate can be clearly observed at 26 = 29.23°,
31,60° and 44.17°. The peaks found at 20 =26.48°, 37.92°, 39.28°and 43.48° can be associated to the presence
of silica, which is often reported to be found in activated carbon as a by-product of the pyrolysis process
[37,38]. The peaks at higher 26 are likely attributable to Ni impurities [39,40].

The diluted suspensions prepared for the laboratory tests did not show significant sedimentation on a short
time frame. However, in view of a potential LAC application in the field, the colloidal stability was also
assessed on a longer time frame with sedimentation tests, performed diluting the stock LAC suspension in
deionized water and in tap water at a concentration of 160 mg/l (Figure 2). The results evidenced a comparable
behavior for particles dispersed in deionized water and in tap water. After a few hours, the particle
concentration in the supernatant declined significantly, reaching an almost stable particle concentration close
to 50 mg/l (Figure 2a). Correspondingly, the average size, reported in terms of mean Z-average, declined after
an initial spot increase and reached an almost stable value around 250 nm. Both observations suggest that, in
undisturbed conditions, the coarse fraction of the suspensions undergoes sedimentation, and only the fine
fraction remains in suspension. Even though this behavior has a limited impact on the laboratory tests, which

are performed in a shorter term, it can be relevant for field-scale applications, and suggests that attention should
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be paid in the preparation time and storage conditions of the diluted suspensions prior injection or gravity
delivery in the subsurface.

3.2 LAC-Enhanced MW treatments

3.2.1 Soil temperature profiles

The soil temperature profiles (T vs t) are given in Figure 3a. For all the run, an increasing trend was observed
due to the progressive rise in MW energy absorbed by the irradiated samples. The data clearly show the large
difference in temperature variation among samples with or without LAC addition. In presence of LAC, a
maximum T value in the 400 - ~1100 °C range was found within the power and irradiation time range
investigated. The maximum temperature was achieved for the 440 — LAC 10 treatment after just 2 min.
Reasonably, higher temperatures could even be obtained for longer periods, however this cannot be observed
because when t was 3 min the destruction of the crucible occurred due to the excess of its maximum tolerable
temperature. This is attributable to the increased dielectric properties of medium given by the presence of the
LAC, which in turns sharply increase its capability in concerting the MW electric field into heat. Conversely,
a maximum temperature lower than 100 °C was obtained in absence of LAC even when the highest power
(1000 W) was put in place. It is also relevant to notice the extreme rapidity of the heating process caused by
the LAC addition with heating rates observed up to 370 °C min*. The rapidity of the heating also influenced
the shape of the T-t curve, that was found almost linear in all cases. The short irradiation time applied did not
allow the temperature values to reach a plateau with reduction of the curve slope due to the occurrence of heat
dissipation phenomena, generally observed when small solid samples are irradiated into the MW cavity for
long times [41]. The obtained temperature profiles show the general excellent thermic performance of the
investigated LAC-soil system. This plays a further and more important role when data are compared with those
reachable by the use of other liquid enhancers [26]. Very good results were already found glycerol-enhanced
MW treatments, but very farer from these. In general, the use of glycerol (dose 5%) allows a maximum
temperature value of 334 °C by applying a more energivorous operating condition (P = 650 W; t = 10 min).
Then the addition of LAC can balance the reduction in the energy requested, resulting in a much less
energivorous decontamination process. Similar T profiles can in fact be obtained applying a general reduced
power with a larges LAC dose (i.e.: 300 — LAC 7.5 VS 440 — LAC 5). A linear increase in temperature with

the LAC dose was also found independently of the applied irradiation time (Figure 3b). This reflects the MW
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heating theory expressed by Eq.1 for which the heating rate is proportionally direct to the dielectric features
of the medium. Therefore, a linear increase in LAC dose contributes in a linear increase in the dielectric loss
factor value. The observed trend will be also useful to predict the optimal LAC dose in view of a selected
temperature target.

3.2.2 Contaminant removal, mechanisms, and modelling

PAH removal (R) curves calculated from residual contaminant concentration as function of the LAC dose
applied for 1, 2 and 3 min irradiation (t) and a power of 440 W are given in Figure 4. They clearly show that
the capacity of the treatment in removing contaminants depends on the presence/absence the LAC and its dose
and, consequently, on the temperature reached by the LAC-soil system. For instance, the temperatures of 153,
343 and 557 °C were recorded when the applied irradiation time was 1, 2 and 3 min (LAC dose 5%),
respectively, allowing a progressive increase in single PAH removal up to ~96%. Higher LAC doses lead to
the almost total removal due to temperatures values up to ~1100 °C. This demonstrated that the temperature
effect and the relation between the treatment temperature and contaminant vaporization temperature (in the
298 — 448 °C range) are the main factor controlling the organic removal process. The highest PAH removals
were found for the compounds having lower molecular weight (thus lower boiling points), consequently
requiring minor heat of vaporisation. LAC colloidal particles resulted adsorbed on the soil surface with a
distribution that depends on the LAC dose (Figure 5). LAC particles act as “hot spots”, which transform the
MW electric field energy into a large a rapid local temperature increase up to values even much higher than
those recordable by the measurement system [20]. This leads to the destruction of the organic — soil grain
force, resulting in thermal desorption processes with the consequent generation of volatile organic compounds
(VOCs) [14]. The presence of moisture and the liquid phase of LAC contribute to the activation of contaminant
vaporization processes [42]. This is further supported by the lowest PAH removals (<15%) found for the un-
enhanced treatments for which temperatures lower than 100 °C were recorded. Despite the obtained data
support the main criterion based on the PAH molecular structure and weight (vaporization temperature), the
highest removals achieved for the chrysene (Chr) that presents the highest boiling point, suggesting that even
contaminant selective heating takes place as co-removal mechanism. Chr has the highest polarity (log P)

among the investigated compounds that contributes to a larger ability of the PAH to locally increase its
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temperature. In fact, soil grain and PAHSs can be heated at different rates, depending on their different dielectric
ability [10].

Kinetic curves with residual concentration points and parameters from best fitting problem solving are given
in Figure 6 and Table 2, respectively. Data show a decrease in PAH-concentration with irradiation time with
a rapidity depending on the conditions investigated (type of contaminant, power and LAC dose). Specifically,
the effect of the LAC dose increase is clearly visible for the kinetics found for the treatments 440 — LAC 5,
440 — LAC 7.5, 440 and LAC 10 (Figures 6c, 6d, 6e, respectively) for which the time required for the total
removal of the PAH compounds sharply tends to a significant reduction up to 2 min. The observed curves
shape is that typical for conventional thermal desorption [33] or un-enhanced microwave heating [43]
suggesting that LAC dose influence the heating rate of the process but does not change its nature. Curves show
a trend that is typical for thermal removal of organics from porous media [33]. It includes two phases in
sequence: the first describes the fast evaporating of the contaminant from the media caused by the synergic
effect of various co-removal mechanisms (thermal desorption, water stripping, selective heating); the second
expresses a limitation in contaminant removal rate due to the activation of internal diffusion phenomena. The
calculated r® values in the 0.968 - 0.999 range (Table 2) demonstrated an excellent exponential fit of Eq. 2
with the experimental points. The effects of the treatments and the nature of the PAH-compound are clearly
visible from k vs LAC dose plot depicted in Figure 7. K increase linearly with the LAC dose with the highest
values observed for the contaminant with the highest polarity, suggesting that the activation energy needed for
the PAH removal strictly depends on the PAH polarity. K values up to 3.417 min highlight the thermic
performance of the LAC-MW system especially in comparison with previous work on conventional or MW
thermal desorption, reporting k values lower than 2 min™. MW heating of PAH-contaminated soils in absence
of LAC is characterized by k values lower than 1 min™ [14].

Residual PAH concentrations obtained by the application of the LAC-enhanced treatment allow the
achievement of severe regulatory limits such the Italian ones. For instances, the maximum admissible residual
concentration (Contamination Threshold Concentration — Concentrazione Soglia di Contaminazione, CSC -
Law Decree 152/2006) for total PAHs of 10 mg kg™ can be met in just 5 min also when the minimal power

was applied (270 — LAC 10) (Figure 6f). Shorter times of 4.4 or 4.2 min can be enough for higher power and
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a reduced LAC dose (300 — LAC 7.5 or 440 LAC, respectively). The shortest time of 1.4 min is achievable
when the maximum power and dose are applied.

From literature [2], it is clear that available PAH-contaminated soil clean-up approaches cannot lead to a
similar rapid and total decontamination result, especially considering bio- or phytoremediation alternatives.
These and other chemico-physical techniques still show limited PAH removals and/or much longer required
decontamination times.

3.2.3 By-product production and possible Ant degradation mechanisms

To shed light on the role of LAC, a possible pathway of Ant, among the different studied PAHs was
investigated. Without LAC, only a minor percentage, less than 10% (Figure 6) of the residual Ant, as well as
traces of by-products were recovered after the treatment. This phenomenon is due to the low temperatures
(under 100 °C) of the soil in absence of LAC. On the other hand, the presence of LAC increases the temperature
reached by the soil and this effect converts into a greater presence of by-products in the condensate.
Investigating for example the fate of the Ant, the HPLC analysis reported in Figure 8a, shows Ant oxidized
derivatives: 9,10-anthraquinone (1), 9-anthrone (2) eluting before Ant at a retention time of ~ 6 min, 9-
hydroxyanthracene (3), and 9,10-dihydroxyanthracene (4), both eluting before Anthracene (Ant) at tr of 3 and
7 min, respectively [34]. Oxidative reactions occur frequently in position sites 9 and 10 for Ant, because these
are the most reactive sites. From these results a possible pathway of Ant was reported in Figure 8b [44]. By-
products traces in the condensate suggest their formation during MW thermal remediation process.
Furthermore, molecular bond breaking can modify the hallmark of light gases (CO., CO, H>) that are generated
during the stripping phase [45].

3.3 Column transport experiments

The mobility of the LAC suspensions under gravity effect was studied in the column transport tests in an
unsaturated porous medium, to preliminarily verify whether this type of particle delivery could be potentially
applied in the field. The LAC dispersion was applied on top of the partially saturated columns and let drain
through it under gravity effect, with no pumping. The experimental results are in agreement with the good
short-term colloidal stability observed for the LAC particles. The drained discharge, as intuition would suggest,
was maximum at the beginning of the tests, and declined over time due to the dissipation of the applied head

(Figure S6 in the Supplementary Information). For both tests the drainage stopped after 260 seconds from start.
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The breakthrough curves (Figure 9a) show that the LAC suspension appeared at the column outlet
approximately 1 minute after its application, and a concentration equal to the applied one was obtained at the
column outflow 2.5 minutes after the beginning of the drainage test. A very similar behavior was observed for
particles dispersed in deionized and tap water. To better quantify the particle retention in the column, the
breakthrough curves and the recovered discharge curves have been processed to report the cumulated mass
collected over time at the column outflow (Figure 9b). A minor discrepancy is observed between deionized
and tap water, with the latter showing a slightly higher recovery. For both tests, the steepness of the curve
decreases after reaching the breakthrough concentration plateau, due to the progressive decline in the drained
discharge. The final recovered mass is in the 65-70% range, coherently with the good mobility expected for
AC in the porous medium. The AC particles retained at the end of the test are quite homogeneously distributed
along the columns (Figure 9c): the vertical concentration profile shows variations in the upper part of the
column, while at larger depths an almost constant concentration is observed, with a slightly increasing trend
from top to bottom. The almost constant profiles, along with C/Cy = 1 reached by the breakthrough curves at
the column outlet, indicate that particle retention is not controlled by mechanical filtration or ripening, which,
would give rise to exponential or hyper-exponential profiles. Rather, blocking (i.e. limited to a maximum
retainable concentration, in this case in the order of 10 mg/g) seems to be the controlling phenomenon, even
though this hypothesis must be confirmed with additional tests and via numerical modeling of the experimental
results.

4. Conclusions

The addition of liquid activated carbon (LAC) in soil largely increase the capacity of the irradiated media in
MW electric field absorbing and, consequently, in converting within a very short time even a relatively low
energy input into a very large temperature increase. The increase in LAC dose allows a progressive decrease

in the energy required by the system in view of the complete removal of the PAHs from the soil. A maximum
temperature of ~1100 °C within 3-min irradiation time was recorded when the maximum dose (10%) of LAC

was used at the power of 440 W. On the other hand, even higher powers in unenhanced treatments led to
temperatures lower 100 °C. The increased temperatures allow the faster shortening of the contaminant removal
kinetics. Specifically, a LAC dose of 5% results in a total PAH removal in 5 min, whereas the removals lower

than 15% are possible in un-enhanced MW. The findings reveal that PAH removal is mainly governed by
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thermal desorption process. Contaminant striping, selective heating, and molecular bound breaking ere also
demonstrated to have a key role.

The exponential model adopted in the PAH-removal kinetic study showed an excellent fit with PAH residual
concentrations from experiment phase, with r? higher than 0.968. Kinetics parameters can be essential for
further energy-cost analyses and scaling-up experiments towards LAC-enhanced MW heating real scale
applicability.

The good LAC mobility observed in column transport tests opens optimistic perspectives for an effective
delivery via gravity of the LAC suspensions, at least in permeable soils. This approach is typically not suitable
for the emplacement of colloidal reactants in the unsaturated zone, due to their usual limited mobility in the
porous medium compared to LAC. Further studies are undoubtedly needed at the next stage to elucidate the
impact of soil grain distribution and applied LAC concentration to control deposited concentration, depth and
uniformity of particles distribution within the treatment area.

A comparing with existing literature highlights that available chemico-physical or biological PAH-clean-up
approaches cannot lead to a similar rapid and total decontamination result, still showing limited PAH removals
and/or much longer required decontamination times.
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Figure 1. SEM image of LAC suspension diluted to 32 mg/l in deionized water (the drop was deposited on the sample
holder and allowed drying at ambient conditions) (a) and number particle size distribution obtained from the analysis of
SEM images (red curve) and from DLS measurements (green curve) (b).
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Figure 2. Particle concentration (a) and mean zeta-average (b) over time for LAC samples diluted in deionized water
(DiW, blue circles) and tap water (red squares) at 160 mg/I.
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power 440 W).

22



: - TR 700N o )
Signal A= InLens
H WD= 48mm e ([ W= 59mm

iure 5. SEM images of LAC-soil mixre before irradiat'ion with small (LAC dose 5%) (a) and Irge (LAC dose 10%)
(b) LAC aggregates.

23



(%1}
o

50

(@)  270w-10%cCL |®Fl (b)  300W-7.5%CL |=Flu

o o

E E 40

S S

g B30

8 8

g c

3 8 20

2 2

g 8 10}

T T

& &
i 1 0 1 H n

0 1 2 3 A 5 0 1 2 3 4 5
Irradiation time (min) Irradiation time (min)
50 50

(c) 440w-5%CL |*F (d)  440W-7.5%CL [=Flu

+Ant

E 40 g 40
5 E
f£30f % 30
c
3 3
c | =
8 20t 8 20
© ©
3 =}
o 10} ¢ 10
T T
£ &

0 . 0

0 1 2 3 4 5 0 1 2 3 4 5
Irradiation time (min) Irradiation time (min)

50 180
% | (e) adow-10%cL [*Fu Geon (f)  Total PAH [270-LAC 10
E, 40 +Ant g, 140 w300-LAC7.5
= APyr = #440-LAC5
=]
2 30 +Chr £ 120 A440-LAC 75
< £ 1001 +440 - LAC 10
2 S 8o}
820+ 3
E C_B 60 L
o | =1
5 §=
@ 10 + g 401
T L 20f
& 0 & 0

0 1 2 3 4 5 0 1 2 3 4 5
Irradiation time (min) Irradiation time (min)

Figure 6. Single PAH residual concentration with irradiation time and model curves for the investigated treatments: 270
- LAC 10 (a), 300 - LAC 7.5 (b), 400 - LAC 5 (c), 400 - LAC 7.5 (d) and 400 - LAC 10 (e). Total PAH residual
concentration with irradiation time and related best fitting model curves (f).

24



3.5

uFlu
3+ y =0,4108x 0,681
*Ant R? = 0,9997

— APyr
= 25
E +Chr
x
= 2t
] y =0,2245%0,4777
5] R%z=0,9711
o
s 1.5 ¢
@
E:

1}

y =0.1532x0.5219
0.5 R?=0.8735
y =0.1819x0.7738
RZ=1
0 1 1 1 1 1 1
4 5 6 7 8 9 10 11

LAC dose (%)
Figure 7. Rate of decay (K) as a function of the LAC dose (%) for the single PAH investigated (applied power 440 W).

50 Anthracene
(a) (b) 1 Fast, 02
40+ 4 . o
30 4 OH - 9,10-Anthraquinone
.‘"‘ . ‘ P L e
43: / i | L: ) '1 _,_:L J Fast, MW ? Slow, MW
N ; 3
OH o
: “ (m 9-Anthrone
v ‘-' ) OH lT
S\ A\ 9,10-Dihydroxyanthracene

OH
retention time (min)
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Figure 9. Column LAC transport tests: breakthrough curves (outflow concentration normalized to the concentration
applied at column inlet, Co = 350 g/l) (a), cumulated particle mass recovered at the column outlet (calculated as percentage
with respect to the mass applied at column inlet) (b), and profiles of retained particles at the end of the drainage tests (AC
particle mass per unit mass of sand, mg/g) (c).
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Tables

Table 1. Properties and characteristics of selected soils.

Parameter Method Value

Soil mineral Silica sand (75-200 um)
pH ASTM D4972-13® 8.72

Bulk density (g cm) ASTM D7263-09@ 1.36

Porosity (%) ASTM D4404-100 325

Specific surface area (m? g%) EGME® 3.45

Organic matter (g kg UvVv-VvIS® 3.55

Moisture content (%) ASTM D2216-10® 0.0; 10.0
Dielectric constant (¢") cavity perturbation 6.98 (0%); 7.08 (10%)
Loss factor (¢") cavity perturbation) 0.68 (0%); 0.72 (10%)

(1) ASTM D4972-13. Standard Test Method for pH of Soils.
(2) ASTM D7263-09. Standard Test Methods for Laboratory Determination of Density (Unit Weight) of Soil Specimens.

(3) ASTM D4404-10. Standard Test Method for Determination of Pore Volume and Pore Volume Distribution of Soil and Rock by Mercury Intrusion
Porosimetry.

(4) Simplified Ethylene Glycol Monoethyl Ether (EGME) procedure for assessment of soil surface area [11].

(5) UV-VIS Method - Test procedure for determining organic matter content in soils [11].

(6) ASTM D2216-10. Standard Test Methods for Laboratory Determination of Water (Moisture) Content of Soil and Rock by Mass
(7) Cavity perturbation method for dielectric properties measurements [11].

Table 2. Kinetic parameters and correlation coefficient (r?) of the exponential kinetic model for all tests.

Flu Ant Pyr Crh
k n K n K n k n
in 2 2 2 in- 2
P(W) (n;ln r (mint) r (min") r (rrl;n r
— 0.4684 0.3765 0.4471 0.5551
27IE)AC10 1.021 0.968  1.325 0.984  1.641 0.999 1.956 0.999
308;(:7'5 0.434 1.768 0.999 0.8494 07849 0.990 1.206 06811 0.999 1654 06916 0.999
- 141 2. .9001 .
4i?AC5 0.16 S 0.992 0.1356 005 0.997 0.7006 0900 0.996 1.363 08803 0.999
- . - . .6282
44I?AC75 0.795 0.839% 0.999 - 0.987 1.094 09993 0.998  2.42 0628 0.999
- .8827 1.94 1.081 .6277
44IE)AC10 0.926 088 0.999  1.045 948 0.999  1.823 08 0.999 3417 06 0.999

Table 3. Column test parameters.

Parameter Deionized Tap
water water

Column properties Sand mass (g) 60 60
Column length (m) 0.182 0.180

Total porosity (-) 0.48 0.46

Tracer test Hydrodynamic dispersion (m?/s) (x10%) 9.45 8.06
(saturated) Pore volume (ml) 17.00 16.72
Pore volume time (mins) 22.6 22.3

LAC drainage test ~ Drained volume of LAC suspension ) (%) 100 935
(unsaturated) Drained mass of LAC particles ) (%) 63.1 69.4

) volume and mass balances at the end of the LAC drainage column test.
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Supplementary Information

Table S1: Selected PAH-compounds from US-EPA list and their physical properties.

Compound Molecular weight

Boiling point  {Heat of vaporization flog P Chemical structure

(g mol'h (°C) (kJ molh

Fluorene (Flu) 166 298 62.7 3.74

Anthracene (Ant) 178 340 52.4 3.95

Pyrene (Pyr) 202 404 65.8 4.28

Chrysene (Chr) 228 448 65.8 4,94

flog P values calculated by ChemAxon
Table S2: Tap water composition.

Parameter Value
pH 7.06
Total dissolved solid (mg/L) 584.2502
Hardness (°F) 36.60542
Electrical Conductivity (uS/cm) 676.16
Calcium (mg/L) 96.538
Magnesium (mg/L) 30.369
Chloride (mg/L) 39.713
Sulphate (mg/L) 93.953
Potassium (mg/L) 1.9712
Sodium (mg/L) 13.913
Bicarbonate (mg/L HCOs3) 276.372
Floride (mg/L) 0.072
Nitrates (mg/L NO3") 31.349

Nitrites (mg/L NO2)

0
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Figure S1: XRD pattern of stock LAC (particles dried at ambient conditions).
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Figure S2: LAC calibration curves at A=500 nm for particles dispersed in deionized water (a) and tap water (b). Both
calibration curves evidenced a dual slope at all measured wavelengths. Thus, the two fitting curves were

applied in the respective absorbance interval, and an average concentration was applied in the

intermediate region.
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53.67x46.17 pm (1017x875), 8-bit 869K

Figure S3: SEM images of LAC suspension diluted in deionized water. Sample 1 (particle concentration 16 mg/l): SEM
image (a) and extracted particle areas obtained using the software ImageJ (b); SEM images of Sample 2
at 32 mg/l (c) and Sample 3 at 80 mg/I (d).
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Figure S4: Sample 1: Size (a, c, ) and sphericity (b, d, f) distributions calculated using ImageJ from SEM images of
Sample 1 (a, b), Sample 2 (c, d), and Sample 3 (e, f).
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Table S 3: Single PAH-removal (%) for LAC-MW enhanced treatments.

with DLS analysis.

# t(min) 270-LAC10 300-LAC 7.5 440-LACS.0 440-LAC 7.5 440 - LAC 10

Flu 0 0.00 0.00 0.00 0.00 0.00
1 66.52 35.00 13.67 54.49 60.20
2 0.00 77.60 38.37 77.14 81.84
3 72.36 94.61 49.18 85.71 100.00
5 96.71 98.27 80.61 - -

Ant 0 0.00 0.00 0.00 0.00 0.00
1 75.12 59.53 9.73 32.01 64.85
2 - 70.71 44.78 75.14 98.23
3 79.53 90.72 69.33 97.61 100.00
5 97.22 96.02 96.29 - -

Pyr 0 0.00 0.00 0.00 0.00 0.00
1 80.93 70.28 52.10 67.00 83.85
2 - 85.17 70.03 86.72 97.88
3 91.38 91.76 84.63 98.78 100.00
5 98.48 98.31 98.11 - -

Crh 0 0.00 0.00 0.00 0.00 0.00
1 85.88 80.44 74.21 91.15 96.71
2 - 95.08 92.82 97.31 99.50
3 97.11 94.93 96.02 99.65 100.00
5 99.41 99.12 99.50 - -
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Figure S6: LAC drainage column tests: drained discharge reported as a function of time for LAC dispersed in deionized
water and in tap water.
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