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Abstract

Electrokinetic (EK) has been used in the removahetal ions from contaminated soil. This
study focused on integrating the EK technique wiifferent reactive filter media (RFM) of
activated carbon (AC) and biochar (BC) for thetfitene without adding chemicals to
facilitate the removal of copper ions from the @mninated kaolinite soil. Tests based on EK,
EK coupled with AC (EK-AC), and EK combined with BEK-BC) were performed under
an electric potential of 10 volts, and the overathoval efficiency of copper ions decreased
as EK-BC > EK-AC > EK. The results show that 27%copper in the soil was captured by
BC, compared with only 10% by AC. Additional EK-B€st performed under a constant
current (20 mA) revealed that the acid front swapioss the soil, resulting in 70.6-95.0%
copper removal from soil sections 4 to 1 close e anode region with more copper
accumulation in section 5. Similar to the EK-BCtt@sder a fixed voltage, 26% of copper in
the soil was captured by BC during EK-BC treatmearder a constant current although with a
higher energy consumption. Moreover, RFM was regdad by flushing with an acid
solution, achieving 99.3% of copper recovery in B8d 78.4% in AC. Although the
permeability of AC-RFM was higher than that of B&M¥R, copper contaminant was more
easily leached out from the BC-RFM. The findingsmdestrated the feasibility of
contaminant entrapment in BC-RFM and recovery bid deaching, with potential for

sustainable soil remediation.

Keywords: Electrokinetic; Reactive filter media; Biocharcthvated carbon; Copper; Soil

decontamination
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1. Introduction

Soil provides essential resources to both humadsnature (Lima et al.,, 2017), and soil
contamination is a globally significant concern, ieth may result from a variety of
agricultural, industrial and other human activiti® et al., 2011; Gomes et al., 2012,
Cameselle et al., 2013; Belhaj et al., 2016; Ngugeal., 2019). Heavy metals are widely
detected in soil, and are of great risk to the mmment and public health due to their toxicity
and persistence (Yuan et al.,, 2016; Nguyen et2all9). Great efforts have been made to
overcome the problems associated with soil poliytlwy developing different strategies and
methods (Song et al., 2017). Electrokinetic (EKnediation stands out as an alternative
technique that overcomes the shortcomings in theratecontamination techniques, such as
applicability for the low-cost and on-site treatrheh low-permeability soils (Agnew et al.,
2011). EK soil remediation has been tested undaorédory and field conditions for the
potential applications in soil remediation and tmeent (Zhao et al., 2016; Fu et al., 2017,
Sivapullaiah et al., 2015; Hassan et al., 2015nétin et al., 2015; Kim et al., 2011).
Regarding the results of laboratory tests and fagdlications, the EK remediation technique
has several barriers when applied as a single rated process (Peng et al., 2011). When
the direct current is imposed across the treatgédasoalkaline pH front is developed near the
cathode region, resulting in contaminants predipitaand retarding further contaminants
transport and removal. On the other hand, contamsnprecipitation in the soil near the
cathode requires further treatment to prevent comtants rebound in soil.

Progress has been made to enhance the extracticerefy of electrokinetic remediation
in the last decades (Yeung and Gu, 2011; Lima.et28ll7; Zhao et al., 2016; Lim et al.,
2004; Lohner et al., 2008; Yeung, 2011). The currefiorts focus on improving the
efficiency of the EK process, and facilitating &pplicability by adding enhancement agent
such as surfactants and chelating agents to enttheamntaminant mobility, or acids/bases

solution to control the pH of the electrolyte, amgplication of a combined system such as
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EK-bioremediation, EK-phytoremediation and EK-peatle reactive barrier (PRB) (Yeung
and Gu, 2011; Lim et al., 2004; Lohner et al., 2008t al., 2020). However, the choice of
an appropriate enhancement technique is significanportant in the EK system in terms of
treatment duration, cost, and environmental imp&ot. example, the application of the
enhancement agent may affect the soil matrix, therelectrolyte ought to be recouped at the
end of the EK treatment (Lim et al., 2016; Yeun@1®). The application of enhancement
agents in the EK remediation system has not alvieegn favoured since some laboratory
tests were not successful (Tian et al., 2017). ddg@ability of an EK remediation process
utilizing blends of eco-friendly improving agentsd. rhamnolipids, saponin, citric acid) was
evaluated for the first time by Tian et al. (201@) simultaneously remove contaminants
including Cd, Cr, Cu, Pb, Zn and PAH/PCB from harlsediments. Their experimental
results demonstrated that the mixture of the ageotsd only remove small quantities of
metals (4.4-15.8%) and only a slightly better readasf PAH (29.2%) and PCB (38.2%).
Among these enhancement techniques, PRB offergrnhehment or detoxification of the
contaminants with a short treatment period and g@esvthe contamination of the catholyte
solution (Zhao et al., 2016). A range of experimaéstudies have been recently conducted in
integrating PRB application with EK in order to impe contaminants removal from soll
during the EK remediation (Zhao et al., 2016; Yaad Chiang, 2007; Ma et al., 2010; Ren et
al., 2014; Cang et al.,, 2009; Yuan et al., 2009hew a PRB is combined with an
electrochemical remediation, the transport of ammants through the barrier is provided by
the electroosmotic flow of soil pore fluid, eleatmmration of charged species, and
electrophoresis of charged particulates. The neadtarrier becomes an adsorbent for the
contaminants during the electroosmosis and eledgraton process. One of the
significances of the EK-PRB approach is the reductf contamination concentration in the
catholyte and anolyte solutions (Zhao et al., 2p1i&grefore eliminating the need for their

recycling. The sorption and degradation reactionsany contaminants are pH dependent,
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hence the pH gradient generated by the EK remedigirocess may affect the sorption and
degradation mechanism in PRB (Yeung and Gu, 2004hen a PRB is applied in the EK
remediation system to improve its remediation efficies of organic, inorganic, or mixed
contaminants, consideration should be given tmfactuch as the type, cost, and particularly
the lifetime of reactive media which would limisi@applications. The treatment media in
PRBs implemented with EK may include a differemickdf adsorbent materials such as zero-
valent iron (ZVI), activated carbon (AC), and aeted bamboo charcoal (Zhao et al., 2016;
Yuan and Chiang, 2007; Ma et al., 2010; Ren et28l14; Cang et al., 2009; Yuan et al.,
2009). Among all PRBs, ZVI is the most popular tee&cmaterial due to its low cost (Cang
et al., 2009). However, the lifetime of ZVI is shbecause of the contamination coating the
surface of the ZVI particles, preventing flow thgbuthe barrier (Cang et al., 2009).
Additionally, iron reactivity can be decreased tifis exposed to silica or natural organic
matter (Ren et al., 2014; Cang et al., 2009). Iinaastigation into the application of ZVI as
a PRB in EK remediation of Cr-contaminated soiln@eat al. (2009) reported that the
electrochemical remediation coupled with a ZVI-P&tild achieve 72% removal efficiency
of Cr, and the amount of Cr in the anolyte and @lgtk was smaller when EK was combined
with ZVI.

The application of AC as RFM in the EK system waal@ated in the copper contaminated
kaolinite soil. AC is widely used as an adsorbeatamal in both water and soil treatment as
it has shown high performance of contaminants reh{randli et al., 2008; Ando et al.,
2010; Bhatnagar et al., 2013; Ahmed et al., 20Dk to its high surface area, AC removes
metal contaminants from soil through surface adsmp(Ucer et al., 2006). Despite the
advantages of AC, there are also concerns sudiedsdgh production costs and availabilities
of sufficient amounts of suitable forms of AC (A#emi and Aktas, 2017; Ahmed et al.,
2015). Accordingly, there is intensive researclising alternative carbon material especially

biochar (BC) for contaminant removal (Beesley et 2010; Ahmed et al., 2015; Alhashimi
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and Aktas, 2017). Alhashimi and Aktas (2017) repdbrthat BC has lower energy demand
and global warming potential impact compared with. 8C has been successfully applied in
recent years to reduce the mobility of heavy matalsoil because of its affinity for heavy
metals, low cost, and availability (Beesley et 2010; Khalid et al., 2017; Zeng et al., 2015;
Alhashimi and Aktas, 2017). BC has some signifidaatures such as higher porosity, high
surface area, variable charge, and functional groapd when added to the soil can change
the soil properties (Beesley et al., 2010; Anawaale 2015). As a result, these features can
enhance soil water-holding capacity, pH, surfagptsin capacity, cation exchange capacity
(CEC), and base saturation (Beesley et al., 20bhawar et al., 2015).

In the EK process, the extraction of heavy metakiprecipitated in the soil near the
cathode region complicates the remediation prodessto the low permeability of most
contaminated soils. Studies on the impact of RFMhenperformance of the EK process for
metal removal from soil are scarce. This study stigated the performance of the EK
process for copper removal using AC and BC as RB®has a high affinity for heavy metal
adsorption, and there is no study yet comparingitmgact of the type of RFM on the
efficiency of heavy metal removal in the EK proceBlse impact of AC and BC as RFM on
the removal of heavy metals from soil and the epeeguirements for the EK treatment were
investigated and compared with the performancehefdonventional EK process (without
RFM). This study selected copper to be the heawalngentaminant due to a large number of
reports on soil contamination by copper ions (Baitet al., 2011; Hadri et al., 2012), which
requires remediation. Furthermore, AC and BC RM&gelthe potential of buffering alkaline
pH near the cathode and hence the advancement alkaline front in the soil. RFM is
loaded close to the cathode zone to trap copperpoecipitated in the soil near the cathode.
The high permeability of AC and BC will facilitatbe extraction of copper ions at the end of
the EK process while AC and BC RFMs will be recygclnd reused. Both AC and BC are

cost-effective and permeable, and have good adsorpapacity for heavy metals; hence,



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

they can provide long-term services as they carefjenerated by acid leaching. This study
will provide valuable knowledge of the performance RFM in the EK system while

comparing their performance in terms of removatedhcy and regeneration potential.

2. Materials and methods

2.1. Materials and soil preparation

Commercial kaolinite in the form of a fine whitevpder obtained from the N-Essential Co.
Ltd (Australia) was used as a model soil in thigdgt and its characteristics are summarised
in Table 1. Briefly, 1000 g of the kaolinite soil was usedeiach EK test. Prior to testing, 2.52
g of copper sulphate (CugQAldrich, UK) was weighed and dissolved in 1 L ditilled
water. The Cu solution was stirred on a magneiicestfor 20 min, then added to the soil and
mixed thoroughly with a stainless spatula. The aombated soil was stored for 72 h to allow
for copper adsorption by the soil to occur and meaguilibrium (Altaee et al., 2008). The
saturated soil was packed into the electrokineticino layers and compacted uniformly using
a hand compactor. The initial electric conductiviigC) and pH of kaolinite soil were
measured using a multi-metre (model HACH HQ40d),nmking a soil suspension with a
ratio of 1:5 (w/v) dry soil to distilled water arstirring on magnetic stirrer for at least 5 min.
Soil sample was dried in an oven at 105 °C ovetniGopper concentratiorm &ble 1) was
measured by a Vanta handheld X-ray Fluorescenc&)éRalyzer (M series), from Olympus
Corporation. AC and BC RFM were used in two sepagtdctrokinetic remediation processes
under the same experimental conditions to investigse feasibility of copper removal from
the kaolinite soil. In each experiment, a measwaewunt of RFM was placed in the soil
compartment close to the cathode to trap the comper and buffer the advancement of
alkaline front in soil. The chemical and physicabgerties of RFM used in this study are
presented inTable 2. Briefly, 25 g of granular activated carbon (GA@yrchased from

James Cummings and Sons Pty Ltd, Australia, wakiatesl as an adsorbent for the copper
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removed by the electrokinetic process. At the ehthe EK experiment, precipitated copper
ions were leached out of AC RFM by flushing withaaid pH solution before reuse to reduce
the treatment cost.

BC was obtained from Karr Group Co, USRaple 2). BC (25 g) was packed in the EK
cell near the cathode to capture copper ions. &inidl the soil pH measurement procedure,
the pH of AC and BC was determined to be slightkalne at 8.2 and 8.95 respectively,
which is suitable for the precipitation of coppens ([ able 2). The permeability of the RFMs
was measured by the constant head flow permealelsty which was recommended for the
coarse-grained soils with regard to AC and BC plartsizes (Table 2). A scanning electron
microscope (SEM) with energy dispersive spectrom@®sS) (model Zeiss Evo-SEM) was
used to determine the morphological and chemicahposition of the RFMs. Fourier
transform infrared spectroscopy (FTIR) (Miracle-1®himadzu) was used to determine
surface functional groups. The spectra of RMFs vafrtained by measuring the absorbance
from 400 to 4000 cfh using a combined 40 scans. The zeta potentiaksatfi the AC and
the BC were measured using a Nano-ZS Zeta-seizexdéMZEN3600) from Malvern

Panalytical, before and after the EK treatment.

2.2. EK reactor setup

A schematic diagram of the EK experimental apparatud the EK cell used in this study is
shown inFig. 1. The electrokinetic experiments were conducted #8 cm x 8 cm x 11 cm
reactor, made of plexiglass material to faciliteiual observation. This reactor consisted of
three compartments: two electrode compartmentse@laat each end of the sample
compartment and the contaminated soil compartm@nt. both sides, two graphite rod
electrodes (15 cm x 1 cm) were connected to a D@tbeower supply (EA-PS 3016-10B,
EA Electro-Automatik) to apply the electric currenthich was recorded hourly using a

current meter (Keithley 175 Autoranging multimet@ifie graphite electrodes were purchased
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from Graphite Australia Pty Ltd. Two cellulose dift papers (pore size 5-13 pm, LLG
Labware), supported by a perforated plexiglassephaere placed between the soil and the
electrode compartments to prevent soil particlesepating into the electrolyte cells. RFM
was loaded into the soil compartment near the dathand a filter paper was also placed
between RFM and the soil to separate them at tie@teaexperiment. Distilled water was used
as the anolyte and catholyte solution, respectiviglgtilled water was periodically added to
the anolyte compartment to replenish water lossestd the electroosmotic flow and water

electrolysis.

2.3. Test design

Four sets of EK experiments were conducted to iigege copper removal from the
contaminated kaolinite soilT@ble 3). In all tests, a constant voltage (10 V) was igobl
across the electrodes, except in Exp. 4, which pea®rmed under a constant current of 20
mA. The experiments were stopped after seven dégmthe electric current across the soil
specimen diminished, and the electroosmotic flow decreased.

Exp. 1 was the conventional EK experiment on spi@alinite with 1000 mg K§ copper
concentration. Exp. 2 and Exp. 3 were carried ounvestigate the effect of RFM, AC and
BC, respectively, on the electrokinetic removakopper from the kaolinite soil. Exp. 4 was
implemented to investigate the performance of EWYRIhder constant electrical current of
20 mA.

At the end of experiments, aqueous solutions froenanode and cathode compartments
and the electrode assemblies were collected. Tthensoil specimen was divided into five
equal sections, and each section was preservethsticobags. Each soil section was then

homogenized, and samples were taken for pH, ECcapper concentration measurements.

3. Results and discussion
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3.1. Electrical current

During the electrokinetic treatment, electricalreat through soil cell is strongly correlated
with the content of free ions; hence, electricatrent is an essential factor affecting the
efficiency of contaminants transmission through &hou et al., 2017; Zhu et al., 2016). The
change of electric current over time in Exp. 1 i@E3 is shown irFig. 2a. Generally, in the
EK system, the electric current initially increageda maximum value within a short time due
to the solubilisation and movement of ions in tlod $owards the cathode compartment
(Ammami et al., 2015). Then, the electric curreradgally reduced as a result of metal ions
precipitation close to the cathode zone or in tigh hsoil pH (Ammami et al.,, 2015;
Bahemmat et al., 2016; Zhu et al., 2016). Witheasing electric current, the higher copper
removal was achieved by the EK test. The electcoalent was low at the beginning of the
EK experiments since it takes time for anolyte aatholyte to enter the contaminated soil
and for contaminant ions to dissolve and desorinftbe soil (Zhou et al., 2017). The
electrical current in the EK and EK-BC experimewtss higher than that in the EK-AC test.
In the EK experiment, the electric current reacttesl peak (15 mA) after 24 h but started
decreasing dramatically thereafter due to the dieplén the migration of copper ions in soil-
pore fluid and the precipitation of Cu(OHat the cathode region. The electrical current
reached 7.21 mA after 168 h at the end of the [EKttent. The electric current in the EK-
BC reached a maximum amount of 14.9 mA after 48eim dropped to 6.79 mA at the end of
the EK process. However, in this experiment, tleetelc current remained higher for a longer
period compared to that of the EK test. The reasay be attributed to the adsorption of
hydroxide ions generated at the cathode reactioBGywhich promoted the transport of the
acid front in the soil. This caused solubilisatenmd movement of copper ions in the soil and
resulted in an increase in the electric currerthan EK-BC test. The average electric current
was similar between the EK-BC (11.33 mA) and EK.BD1mA) processes. The electric

current in the EK-AC test was relatively low, witie average and maximum electric current

10
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of 5.522 mA and 7.9 mA, respectively, which wouttl’arsely affect the removal of copper
ions in the soill.

3.2. Soil pH

Soil pH has a significant impact on the environrakbehaviour of heavy metals in soil. Low
pH environment can improve the dissolution of heawgtals and removal from the
contaminated soil (Yuan et al., 2016). Chemicattieas during the EK process would cause
a substantial change in soil pH and result in comant dissolution or precipitation
(Cameselle at al., 2013). The distribution of pHoas the soil from anode to cathode
(sections 1 to 5) after the remediation experiméntshown inFig. 2b. It is clear that the
electrokinetic process changed the soil pH. In ggnthe soil pH after EK treatment was low
in sections close to the anode side due to hydmeniens transport across the soil, but
gradually increased in the soil sections closectitbode as a result of hydroxide ions (PH
migration in the soil from the cathode to the an{dean et al., 2016; Fu et al., 2017). The
reduction in pH favoured the removal of the contaanis, because of the production of
H* ions from water electrolysis at the surface ofahede (2HO — O, + 4H' + 4€) (Zhao et
al., 2016; Masi et al., 2017). An increase in tbi gH in the sections near the cathode was
due to the advancement of Ogenerated through water electrolysis at the cati@#,O+

2€ - H, + 20H) and affected the pH distribution across the gslobserved irfrig. 2b, the

pH profile from section 1 to section 5 in the EK-B&t was lower than that of the EK and
EK-AC experiments, especially in the soil sectictase to the cathode region (sections 3 to
5), which would favour copper removal by EK-BCwias probably caused by the interaction
between BC and hydroxide ions in the soil neardiode. EK-AC test generally showed
higher soil pH in the sections 1 to 4 (except sech), compared to those of the EK and EK-
BC experiments. Higher pH across the soil sectamrdirmed that the application of AC in
the EK system did not assist in the removal of eoppn from the soil sections close to the

anode side. However, the soil pH in section 5 veagel in the EK-AC than that in the EK,

11
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resulting in less copper precipitation in the swdse to the cathodd=ig. 3). It seems that
both RFM could trap contaminants by lowering thé pbl close to the cathode. However,
AC RFM unfavourably served during the EK processcfupper removal in most soil sections
compared to the results in the EK and EK-B(4a). In Fig. 2b, it is clearly illustrated that
the soil pH with the value above the initial pHtbé soil (pH 5.44) would cause contaminant
precipitation in the soil during the EK treatmes, observed in section 5 in all EK tests with
or without RFM. EK treatment also affected the piH RFMs, especially BC which

dramatically increased from 8.95 to 11.07 whilegftAC changed from 8.2 to 9.34.

3.3. Electrical conductivity of soil

The soil EC of different sections after seven daly£K treatment presented a decreasing
trend from the anode to the cathod&g( 2c). In general, the results of soil EC were
consistent with those of soil pH, demonstrating tha content of free ions in the soil near the
anode region was higher than that close to theodathThe reason would be that the acid
condition facilitated the dissolution of ions iretlsoil, as demonstrated Kig. 2c. The soil
conductivity of the EK-AC was the lowest becauseabper precipitation in the soil at early
stage of the EK process and hence reduced th&&oiRdditionally, acid and alkaline fronts
met closer to the anode in the EK process when A€ applied as an RFM. EK-BC showed
more electrical conductivity because of more copgubilisation due to the migration of
acid front closer to the anode and hence solubdinnore copper ions. The soil EC in the EK-
BC test was higher than that of the EK and the EKgystems, because of the lower soil pH

in the EK-BC, which caused higher dissolution gbger ions in the soil.

3.4. Removal of copper from soil
Fig. 3a shows the distribution of residual copper in sdiér remediation. Copper distribution

in the soil follows the profile of soil pH, whicls ivery acidic close to the anode side and

12
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continuously increased towards the cathode whesesiightly alkaline Fig. 2b). For the EK
and EK-BC, copper concentrations were found todveef than the initial concentration of
copper in the soil, particularly in the sectionesd to the anode (sections 1 to Big( 3a).
Most of copper ions were accumulated in sectiortlése to the cathode region through
precipitation as Cu(OH)Xue to the high soil pH.

The residual concentrations of Cu in the soil sastj especially in sections 3 to 5 for the
EK with BC RFM (Exp. 3) were significantly lowerah those of the EK and EK-AC tests.
Cu transport rate toward the cathode was enhamciée iIEK-BC compared to the EK and the
EK-AC. This is probably due to the lower soil pHd. 2) in the EK-BC, which enhanced the
efficiency of EK process and copper removal. In tase of the EK-BC experiment, the
concentration of Cu decreased rapidly from théahitoncentration (1000 mg Ry to about
100 mg kg in section 1, gradually increased to about 500kailjin section 4, and reached
2490 mg kg in section 5. For the EK-AC test, copper concéiums were lower than the
initial concentration in the sections 1 and 2, Eh@yetween 230 mg Kgand 650 mg Kg,
and showed no significant changes in section 3ettian 4 compared with the initial Cu
concentration. The results indicate that coppecentration in the soil was not affected when
the soil pH was around the initial pH of the séild. 2b). Compared to the EK experiment,
the integration of AC RFM in the EK system decrelaSe concentration mainly in section 5,
which adversely affected Cu transport rate in ttheiosoil sections toward the cathode. In the
EK only process, the content of copper close toathede was low ranging from about 100
mg kg* to 220 mg kg in sections 1 to 2, which is similar to that iretBK-BC. Then it
reached approximately 950 mgkin section 4 and drastically increased to arou®s03mg
kg in section 5 while getting close to the cathodsause of the high pH in the region. The

removal efficiency can be calculated by Eq. (1):

. Co — (¢
Removal efficiency (%) = C x 100 (D
0
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whereC, (mg kg") is the initial copper concentration in soil, a@d(mg kg") is the final
copper concentration in soil after EK remediatida.shown inFig. 3b, in sections 1 to 4, the
copper removal ranges from 92% to 47% in the EKsg&tem while it changes from 92% to
6.5% for the EK experiment. Hence, the applicandrBC in the EK system has not only
affected the Cu removal in section 5, but consiolgran sections 3 and 4. For the EK-AC
test, Cu removal percentage was 78% in sectiomd,then decreased to almost zero in
sections 3 and 4. High pH in section 5 resultethénegative removal of Cu there for the EK
experiments. However, the negative removal in fleation for the EK-AC test was less due
to low Cu transport rate through the soil. Henesslfree Cu ions were transported across the
soil from the anode to the cathode during the EK-#&atment.Table 4 shows the mass
balance and overall Cu removal in the EK experisemhe overall copper removal in the
EK-AC and the EK-BC was 10% and 27% respectiveighér than that in the EK test. The
application of BC represented the highest remowalthe EK system without adding
chemicals. The soil pH was expected to be resplenib the different removal efficiencies
of copper in the EK treatments. According to thessnhalance, the best performance was

obtained when BC was loaded in the EK cell neacttbode compartment (Exp. 3).

3.5. Characterisation of RFMs

The surface characteristics of RFMs, which werareérad by SEM coupled with EDFiQ@.

4), clearly confirmed the presence of copper on B@ AC after the EK treatment. The

percentage of copper in BC was higher than thAlGrRFM. EDS results showed that the Cu
content was 0.38% in BC and only 0.10% in AC, iatlig that the removal of copper in the
EK treatment with BC RFM was higher than that imgsAC RFM. Also, the zeta potential

measurements of the RFMs before and after EK axjeerts illustrated that the zeta potential
of BC was more negative than AC before EK treatn{Eid. 5), suggesting more negative

charges being available in BC than in AC. Theref@€ can potentially adsorb larger
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amounts of the positively charged heavy metal aatthan AC. FTIR spectra are widely used
to provide valuable information on the functionabgerties of BC and AC (Lu et al., 2013;
Ahmed et al., 2017). Both BC and AC before andrdite treatment presented approximately
the same spectra. However, the stronger bandsh&areobserved in BC, before and after EK
treatment compared to those in AC-EK operation,civldemonstrates the great potential of
EK-BC for copper removal. The FTIR spectra from B AC after EK treatmenfig. 6)
showed a peak in the region 3600-3700, which etedlto OH stretching. A strong band at

approximately 1002.5 cthis presented in EK-BC spectra attributed to copjsorption.

3.6. Performance of EK-RFM under constant current

Since the EK treatment with BC RFM exhibited a leiglsopper removal efficiency in the
contaminated kaolinite soil, further EK-BC experite were carried out under constant
current of 20 mA to explore for treatment improveinéopper concentrations in sections 1
to 4 significantly reduced, ranging from 50 mg'kg 294 mg kg and the majority of copper
was precipitated in section 5. Moreover, 26% of Was captured by BC. Approximately
70.6%-95.0% of copper removal was successfullyeaed from sections 4 to 1 at an electric
current of 20 mA. The reason is due to a high atecturrent, which promoted water
electrolysis reaction at the anode and generated malronium ions that migrated across the
soil and facilitated the removal of copper ionsnirthe soil.Fig. 7 showsthat soil pH was
acidic, except in section 5, which was higher tir@hal soil pH (5.44). This alkaline pH
retarded copper ions dissolution and resultedgniicant precipitation of copper in section 5
close to the cathode compartment. It is conclutded rhaintaining a constant electric current
in the EK-BC operation could significantly enhanoapper removal in the first four soil

sections close to the anode but did not decreggeec@ccumulation in section 5.
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In relation, the energy consumption Eu (WH)mwhich is a major factor affecting the
total cost of the EK remediation (Yuan et al., 20Masi et al., 2017), was calculated by Eq.

(2) (Kim et al., 2012):

1
E, = vgj~v1ck 2)

where Vs represents the volume of soi’\nV is the applied voltage (V), | the electric
current (A) and t the treatment time (h).

The energy consumption per unit volume of soilhie EK experimentsHg. 8) shows
that the EK-AC approach was the least demandingla@&K-BC (constant current) was the
most demanding. Low energy consumption observerhse of EK-AC would be due to less
ion migration through the soil sections 1 to 4 vilhicas compatible with the results shown in
Fig. 2. The EK and EK-BC experiments carried out undeomstant voltage required almost
the same value of power consumption, at 10.78 &mgtllkWh n? respectively. Of all tests,
the EK-BC under a constant electrical current coresdithe highest amount of energy (43.5
kWh mi®). At a constant electric current, high concentragi of dissolved ions would be
transferred through the system, particularly thtotige soil sections 1 to 4, which in turn
increased the rate of electrolysis reactions akethetrodes by sustaining the electric current
and thus producing the increased energy expendituités experiment. Such a high energy
consumption may limit its practical application quaned with fixed voltage tests, since there
was not a significant difference between them mmngeof overall Cu removal efficiency.
However, using solar cell-based power supply for EEkhediation treatments will reduce
energy consumption when compared with traditiormalgr supply (Jeon et al., 2015; Zhou et

al., 2017).

3.7. Regeneration of RFM
In order to be practicable, the regeneration of REMssential. A plastic column packed with

used RFM was flushed using a concentrated acid N@ution with a pH of 1.5. The acid
16
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solution was circulated by a peristaltic pump fdn &t 5 mL mif flow rate to facilitate the
recovery process. At the end of the leaching pmydeEM was flushed with deionized water
to neutralize the pH to normal conditions beforesee After leaching, samples of RFM were
tested for the copper concentration by XRF analydereover, the permeability of the RFMs
was measured by performing a constant head perhtgabsst, and the resultT@ble 2)
demonstrated a high permeability of AC. However,FXfesults suggested a higher copper
recovery by BC at 99.3% than by AC at 78.4%. Timelihgs therefore favour BC for the

regeneration process and to be reused as RFMtloef&K experiments.

4. Conclusions

This study investigated the remediation of Cu comated soil with integrated EK-RFM
treatment. The removal efficiency of Cu increasdth the application of RFM which trapped
copper. The overall removal efficiency of the EKgess decreased as EK-BC > EK-AC >
EK. BC adsorption of copper facilitated Cu remowahll soil sections while the application
of AC as RFM improved Cu removal only in soil seqti5 near the cathode. Integration of
AC with EK technique increased soil pH in most oil sections, except section 5, as well as
reducing the electric current through the soil.sTl@duced the rate of copper removal in the
majority of soil sections in the EK-AC system. Hawe AC RFM adsorbed a considerable
amount of Cu in soil section 5 due to interactibesween AC and hydroxide ions near the
cathode. SEM-EDS results confirmed the presenceopper on BC and AC after EK
treatment, whereas the percentage of copper in BE€ wgher than that in AC. In addition,
the more negative charges available in BC than@cfuld offer a higher copper removal
from contaminated kaolinite soil in the EK-BC tme&nt. BC could be easily recovered by
acid leaching after EK treatment; however, it hasdr permeability compared to AC. The
application of a fixed electric current in the EKGBprocess significantly enhanced the

removal rate of copper in soil, especially in tleetns 1 to 4, by lowering the soil pH.
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However, its high energy consumption may be a camdtin its wide application. It is
concluded that BC is a better RFM than AC in teoh&K performance, Cu removal and
regeneration. As the EK-RFM process has many adgast including short treatment
duration, easy installation, efficient contaminammoval, no chemical addition, and
feasibility of regeneration, it is a good technidaefuture sustainable soil remediation.
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Tablel

Chemical and physical properties of kaolinite cay.

Soil characteristics Value
Particles size analysis (%)

Clay (%) 67.5

Silt (%) 30.5
Sand (%) 2
Permeability (n s%) 5.7x10%
Organic matter (%) Negligible
Initial soil pH 5.44+0.04
Initial electrical conductivityrfS cnm') 0.50+0.011
Initial copper concentratiom{g kg") 1000+20




Table?2

Chemical and physical properties of RFMs.

Parameter Activated carbon Biochar
Particle size analysis (%)

>2mm 0 2.59

1-2 mm 71.63 14,51

<1 mm 28.37 82.89
Permeability (n s%) 1.11x10° 0.17x10°
Organic matter (%) 89.2 98.36
Surface are&mn” g*) 845.036 114.05
pH 8.2+0.15 8.95+0.05
Electrical conductivity S cni') 2.4 0.11




Table3

Summary of the experimental conditions applied.

Experiment Type RFM Applied Applied Cu Treatment

constant constant (mg kg")  duration ()
voltage (V)  current (mA)
Exp. 1 EK - 10 1000 7
Exp. 2 EK-AC  Activated 10 1000 7
carbon
Exp. 3 EK-BC Biochar 10 1000 7
Exp. 4 EK-BC Biochar 20 1000 7




Table4

Mass balance and removal efficiency of copper @BK experiments.

Experiment Initial Cu Residual Cu Cumass Cu massin Cu mass Mass Cu

in soil (g) intreated soil in RFM electrolyte in soil pore balance (%) removal

(9) (9) solution (g)  water () (%)
Exp. 1 1.01 1 - 0 0.008 99.80 1
Exp. 2 1.02 0.92 0.053 0 0.007 96.08 10

Exp. 3 0.98 0.71 0.21 0 0.005 94.39 27
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Fig. 1. (a) Schematic diagram of the EK apparatus; (b) front view of the EK apparatus.
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cathode) after the EK operations.
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Fig. 4. SEM images and EDS of (a, b) activated carbon and (c, d) biochar after EK treatment.
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Fig. 5. Zetapotential of BC and AC before and after EK experiments.
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Fig. 6. FTIR spectraof (a) BC before and after EK treatment (EK-BC); (b) AC before and

after EK treatment (EK-AC).
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Fig. 7. Residual copper concentration and pH of the soil through the soil sections from anode

to cathode after EK-BC treatment under constant current operation.
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Fig. 8. Energy consumption per unit volume soil for different EK treatment.



Highlights

* Reactivefilter mediaimproved electrokinetic removal of Cu in contaminated
soil

» Both AC and BC were suitable reactive filter media

» Overal remova efficiency decreased as EK-BC > EK-AC > EK

* A constant electric current in EK-BC improved Cu removal

* Reactivefilter mediawas regenerated and reused



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




	Elsevier required licence
	Proof+copy

