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Abstract

Soil, in the form of kaolin and a sample of natural soil from an industrial site, was artificially contaminated with caesium and subjected to
electrokinetic treatment. The effect of catholyte pH control on the process was investigated using different acids to control the catholyte pH.
During treatment the in situ pH distribution, the current flow, and the potential distribution were monitored. At the end of the treatment the
pore fluid conductivity and the caesium concentration distribution was measured. The results of these experiments showed that for caesium
contamination, catholyte pH control is essential in order to create a suitable environment throughout the soil to enable contaminant removal.
It was found that the type of acid used to control the catholyte pH affected the rate of caesium removal (nitric, sulphuric, acetic and citric
acids were tested). All of the acids tested were effective, but the highest caesium extraction was achieved when nitric acid was used to control
the catholyte pH. The relatively high adsorption capacity of the soil for caesium was found to significantly reduce the rate of removal. After
240 h of treatment at 1V cm (using sulphuric acid to control the catholyte pH), less than 80% of the caesium was removed from a 30 cm
long sample of kaolin. Electrokinetic treatment of the industrial soil sample was slower than for the kaolin, but a significant extraction rate
for caesium was achieved.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cathode[1,6]. This leads to an acid front at the anode and
a basic front at the cathode. In the presence of the electric

Electrokinetic treatment is a promising technology for in field, the acid front tends to migrate towards the cathode and
situ soil decontamination. Electrokinetic remediation can be the basic front advances towards the anode by electromigra-
performed by applying a low direct current across electrodes tion.
placed in the ground to remove inorganic and organic con- A common problem with electrokinetic removal of heavy
tamination from the soil1-4]. When an electric field is ap-  metals is precipitation of the metal ions which has been found
plied to saturated soil electrolysis reactions are induced atto occur close to the cathode, hindering the extraction pro-
the electrodes and electrokinetic transport phenomena (elec€esg7—-10]. The generation of alkali conditions at the cathode
troosmosis, electromigration, and electrophoresis) occur intends to immobilise heavy metal contaminants by hydroxide
the porous medium. In general, the electrode reactions canprecipitation. A low pH environment can promote the re-
be considered to produce;@as and Hl ions in solution at moval of metallic contaminant from fine grain soils as a low
the anode and $igas and OH ions in solution at the cathode pH promotes desorption (by ion exchange) of most heavy
[1,5]. metals and cations from the soil surface.

A major factor which influences the mobility of contam- In some studies, the area around the cathode was treated to
inants in soil is the soil pH. Applying a dc current to the soil adjust the pH in order to prevent precipitation of metals in the
results in the generation of acid at the anode and alkali at thesoil, for example for the removal of zinc, nickel and cadmium

[2,11]. On the other hand, chromium and uranium contami-
* Corresponding author. Tel.: +44 161 200 8849; fax: +44 161 200 4399. Nated soils have been treated to give high pH conditions so
E-mail addressted.roberts@umist.ac.uk (E.P.L. Roberts). that mobile anionic complexes were formi&g.
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Radioactive isotopes of caesium are common contami- anolyte pH. Two tubes were fitted to the top and the bottom of
nants which can result from activities such as dumping of the catholyte compartment to enable continuous circulation
nuclear waste, nuclear plant accidents, and the use of nucleaand pH control of the catholyte. The cathode was a 50 mm
weapongd12,13] Only a few studies have been reported on diameter disc of stainless steel mesh, which provided a large
the electrokinetic removal of caesium from sdi#t,15]and surface area. The anode was a titanium mesh coated with irid-
further research on the use of electrokinetic treatment for ium mixed-metal oxide and was also 50 mm in diameter. The
this contaminant is desirable. The objective of this paper is soil specimen was separated from the electrode compartment
to evaluate the application of the electrokinetic technique for using two circular micro-porous flat sheet membranes con-
the removal of radioactive caesium pollution from kaolin, by sisting of ultrahigh molecular weight polyethylene and amor-
investigating the treatment of kaolinite spiked with a non- phous silica (Daramft) with an average pore size of Quin.
radioactive caesium nitrate. The chemical and electrokinetic This membrane was chosen due to its low cost, high conduc-
behaviour of the radioactive and non-radioactive isotopes of tivity and stability under acidic condition. The contaminants
caesium are expected to be identical, so that simple, safe ex€ould pass through the pores of the membrane during the ex-
periments can be carried out. traction process, butthe kaolin or soil particles were separated

from the electrolytes.
The electrode compartments were initially filled with

2. Experimental deionised water. The cathode compartment fluid was recy-
cled using a peristaltic pump through a reservoir which was
2.1. Set-up maintained at pH = 3.0. The pH of the reservoir solution was

controlled using a pH controller and a make up solution of
A multi-compartment cell was used to investigate the elec- acid atpH=1.5. The electrodes were connected to a dc power
trokinetic remediation process of soil contaminated with cae- SUpply. The current flow through the specimen was measured
sium. The cell was constructed from Perspex, to enable directusing an ammeter.
observation of the effect of the electrokinetic process on the
specimen. The cell, which is shown schematicall¥ig. 1, 2.2. Soil characteristics
consisted of a sample vessel and two electrode compartments.
The cylindrical shaped sample vessel had an inside diame-2.2.1. Kaolin
ter of 50 mm, and a length of up to 30 cm. The sample vessel  The electrokinetic remediation process was studied using
was divided into compartments, each 3 cmin length and vinyl kaolin contaminated with caesium nitrate. One of the ad-
gaskets were used to prevent leakage between the compartvantages of electrokinetic treatment (compared to alternative
ments. Each compartment had a hole sealed with a rubbertechniques) is that it is effective for low porosity, clayey soils.
bung, which could be removed during experiments in order Kaolin, a hydrated aluminium silicate material, has been
to measure the local pH and electrical potential. widely used for the study of electrokinetic treatment of soil
The electrode compartments had the same inside diametef4,5,9,11,16,17]as it provides a model, reproducible, low-
as the specimen vessel and were 50 mm in length. The topbuffering clayey soil. For this study Kaolin was purchased
of each electrode compartment was open to allow insertion from Sigma Aldrich Co. Ltd., in the form of a fine white pow-
of the electrodes, enable the release of any gases generateder with a particle size distribution (when dry) of between 0.1
at the electrodes and for measurement of the catholyte andand 4um. This kaolin was found to be naturally acidic; when
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Fig. 1. Schematic diagram of the experimental set-up.
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Fig. 2. The effect of pH on the adsorption isotherm for caesium on kaolin.
Operating conditions: mixing time =48 h, shaker speed =250 rpm, temper-
ature =22C.

mixed with deionised water (using a water/kaolin mass ratio
of 1.8) the supernatant pH was 3.78.

93

vironment promotes desorption of caesium into the pore
fluid [8-10], probably by an ion exchange mechanii&a].

In all cases the adsorption capacity of the kaolin was ap-
proached for equilibrium caesium concentrations in excess
of 1000 mgt?.

The results confirm that a low pH environment is desir-
able to give higher concentrations of caesium in the pore fluid
and thus to enhance the electrokinetic treatment process. Al-
lowing acid through the soil during electrokinetic remedia-
tion will promote ion exchange and desorb metals from the
clay surface. It is expected that in most cases a significant
proportion of the caesium contaminant will be adsorbed on
the kaolin, unless the total caesium concentration is around
3000 ppm or higher.

2.2.2. Soil sample

The soil sample, which was supplied by BNFL, was not
suitable to use directly in the experiments as it contained
an unknown amount of ground water and large stones were
present in the soil. Therefore, a drying, sieving and crush-

Measurements of the bulk density and the particle denSity ing process was carried out before the soil was used in the
(measured using a helium pycnometer) were used to esnmateexperiments, in order to provide a reproducible soil sample.

the porosity of the kaolin sludge (see SectiB), giving a
value of ¢=0.81. The tortuosity of the kaolin sludge was
found to be 0.545 from measurements of the conductivity of
the sludge and pore fluid.

Clay minerals are known to exhibit strong Cs adsorp-
tion characteristic$18]. Although Cs adsorption on clays
and soils has been widely studigelg. 18-22]Jonly a few
of these studies have addressed acidic (pH<4) environ-
ments[19,21] The mechanism of caesium adsorption on
clay minerals is complex, with sorption occurring at both
edge and interlayer sitelR0]. Experiments were carried
out to determine the adsorption behaviour of caesium on
kaolin as a function of pH under acidic conditions. Kaolin
(29) was mixed with deionised water (25ml) at a range
of caesium concentrations (100-3000 myland the mix-

Unfortunately, due to the limited amount of soil material sup-
plied, it was not possible to carry out caesium adsorption tests
on the soil. However, the cation exchange capacity of the soil
was measured and found to be high at 20.6 meq per 1004,
compared to 5.2 meq per 100 g for kaolin. This indicates that
the soil had a high buffering capacity, which may slow the
advance of the acid front from the anode.

2.3. Sludge preparation

The kaolin or the soil sample used in the experimental
work was spiked with caesium nitrate [Csi]@olution. The
sludge was prepared by mixing dry kaolin or soil with the
prepared solution in a mass ratio (liquid to solid) of 1.8 or 0.5

tures were shaken to ensure complete interaction betweer{for kaolin and soil respectively) in order to achieve a desired

contaminants and kaolin. The kaolin mixtures were mixed
for 48 h at room temperature using a horizontal shaker at
250 rpm, which was found to be sufficient mixing time

to achieve equilibrium. The pH was monitored every few
hours and adjusted to the desired value by adding 1M
HNO3 or 1M NaOH. The samples were then centrifuged
for 15min at 4000 rpm and the caesium concentrations of

caesium concentration in mg Cs®gdry kaolin/soil. The
initial water content in the sludge was thus 64% for kaolin and
33% for the soil, these values having been chosen to obtain
a saturated sludge. The prepared kaolin sludge behaved like
a viscous fluid which settled under gravity, facilitating the
filling of the sample vessel.

The sludge was mixed vigorously to ensure homogeneity

the supernatant was measured by atomic absorp[ion Specand to equilibra’[e the Cs between the pore fluid and the solid

troscopy.

The effect of pH on the adsorption isotherm for cae-
sium on kaolin is shown ifrig. 2 It is clear fromFig. 2
that the kaolin has a relatively high adsorption capacity
for caesium (2-4mgdt). The distribution coefficient ob-
served at low concentrations varies from 6.1 mtat pH
2.0 to 20.9mlIg? at pH 4.0, consistent with the data re-
ported by Shahwan and Ertg2?] under neutral conditions.
As expected?21,23,24] increasing the solution pH increases
the adsorption capacity. On the other hand, a low pH en-

phase. A stirrer fitted with six impellers was used to mix the
sludge for 5 h. Samples from different parts of the sludge were
analysed by atomic absorption spectrophotometer (AAS) to
verify its homogeneity.

The resulting sludge was left for a further 48 h to equili-
brate the contaminant between the pore fluid and the solid
phase. When the sludge was left for 8 days after mixing, no
significant change in the pore fluid concentration was ob-
tained, indicating that 48 h was sufficient time to achieve
equilibrium.
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2.4. Procedures the system under study, the method gave reproducible results
and achieved >95% extraction of caesium.

In order to aid loading of the sample vessel, it was as-  In order to express the caesium concentration in the soil as
sembled vertically. One of the electrolyte compartments, a mg Cs kg ! dry soil, the water content of the soil from each
membrane and the first few compartments (along with the compartment was also determined by drying (at 42@or
necessary gaskets) were assembled and the compartmeni4 h) and weighing a known mass of the soil sludge. In order
filled with sludge, taking care to avoid air pockets. Further to determine the conductivity of the pore fluid, a known mass
compartments were added and filled with sludge, and finally of the specimen was centrifuged at 4000 rpm for 15 min. The
the second membrane and electrode compartment were fittedconductivity of the supernatant pore fluid was then measured
Bolts were fitted to the steel rods and tightened to seal the using a conductivity meter.
assembled cell. The cell was then rotated into its normal hor-
izontal orientation. The electrode compartments were filled
with deionised water prior to each experiment. During the 3. Results and discussion
experiment the anolyte level was topped up with deionised
water as necessary. 3.1. Catholyte pH control

In all cases a potential corresponding to 1 V¢nof sam-
ple was applied across the cell (i.e. 30 V for the 30 cm sample  The adsorption results confirm that pH control is required
vessel). This is a typical voltage gradient used for electroki- in order to increase the rate of caesium removal from kaolin.
netic treatment which can be safely used in the fjéleB]. In this section, the effect of the catholyte pH control on the
The current was measured during the experiments using aelectrokinetic treatment of kaolin contaminated with caesium
digital ammeter and the in situ pH distribution was measured nitrate is discussed. Two experiments were conducted on
by inserting a pH electrode through the holes on the top of kaolin contaminated with caesium to investigate the effect
each compartment. It was found that the sludge was suffi- of pH control on caesium removal. In the first experiment,
ciently soft to allow insertion of the pH probe to a depth of the catholyte pH was not controlled while in the second ex-
25 mm, and sufficient moisture was present to give a repro- periment the catholyte pH was controlled at a value of 3.0
ducible measurement of pH. For drier clays this approach using sulphuric acid. When the catholyte pH was not con-
may not be suitable. The power supply was disconnectedtrolled, a filter paper (Whatman No. 5) was used to separate
when measuring in situ pH to eliminate any interference.  the kaolin from the catholyte, as the polyethylene membrane

The electrical potential at different locations in the spec- was unstable under the alkaline conditions generated. The ex-
imen was measured using two 2 mm diameter stainless steeperiments were conducted for 120 h with kaolin that had been
probes inserted to a depth of 25 mm in the sample and con-contaminated with caesium nitrate to give an initial caesium
nected to a voltmeter. The electrical potential in each com- concentration of 450 mg Cs kg of dry kaolin. The in situ
partment was measured relative to the compartment adjacenpH was measured during the experiments while total caesium
to the anode (1.5cm from the anode compartment) using aconcentration was measured at the end of each experiment.
digital voltmeter. Differences in the interface potential atthe  Fig. 3shows the caesium distribution in the cell after 120 h
stainless steel due to variations in local conditions will lead of treatment. When the catholyte pH was not controlled, the
to errors in these measurements. However, these errors wereaesium concentration was significantly reduced in most of
found to be of order 10 mV, small compared to the potential the cell. However, significant accumulation of caesium was
difference measurements of order 1 V.

Atthe end of the experiment, the steel rods which clamped 2
the compartments together were loosened and a thin sheet o
rigid plastic was inserted between each compartment. This
enabled separation of the kaolin/soil in each compartment s 151
for subsequent analysis. The pore fluid conductivity and the £
caesium concentration were determined for the kaolin/soll
from each compartment. Nitric acid (HNDwhich is known
to be effective for the extraction of heavy metals from soll
[5,23], was used to “digest” the caesium in the sample. Di-
lute nitric acid at pH 0.3 (20 ml) was added to 4 g of the
sample, and the mixture was shaken at room temperature for
24 h. The pore fluid was then separated from the specimen 0
by centrifugation at 4000 rpm for 10 min. The caesium con-
centration in the specimen was determined by measuring the
metal concentration |nth_e st_Jpernatar_]tllqwd using AAS. The Fig. 3. Distribution of final caesium concentration across the soil speci-
developed method was significantly simpler than the standardmen with and without catholyte pH control. Operating conditions: treatment
methods for analysis of heavy metal contaminants in soil. For time =120 hCy=450mg Cs kg* dry kaolin,E=1Vcm 2.

---0h

—a— 120 h: without catholyte pH control

—a— 120 h: with catholyte pH control

Cs concentration

0.5

3 6 9 12 15 18 21 24 27 30
Distance from the anode membrane (cm)
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Table 1
Material balance of caesium removal experiments
Process Cscollected in  Csremainingin Cscollected inthe TotalCs Initial Cs present Cs extracted Discrepancy in
the anolyte (mg) the cell (mg) catholyte (mg) (mg) (mg) (%) material balance (%)
pH controlled <0.1 47 74 121 124 60 25
pH not controlled <0.1 106 22 128 132 17 3

Operating conditions: time = 120 8y = 450 mg Cs kg? dry kaolin,E=1VcmL.

observed in the area close to the cathode. The accumulaimproved the caesium removal by improving desorption of
tion of caesium close to the cathode was probably associateccaesium into the pore fluid, enabling caesium transport by
with a high pH environment, where migration of OHrom electromigration.

the catholyte into the kaolin precipitated caesium as CsOH.  The effective resistivity of the kaolin soil in the area close
When the catholyte pH was controlled, a decrease in caesiumo the anoder( ») and that close to the cathode (o) was
concentration was observed throughout the cell. In total, only calculated from the potential measurements as follows:
17% of the caesium initially present was removed without pH A
control, compared to 60% removal when the catholyte pH was i= el (1)
controlled, as shown ifiable 1 These percentages are based L

on the amount of caesium collected in the catholyte, rather\,\,hereq>ij is the measured potential difference between com-
than the caesium concentrations measured in the kaolin afpartmentsandj, | the current passing through the o&ls the

the end of the experiment. A material balanGalfle J in- cross-sectional area of the sample vessellahé distance
dicates that the experimental methodology is sound, with a between the measuring points. The results shovifabie 2
maximum discrepancy of 3.0%. indicate that at the start of each experiment the effective resis-

The in situ pH distribution in the electrokinetic cell mea-  tivity was fairly uniform, and was similar in both experiments.
sured during these experiments is showRim 4 Whenthe  After 120 h of treatment, the effective resistivity decreased in
catholyte pH was not controlled, the anolyte pH decreasedthe area close to the anode in both experiments, probably due
with time to a value of 2.0 and the catholyte pH increased to an increase in the concentration of léns. On the other
to a value of 11.3. After 120 h of treatment, the in situ pH hand, the effective resistivity increased in the area close to
increased monotonically with distance from the anode. The the cathode. This increase in the effective resistivity near the
kaolin pH in the area close to the anode decreased to a valugathode may be due to the increased pH, reduced cross sec-
less than its initial value as a result of migration oflans tional area (due to consolidation of the kaolin), precipitation
from the anolyte into the kaolin. The kaolin pH increased blocking the soil pores, or depletion (by electromigration)
throughout most of the cell due to the migration of Oldns of ions present in the original kaolin. It is likely that the in-
from the catholyte. The high pH area close to the cathode crease in the effective resistivity observed in the region close
probably caused the precipitation of CsOH, which blocked to the cathode when catholyte pH control was applied was
the pore fluid and hindered the caesium removal. largely due to the latter of these effects. The other effects were

When the catholyte pH was controlled, a low pH envi- more significant in the absence of catholyte pH control, and
ronment was maintained throughout the cell. The low pH in particular severe consolidation was observed in the region

of the cell close to the cathodEig. 5 shows photographs

14 of the cell prior to treatment and after 120 h of electroki-
...... oh netic treatment both with and without catholyte pH control.
121 Although some consolidation was observed when catholyte

—&— 120 h: without catholyte pH control ] ]
pH was controlled, the effect was much more severe in the

absence of pH control. The consolidation would normally
be expected to occur in the direction of the electric gradi-

10 1 —a— 120 h: with catholyte pH control

5 . ent, and the observed vertical consolidatiorrig. 5b) and

4 Table 2

Resistance calculated using potential difference in the area close to the anode
2 and that close to the cathode
0 Process Time (h) ri2(2m) rg.10 (2 m)
0 5 10 15 20 25 30 pH controlled 0 58 55
Distance from the anode membrane (cm) 120 31 70

Fig. 4. Insitu pH profiles as a function of distance from the anode membrane pH not controlled 1200 1512 9533

when sulphuric acid was used to control catholyte pH. Operating conditions:
time = 120 hCo = 450 mg Cs kg* dry kaolin,E= 1V cm~1. The data points Operating conditions: time=120hCy=450mgCskg! dry kaolin,
at 0 and 30 cm indicate the electrolyte pH. E=1Vcm L
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(c) After treatment, without catholyte pH control

Fig. 5. Effect of catholyte pH control on the kaolin consolidation. Operating conditions: time = £3&M50 mg Cs g* dry kaolin,E=1V cm 1. (a) Before
the experiment; (b) experiment with catholyte pH control; (c) experiment without catholyte pH control.

(c) was probably due to gravity settling of the consolidated electrokinetic treatment are showrFig. 6. The material bal-

sludge. ance results for these experiments, showraible 3 indicate
that the use of nitric and sulphuric acids resulted in a slightly
3.2. Choice of acid higher removal of caesium than citric or acetic acids, with

acetic acid giving the worst performance. A maximum ex-

Experiments were carried out using a range of different traction percentage of 38% was obtained when nitric acid was
acids to control the catholyte pH. It was found that the choice used to control the catholyte pH. When citric, nitric or sul-
of acid could significantly affect the performance of the elec- phuric acid was used to control the catholyte pH, the caesium
trokinetic treatment. In addition, consideration should also be concentration profileKig. 6) was relatively uniform across
given to the potential for contamination of the soil by the an- the cell. Slightly higher concentrations of caesium were ob-
ion associated with the acid used. Electrokinetic extraction served in the compartments close to the cathode when acetic
of caesium from kaolin was carried out for 48 h using sul- acid was used to control the catholyte pH.
phuric acid, nitric acid, acetic acid and citric acid for catholyte ~ These findings are supported by the measurements of the
pH control. It was found that nitric and sulphuric acids gave pH distribution.Fig. 7shows the in situ pH distribution in the
higher removal rates that the weaker citric and acetic acids.cell. When nitric acid was used to control the catholyte pH,
The caesium concentration distribution obtained after 48 h of a uniform low pH (<3.0) was observed. When sulphuric acid
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Table 3
Material balance of caesium removal experiments using different acids to control the catholyte pH
Acid Cs collected inthe Csremainingin Cs collected inthe Total Cs Initial Cs % Cs extracted Discrepancy in
anolyte (mg) the cell (mg) catholyte (mg) (mg) present (mg) (%) material balance (%)
Nitric acid <0.1 69 46 115 121 38 5
Sulphuricacid  <0.1 75 44 119 123 36 3
Citric acid <0.1 85 31 116 123 26 6
Acetic acid <0.1 89 28 117 124 23 6

Operating conditions: treatment time = 483, =450 mg Cs kg? dry kaolin, catholyte pH=3.EE=1Vcm 1.

12 pH throughout the cell corresponding to a higher caesium
—a— Acetic acid removal.
1 ~=—Citricacid Since the pH of the catholyte was controlled at a value of
= Sulphuric acid 3.0 in all cases, it is not immediately clear how the type of
0.8 —a— Nitric Acid

acid used effects the pH distribution in the soil. The explana-
tion is probably that the associated anion added with the acid
migrated in the electric field into the soil, thus modifying the
speciation in the pore fluid. In particular, for the weak acids,
the citrate and acetate ions will buffer the acid front migrating
from the anode. In addition, these ions will interact with other
adsorbed and dissolved species, so that the overall effect is
complex and difficult to predict. The weaker and more mobile
acetate would be expected to have a stronger buffering effect

0.6

0.4

Cs concentration( C/C,)

0.2

18 21 24 27

w 4

30

Distance from the anode membrane (cm)

Fig. 6. Distribution of final caesium concentration across the soil speci-
men using a range of acids for catholyte pH control. Operating conditions:
treatment time =48 hCo = 450 mg Cs kg* dry kaolin, catholyte pH =3.0,
E=1Vem

was used to control the catholyte pH, a slightly higher pH
(compared to the use of nitric acid) was obtained throughout
the cell. However, the pH was below 3.0 throughout most of
the cell after 48 h of operation. In general, the pH distribution
in the cell was more uniform when nitric and sulphuric acids
were used to control the catholyte pH compared to acetic
and citric acids. The pH distributions observed are consis-
tent with the caesium removal results, with a lower in situ

7

—a—48 h: Acetic acid
—&—48 h: Citric acid
—a— 48 h: Sulphuric acid
—=&—48 h: Nitric acid

o

10 15 20 25
Distance from the anode membrane (cm)

30

Fig. 7. In situ pH profiles as a function of the distance from the anode
membrane when different acids were used to control the catholyte pH. Values
of pH at 0 and 30cm indicate the electrolyte pH. Operating conditions:
treatment time = 48 hCo = 450 mg Cs kg? dry kaolin, catholyte pH=3.0,
E=1Veml,

than the citrate, consistent with the results showFRim 7.

The citrate and acetate might be expected to complex with
caesium ions reducing the amount of adsorbed cagdin
However, the resulting complex, although mobile, will be un-
charged and will not be subject to electromigration. Overall,
the weaker acids are less effective than the stronger nitric and
sulphuric acids.

The observed higher soil pH with sulphuric acid com-
pared to nitric acid is difficult to interpret. One possibility is
that some nitrate is reduced at the cathode, reducing both the
amount of alkali generated at the electrode and the amount
of nitrate in the catholyte. Any complexation of cations in
the pore fluid will tend to increase the buffering effect of the
kaolin and thus increase the soil pH. A low nitrate concen-
tration in the pore fluid may have led to very little change in
the buffering effect of the kaolin, and thus a lower soil pH.

3.3. Current flow

The lower pHs observed with nitric and sulphuric acid led
to reduced resistivity and higher currenisg. 8 shows the
variation of current as a function of time (with a constant ap-
plied voltage) when different acids were used to control the
catholyte pH. At the start of each experiment, the current was
around 1-3.6 mA (the variation may be attributed to the de-
gree of wetting of the membranes separating the kaolin from
the electrolytes). In all cases, the current increased rapidly
to above 4 mA after 1-2 h. This rapid increase was probably
associated with the generation of acid at the anode (increas-
ing the conductivity of the anolyte) and the wetting of the
membrane. When nitric acid and sulphuric acid were used as
catholyte conditioners, the current gradually increased after
the initial rapid rise. Conversely when acetic and citric acids
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28 Table 4
—=— Nitric acid Resistance calculated using pore fluid conductivity (assumin@.81 and
244 | Sulphuric acid 7=0.55) comparedto the resistance across the cell estimated from the current
- flow
204 | —#—Acetic acid
z —a Citric acid Catholyte conditioner Rbased on pore Rbased on current
£ 16 fluid (k<2) flow (k2)
5 0 Nitric acid 084 11
3 Sulphuric acid 3 29
8- Citric acid 20 14
Acetic acid 9 10
4
01 . . , : : whereR is the electrical resistance of the sludge sample,
0 8 16 24 32 40 48 the cell lengthA the cross-sectional area of the specimen and
Time (h) K* the effective conductivity which can be estimated by the

following correlation[16]:
Fig. 8. Current as a function of time for electrokinetic treatment of kaolin 9 [ ]

contaminated with caesium. Operating conditions: treatment time =48h, K* = etK (3)
Co =450 mg Cs kg! dry kaolin, catholyte pH=3.CE=1Vcm L. -

whereK is the measured conductivity of the pore fluid (in
were used, the current decreased steadily after the initial rapidthe absence of the solid phasethe kaolin porosity, and
increase. Generally, the low currents observed are due to thehe tortuosity. The porosity and tortuosity are assumed to be
low ion concentration in the sludge. The results show that constant and equal to the values measured for the fresh kaolin
although the strong acids give higher removal rates, they alsos|udge ¢ =0.81,7 =0.545).
lead to much higher power consumption, especially when  The calculated resistance can be compared with the resis-

long treatment times are required. tance across the cell calculated from the applied potential and
Fig. 9 shows the pore fluid conductivity throughout the the current flow:

cell when direct current was applied for 48 h using four dif- &

ferent acids to control the catholyte pH. The acidic conditions p = — 4)
generated at the anode led to an increase in the pore fluid con-

ductivity in this region. Conversely, the conductivity in the where® is the applied voltage across the cell drite cur-
region close to the cathode decreased due to the lower content passing through the cell at the end of each experiment.
centration of H ions compared to the area close to the anode, This calculation assumes that the electrode potentials and

and the depletion of ions due to electromigratibri6]. the potential drop in the membranes and the electrolytes are
Pore fluid conductivity was used to estimate the resistancenegligible.
to the current flow using the following equation: The resistance calculated using the measured pore fluid
conductivity and the measured kaolin porosity (E@3.and
1 1L dx . . - )
R=_ hatd ) (3)) was found to be in relatively good agreement with the re
AJo K* sistance calculated from the current flow (E4)), as shown
in Table 4 The differences in the resistances estimated by
10000 these two methods may be due to variations in porosity
------ 0h (and/or tortuosity) throughout the cell. The results thus sug-
8000 —=— 48 h: Nitric acid gest that there was no significant decrease in the porosity of
g —a&— 48 h:Sulphuric acid the sludge in spite of the consolidation observeHig 5(b).
2 50004 —=&— 48 h: Acetic acid
2 [ —=—48 h: Citric acid 3.4. Removal kinetics
S 40004 _ . .
g A series of experiments were carried out where the dura-
© 5000, ! tion of treatment was varied between 48 and 24Bip. 10
4 shows that the average caesium concentration in the cell de-
0 ‘_ i S creased with treatment time. The results suggest that the pro-
0 5 10 15 20 25 30 cess is limited by the strong adsorption of the caesium on
Distance from the anode membrane (cm) the kaolin. The concentration of caesium decreased gradu-

ally throughout the cell, suggesting that most of the caesium

Fig. 9. Pore fluid conductivity profiles as a function of distance from the \was adsorbed on the kaolin. As the free caesium ions mi-

anode membrane when different acids are used to control catholyte pH. Datag e jn the electric field, the adsorbed caesium gradually
at 0 and 30 cm indicate the electrolyte conductivities. Operating conditions:

treatment time = 48 hCo = 450 mg Cs kg dry kaolin, catholyte pH=3.0, desorbed t_o mamtgm equilibrium. The shape of the caesium
E=1Vem Ll concentration profile would depend on a number of factors,
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Distance from the anode membrane (cm) Fig. 12. Removal of caesium as a function of time for the electroki-

netic treatment of kaolin contaminated with caesium. Operating conditions:
Fig. 10. Distribution of final caesium concentration across the soil spec- ¢, =450mgCskg? dry kaolin, catholyte pH=3.CE=1V cm™L. The tri-
imen for a range of electrokinetic treatment times. Operating conditions: angles show the average concentration of caesiumin the cell determined from

Co=450mg Cskg* dry kaolin, catholyte pH=3.0 (controlled by addition  the experimental results while the line is the prediction calculated using Eq.
of sulphuric acid)E=1Vcm1. ).

in particular the pH and conductivity distribution. Regions wherezcsis the charge of the caesium ia§= 1), u & is the
with low pH (close to the anode) would be expected to show effective ionic mobility of the caesium ion§, is Faraday’s
higher rates of extraction, as the caesium is more readily constantc is the concentration of caesium in the pore fluid
desorbed into the pore fluid. In addition regions with lower in the soil adjacent to the membrane an@ is the gradi-
conductivity (towards the cathode) would be expected to have ent of the electric potential. The pore fluid concentration can
higher rates of electromigration, as the potential gradient will be estimated from the adsorption dafag( 2) which is ap-
be higher. This may explain the ‘humped’ shape observed in proximately linear for concentrations below 500 mg Cskg
Fig. 10 Measurements of the potential distribution are shown Assuming a soil pH of 3.0, approximately 13% of the cae-
inFig. 11 Initially, a uniform potential gradient was observed sium present in the kaolin sludge will be in the pore fluid,
across the sample, but as the treatment progressed, the potenvith the remaining 87% adsorbed on the kaolin. Assuming
tial gradient increased in the region close to the cathode andthat this equilibrium was maintained and that the concentra-
decreased in the acidified region close to the anode. tion of caesium was approximately uniform, carrying out a
The caesium extraction process was found to be a rela-mass balance for the total caesium in the soil using(&n.
tively slow process, with 79% caesium removal after 240 h indicates that the average caesium concentration will decay
as shown irFig. 12 The required treatment time can be esti- exponentially as follows:
mated by considering the flux of caesium through the mem-

brane into the catholyte due to electromigration: In (C) = —0.13zcyicsFV ot (6)
Co el

N = zcaugFeVe 5 . - . -
“estes™ ®) Eq. (6) is plotted inFig. 12for the experimental conditions

described above. This very simple model shows remarkable
agreement with the experimental data. The time constant for
the exponential decay described by E)is 144 h, compared

to 147 h obtained from a least squares fit of the experimen-
tal data. The agreement with the experimental data suggests
that this simple model is representative of the experimental
behaviour.
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3.5. Saoil type

In this section electrokinetic treatment of kaolin and a soll
sample from an industrial site (an uncontaminated soil sam-
0 5 10 15 20 25 30 ple from the Sellafield nuclear facility, supplied by BNFL)
Distance from the anode membrane (cm) are compared. A 15cm sample vessel was used (i.e. using
_ - _ , _ five compartments), with 15V applied across the electrodes.
Fig. 11. Potential difference prpfllgs as a function of d_lstance frgm the an- The results were compared with a similar experiment carried
ode membrane for the electrokinetic treatment of kaolin contaminated with : o .
caesium. Operating condition€p =450 mg Cs kg* dry kaolin, catholyte out using kaolin in the same 15cm cell. These two experi-
pH=3.0,E=1Vcm. ments were conducted on kaolin or soil contaminated with
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Fig. 13. Distribution of final caesium concentration across the specimen as a
function of distance from the anode membrane for a soil sample and kaolin.
Operating conditions: time = 24 Iy = 450 mg Cs kg'dry kaolin or soil,
catholyte pH=3.0E=1Vcm1.

caesium nitrate to give an initial caesium concentration of
450 mg kg of dry kaolin or soil. As described in Sections
2.2 and 2.3the soil sample was dried and water was added
to give a water content of 33.3wt.% (compared to 64 wt.%
for the kaolin). Each experiment was conducted for 24 h, and
sulphuric acid was used to control the catholyte pH at a value
of 3.0.

Fig. 13shows a comparison of the caesium concentration
distribution after electrokinetic treatment of both kaolin and
the soil sample. Electrokinetic treatment of the soil success-
fully moved some of the caesium in the cell into the catholyte.
The amount of caesium removed from the kaolin was 32%
compared to 13% removed from the soil sample. Clearly the
electrokinetic treatment process is significantly slower for the
soil sample than for the kaolin.

The distribution of the in situ pH in the cell is shown
in Fig. 14 As expected, the in situ pH of kaolin decreased
throughout most of the sample, except in the area close to
the cathode. The soil sample had a much higher initial pH,

14

— - 0 h: Real soil
—&— 24 h: Real soil
0 h: Kaolin
—&— 24 h: Kaolin

12

10

9 12
Distance from the anode membrane (cm)

15

Fig. 14. In situ pH as a function of distance from the anode membrane for
a soil sample and kaolin. Values of pH at 0 and 15cm indicate the elec-
trolyte pH. Operating conditionsZy =450 mg Cskg? dry kaolin or solil,
E=1Vcm}, treatment time =48 h, catholyte pH = 3.0 using acetic acid.
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Fig. 15. Current profiles as a function of time for a soil sample and kaolin.
Operating conditionsCo = 450 mg Cs kg* dry kaolin or soilE=1Vem 1,
catholyte pH = 3.0 using acetic acid.

and a decrease in pH was observed only in the area close to
the anode. These results are consistent with the high cation
exchange capacity of the soil compared to the kaolin. The
soil acted as a buffer slowing the advance of the pH front
from the anode and thus reducing the rate of extraction. This,
combined with the higher initial pH of the soil, may explain
the relatively low caesium removal rate obtained for the soil
sample. Unfortunately, the clay content of the soil has not
been determined and in the absence of absorption data any
further interpretation of the relatively slow caesium removal
rate observed with the real soil is not possible.

Fig. 15shows the current profiles of these electrokinetic
treatment experiments. In the case of kaolin, the current
increased initially, before steadying off at 3—4 mA after
4 h of operation. In the case of the soil sample, the current
increased rapidly to 6.5 mA after 1 h before slowly increas-
ing to reach 10 mA after 24 h. Clearly the soil sample had
significantly higher conductivity than the kaolin indicating
a higher ionic concentration. The catholyte and anolyte
also developed a higher conductivity during treatment of
the soil sample, due to the migration of ions from the soil
into the electrolytes. In general, the higher current and
the slower treatment rate obtained in the case of the soll
sample indicates that more electrical energy (thus a higher
cost) would be required for electrokinetic treatment of
this soil compared to the low-conductivity, low-buffering
kaolin.

4. Summary and conclusion

The electrokinetic treatment of kaolin contaminated with
caesium is strongly effected by catholyte pH control. When
the catholyte pH was not controlled caesium removal was
hindered, probably due to the formation of precipitates in
the area close to the cathode. By controlling the catholyte
pH, a low pH environment was obtained across the sample,
and the removal of caesium was promoted. The investigation
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of the caesium extraction process using different acids to [6] Z. Li, J.W. Yu, I. Neretnieks, A new approach to electrokinetic re-
control the catholyte pH indicated that the type of acid used mediation of soil polluted by heavy metals, J. Contam. Hydrol. 22
affects the rate of removal. In particular, the use of strong _ (1996) 241-253. _ .

. e . . [7] R. Lageman, W. Pool, G. Seffinga, Electro-reclamation: theory and
acids such as nitric and sulphuric acid was found to be more practice, Chem. Ind. (1989) 585-590
effective than weaker acids such as citric and acetic acid. (g} G.R. Eykholt, D.E. Daniel, Impact of system chemistry on electroos-
However, the use of such strong acids for in situ remediation is mosis in contaminated soil, J. Geotech. Eng. 120 (1994) 797-815.
guestionable. [9] K.R. Reddy, U.S. Paruprdi, S.N. Devulapalli, C.Y. Xu, Effect of

Due to strong caesium adsorption the removal process soil composition on the removal of chromium by electrokinetics, J.

. . L Hazard. Mater. 55 (1997) 135-158.
0
Waslrelatlvely slow, with 79% of Caesllum removed from the [10] Z. Li, J.W. Yu, I. Neretnieks, Electroremediation: removal of heavy
kaolin sample after 10 days Of ope_ratlon. The results SUgg_ESt metals from soils by using cation selective membrane, Environ. Sci.
that around 87% of the caesium is adsorbed on the kaolin,  Technol. 32 (1998) 394-397.
and the caesium ions in the pore fluid are free to migrate in [11] K.R. Reddy, S. Chinthamreddy, Sequentially enhanced electrokinetic
the electric field. A very simple model. which assumed that remediation of heavy metals in low buffering clayey soils, J. Geotech.
: e S Geoenviron. Eng. 129 (2003) 263-277.

the. adsorptlop equmbrlum W_as m_am.tamled’ that there was a[12] B. Salbu, A.l. Nikitin, P. Strand, G.C. Christensen, B.L. Chumichey,
uniform caesium (_:oncentratlon dl_strlbl_Jtlon throughogt, and H. Fjelldal, T.D.S. Bergan, A.L. Rudjord, M. Sickel, N.K. Valetova,
that electromigration of the caesium in the pore fluid was L. Foyn, Radioactive contamination from dumped nuclear waste in
the only mechanism for transport of caesium ions into the _the Kara Sea—res_ults from the Joint Russian—Norwegian Expedition
catholyte, gave remarkably good agreement with the exper- N 1992-1994, Sci. Total Environ. 202 (1997) 185-198.
. tal data. F t that exhibit st d ti th [13] T. Matsunaga, T. Ueno, H. Amano, Y. Tkatchenko, A. Kovalyov, M.
Imental aata. -or sys ?ms a ex. orits ro_ng adsorpuon, . € Watanabe, Y. Onuma, Characteristics of chernobyl-derived radionu-
results suggest that this model, with experimental adsorption  jides in particulate form in surface waters in the exclusion zone
data, may be used to obtain a good estimate of the required  around the chernobyl nuclear power plant, J. Contam. Hydrol. 35
treatment time. (1998) 101-113. o

Electrokinetic treatment of a soil sample from an indus- [14] S. Pamukcu, J.K. Wittle, Electrokinetic removal of selected heavy

. . . . metals soil, Environ. Prog. 11 (1992) 241-249.
trial site indicated that the required treatment time can vary [15] M.G. Continente, In situ electrokinetic decontamination of land ap-

significantly, depending on the properties of the soil. Furth?r plied to radioactive contaminants, MSc Dissertation, Department of
work is needed to determine whether data on the adsorption  Chemical Engineering, UMIST, Manchester, 1999.
behaviour and/or the cation exchange capacity can be used t6L6] Y.B. Acar, J.T. Hamed, A.N. Al-shawabkeh, R.J. Gale, Removal of

give an accurate prediction of the required treatment time for cadmium (I1) from saturated kaolinite by the application of electrical
current, Geotechnique 44 (1994) 239-254.

a range of soil types. In addition, the presence of high ionic [17] S.V. Ho, C.J. Athmer, P.W. Sheridan, A.P. Shapiro, Scale-up aspects

concentrations in the 59” led to higher power con;umption, of the Lasagna(TM) process for in situ soil decontamination, J. Haz-
as energy was wasted in transporting these other ions rather  ard. Mater. 55 (1997) 39-60.
than the caesium contaminant. [18] B.L. Sawhney, Selective adsorption and fixation of cations by clay

minerals: a review, Clays Clay Miner. 20 (1972) 93-100.
[19] S.A. Khan, R. ur-Rehman, M.A. Khan, Sorption of cesium on ben-
tonite, Waste Manage. 14 (1994) 629-642.
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