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Hamed et al. (1990), for Georgia kaolinite. Time dependent changes in k. demonstrate that
significant changes occur in the overall cell resistance and hence the chemistry across the
cell during the process. Therefore, the coefficient k. is not constant for a specific soil but a
time-dependent variable presumably controlied by changing in the chemistry (Hamed
1990).

6.2.1.2 Anolyte, catholyte, and soil pH

The variation of the pH across the soil sample is an important parameter in chemical
reaction during the electrokinetic process. The zeta potential of the clay and
electroosmotic coefficient of permeability across the soil may be affected by the changes of
pH (Eykholt and Daniel 1994). Since variations in pH imply changes in concentration of
H' ions, pH is also a strong indicator of the electrical conductivity that affects electrical
conductance and species transport in the soil pore fluid under electrical fields (Acar and
Alshawabkeh 1996).

Figures 6.12 and 6.13 present pH variation of solution in the anode and the cathode cells
with time. Upon starting the test, electrolysis reactions take place at the electrodes causes
changes in chemistry of the system. At the anode, oxidation causes increase in
concentration of H' thereby decreasing the pH rapidly to values of 1.8-2.8, while reduction
at the cathode increases the pH to about 11.8-13 due to increase in concentration of OH'.
In these experiments, most of these changes were realized within the first 10-30 h of
processing. Subsequently, the pH remained constant in both the anolyte and the catholyte.
Acar and Alshawabkeh (1993) reported the results of electrokinetic remediation on
Georgia kaolinite clay in which acid generated at the anode advances across the specimen
without significant retardation and neutralizes the base generated at the cathode, lowering
the pH of the effluent after about 3-4 days of processing. However, this trend was not
observed in any of the experiments even after 27 days of processing.



The final pH distribution across the sample in different tests is illustrated in Fig. 6.14. The
pH in the soil ranges between 1.6-2 at the anode to 4.5-7 close to the cathode. Comparison
of Figs. 6.13 and 6.14 shows that there is a significant difference between the pH values in
the soil and the catholyte. The pH in the soil close to the cathode is about 5.5-7 units lower
than that in the catholyte, in response to the autoionization reaction between incoming H*
ions and the OH ions. The decrease of the pH within this zone relative to the catholyte
values is directly related to the extent of the hydrogen/hydroxide ions consumed during
their transport. The drastic changes in pH across the soil also affects transport of species.
Transport and extraction of species are possible only if they are released in the pore fluid

as a result of acidic environment (Acar and Alshawabkeh 1996).

The acid front generated at the anode flushes across the soil by migration, diffusion and
advection. At the cathode end, the hydroxide front which diffuses towards the soil is
responsible for reducing the mobility of metal ions and their precipitation. The advance of
the acid front across the soil dissolves the precipitates and desorbs the species in the pore
fluid However, the increase in the pH close to the cathode compartment causes
precipitation of metals, which results in reduction of OH™ concentration. Consequently, the
electrical conductivity within this zone also decreases significantly, and contributes to
higher energy expenditure and decrease in the efficiency of metal removal. Figure 6.14.
indicates that the pH across the soil decreases with increase in processing time. Also it is
noted that with increasing the test duration, the pH at the zone close to the cathode

chamber increases due to increase in OH™ concentration at this region.

The interesting effect of low pH environment across the soil is depicted in Fig. 6.15. which
indicates reduction of zinc concentration in pore fluid with increase in time of treatment.
The benefit of increased hydrogen ion concentration (low pH condition) would be most
evident in extraction of metals, since hydrogen ions tend to exchange with metal ions held
on clay surfaces. The low pH condition is favorable for the dissolution of most metal
precipitates, making them available to migrate or be transported in water.
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6.2.1.3 Electrical charge and soil resistance

Figure 6.16 presents the changes in total charge across the electrodes in experiments. The
total charges are calculated based on the current values which were applied across the
sample to satisfy constant potential electrical field employed in this part of experiments.
Total charges in these experiments increased gradually to values about 30-50 A-h after 9
days, while it reached to 80-100 A-h after 22 days. Test 9 demonstrates a sharp increase in
total charges after about 3 days of processing which might be due to the reduction of the
area of the stainless steel disk electrodes due to corrosion, and consequent increase of

charge density.

The overall resistance between the electrodes has been calculated from the measured
current and potential across the sample. The variation of resistance with time is shown in
Fig. 6.17. The resistance for specimens increased slowly to about 0.1-0.2 k2 after 2 days,
but started to increase sharply after about 3 days, exceeding 0.9-2.1 kQ after 8 days. The
resistance of soils then increased with a slower rate reached 1.4-2.3 kQ after 25 days in
tests 10 and 11. The increase in resistance with time is probably associated with the
formation of zinc hydroxide, which will reduce both ionic mobility and the soil pore space,
thereby reducing the conductivity of the cathode zone.

6.2.1.4 Energy expenditure and efficiency of zinc removal

The energy expenditure per unit volume of soil processed, E,, has been calculated based on
Eq. 2.37. Figure 6.18. illustrates a plot of energy expended per unit volume of soil with
time of processing in different tests. The results show almost a similar trend in all tests.
At the start of the tests, there is a sharp increase of energy expenditure in the early phase of
process, which then increases at a reduced rate. The energy expenditure at the end of the
tests was in the range of 64-167 kWh/m>. It is also noted that in the case of Test 4, the
energy expenditure demonstrates much higher increase in the first several days of
processing than in other tests. This should be mainly due to loose connection between the
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electrical wires and electrodes which resulted in higher electrical potential across the

sample.

Figure 6.19 presents the results of efficiency of zinc removal and calculated mass balance
from contaminated soil in electrokinetic remediation based on ratio of percentage weight
of final concentration of zinc in specimen to the initial concentration. All the five tests
conducted on contaminated kaolinite showed high removal of zinc across the sample. The
zinc in the soil was transported across the specimen and it was mostly deposited within the
last two sections nearest to the cathode, i. e. in the last 2.5 cm thick zone of the soil, in all
tests. The highest removal was achieved in test 10 in which about 90% of zinc was
precipitated in a small section close to the cathode. The energy expenditure for this test,
which was continued for 27 days, was 151 kWh/m®. In Test 5 which was terminated only
after 7 days of remediation, about 35% of zinc was precipitated in that zone, while close to
45% of zinc was found across the specimen. It is interesting to note that almost no zinc

was found in any test in the cathode cell.

In order to obtain the mass balance in each test, the difference of total amount of zinc
measured in anolyte, catholyte and along the sample, from the initial zinc concentration
was calculated and considered as the error. It should be noted that an important part of the
error in each test may be related to amount of zinc precipitated in the filter papers, inside
the pores of the electrodes, or in other parts of the set-up such as tubes, and which were not
accounted for. Also, another source of error is possibly due to the variation of initial and
final water contents of specimens resulting in differences in the total amount of zinc
calculated in each section. It should be emphasized that in order to increase the accuracy
of estimation, analyses of zinc concentration were carried out on samples from seven
points along each test specimen. However, the actual concentration profile may not be
well represented by linear distribution assumed between the consecutive sampling points.
Therefore, it is not possible to predict a more accurate degree of removal of contaminants,
as well as a more accurate mass balance prediction from these representative

concentrations.
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The results indicate that pH changes through the soil have an effect on zinc movement, as
evidenced by accumulation of the zinc at the cathode end of the soil specimens. This
accumulation is attributed to the precipitation of zinc in high pH environment close to the
cathode chamber which is created by hydroxide ions migrating from the cathode to the soil.
Soil retention of cations increases at high pH, whereas its anion retention capacity
increases at low pH levels. As a result the high pH environment at the cathode end
facilitates retention of soil and to reduces the mobility of metals (Pamukcu and Wittle
1994). Consequently, as more of the metals are made immobile by retention and
precipitation, the concentration buildup takes place. This accumulation of metals may
occur in a thin layer close to the cathode end, since the low pH front has been shown in
Fig. 6.14, to migrate to the vicinity of the cathode end of the soil specimen.
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6.2.2 Effect of potential variation on electrokinetic remediation

The effect of variation of applied potential across the specimen in relatively close range of
processing time, on energy expenditure and efficiency of removal of zinc, has been studied
in this section. It was shown in the last section that the main chemical reactions, such as
generation of low pH environment in anode and high pH condition in cathode, acid front
advancing toward the cathode, precipitation of zinc due to generation of high pH zone
close the cathode, take place in short time after start of the test.

Hamed (1990) has reported that, continuing several tests with current densities equal to
0.037 (mA/cm’) until about 2040 days, resulted in decrease of pH at the cathode
compartment as the acid front flushes through the whole length of specimen and enters the
cathode compartment. This observation may suggest dissolution of the precipitated thin
heavy metal layer close to the cathode and discharging the metal ions to the cathode
chamber. The results obtained during the present investigation clearly do not support this
observation even after 27 (Test 10) and 29 (Test 11) days of treatment. It was nevertheless
decided to undertake another test with higher electrical potential gradient and longer
processing time to investigate the possible decrease in pH as well as increase in zinc

concentration in the cathode compartment.

A comparison between the results of Test 13 which was conducted under direct constant
voltage of 4V (between reference and working electrodes) for 42 days, and Test 11 with
application of 2V DC voltage for 29 days can be made. The test characteristics of Tests 11
and 13 are presented in Table 6.2.

6.2.2.1 Electroosmotic Flow

Figure 6.20 presents the total flow from anode compartment to the soil sample which
generated by electroosmosis in time. The results demonstrate that after a high flow
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generation in Test 13 in the first 24 h of process because of the higher applied voltage, flow
increased in a slower rate and reached to a value about 1625 cc after 25 days of process in
both tests. However, in Test 13 the total electroosmotic flow equal to 2404 cc was
achieved by the end of the experiment after 42 days.

Fig. 6.21 presents the changes in the electroosmotic coefficient of permeability, k., with
time in different tests. The results indicate that, k. increases to about 5.3 x 107 cm?/Vs, at
the very early stages of test 13. This value reflects the higher initial flow rate observed in
the beginning of this test. The initial k. value in Test 11, however, was 1.9 x 10° cm?/Vs.
In both cases, k. decreases to value about 0.2 x 10 cm*/Vs, after almost 250 h of process.
It should be noted that the trend of flow generation and electroosmotic coefficient of
permeability variation are similar to those presented in the previous section. The results
further confirm that k. is not constant and is a time dependent variable.

6.2.2.2 Anolyte, catholyte, and soil pH

Figures 6.22 and 6.23 present pH variation of solution in anode and cathode cells in time.
Upon starting the test, electrolysis reactions at the electrodes cause changes in chemistry of
the system. At the anode oxidation causes increase in concentration of H* decreasing the
pH rapidly to values of 2.8 in Test 13 and remained constant during the process. In Test 11
after a rapid decrease in the first 24 h of current application, the pH decreased at a slower
rate to value equal to 1.4. At the cathode as a result of electrolysis, reduction takes place
and the pH rises to values of 13 after only one day in both tests and remained constant.
Hamed (1990) reported a pH decrease at the cathode after about 20 days of process, and
0.8 to 0.9 pore volumes of flow. However in this research it is noted that the pH at the
cathode chamber does not decrease even after 42 days of process. Also it should be
mentioned that the flow as much as 0.96 and 1.5 pore volumes of flow related to Tests, 11
and 13 respectively, were not accompanied by reduction of pH at the cathode.



129

The final pH distribution across the sample in these tests is illustrated in Fig. 6.24. In Test
11, the pH in the soil ranges between 1.8-2 from the anode to a normalized distance of 0.8
(12 cm) from the anode, where it increases sharply to 5 close to the cathode. In Test 13,
the pH in the soil increases from 3.8 at anode to 10 close to the cathode. Comparison of
Figs. 6.22 and 6.24 shows that the pH values in the soil and anolyte are almost compatible
and equal. At the cathode, the comparison of Figs. 6.23 and 6.24 shows a difference of 8
and 3 units between the pH values in catholyte and the nearest soil section, for Tests 11 and

13 respectively.

As mentioned earlier, the transport of the electrolysis products such as H" and OH" ions
produced at the boundaries significantly affects the chemistry across the soil mass and the
efficiency of metal removal. The hydrogen ion movement toward the cathode assists in
desorption of species from clay surfaces and dissolution of the salts in the soil. The back
migration and diffusion of the hydroxide ions generated at the cathode may lead to
precipitation of cations transported to this region. The decrease of the pH within this zone
relative to the catholyte values is directly related to the extent of the hydrogen/hydroxide
ions consumed in their transport.

In this research the decontaminated kaolinite samples were prepared with high water
content close to full saturation, to achieve higher efficiency in electroosmotic flow. In
most of the cases, after sectioning the sample, the zone closest to the cathode represents a
more consolidated materials with a lower water content. A typical water content profile of
sections taken after termination of electrokinetic tests is shown in F ig. 6.25. The reduction
of water content is more noticeable in zone near the cathode. Although the tests are
conducted with porous electrodes, the flux of pore fluid due to electrical potential gradient
at the cathode region and insufficient supply of the pore fluid from the anode compartment
because of low permeability of soil, lead to a consolidation process. These results are
similar to those of Eykholt (1992), who explained this process based on pore pressure
measurements across the sample during the treatment. He showed that low (negative) pore
pressures were developed near the cathode end of the soil in early stages of the tests and
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which became more positivc with time. The negative pore pressure developed during the
electrokinetic treatment would cause positive effective stress to be developed in the same
area. Consequently, there would be a reduction of water content causing the consolidation
in this zone. Similar results have been reported by Acar and Alshawabkeh (1996), from
their pilot scale tests for electrokinetic remediation of lead-spiked kaolinite.

It should be noted that in investigation conducted by Ugaz et al. (1994), and Acar et al.
(1991), the largest reduction of water content and consolidation occurred close to the
anode. However, these findings are not supported by the results of the current experiments
and others (Eykholt 1992, Acar and Alshawabkeh 1996).

6.2.2.3 Electrical charge and soil resistance

Figure 6.26 shows a typical variation of current with time during the electrokinetic
remediation. It can be seen clearly that under constant potential electrical field employed
in this investigation the current across the electrodes increases to a high value equal to
1200 mA in Test 13 and about 430 mA in Test 11, soon after the start of the test. The
current decreases sharply to values of about 5-10 mA after short period of time, and
remained constant during the experiment. It is interesting to note that despite the
considerable higher increase of current in Test 13 compare to Test 11, the current decay
and its final magnitude are almost the same in both tests. According to the Faraday’s law,
the amount of a substance (such as water in the electrode compartments) undergoing a
chemical changes at each electrode chamber during the electrolysis is directly proportional
to the quantity of electricity that passes through the electrochemical cell. Therefore, higher
current application at early stages of process leads to increase in the concentration of H*
and OH’ at the anode and cathode compartments in a very short time, respectively. Also,
subsequent transport of these ions through the sample will be responsible for other
reactions such as electroosmotic flow toward the cathode end and precipitation of heavy
metals at the nearest section close to the cathode chamber.
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The change of electrical potential across the specimen is illustrated in Fig. 6.27. In Test 13,
it is noticed that the electrical potential difference increases dramatically in the first two
hours of treatment and then increases gradually to almost 52 V. In case of Test 11, this
parameter increases gradually after small increase in the first 3 days of process, to a value
about 25 V after 7 days. Electrical potential then increases with a low rate to 28 V until
the end of the test. This difference between the behavior of two tests in the early stage of
the treatment can be explained by the initial pH in each experiment. Figure 6.22 shows
that the initial pH was 6.7 in Test 13 compared to 4.3 in Test 11, possibly due to presence
of some residual low pH solution in central tank, valves and tubes from previous
experiment. As the initial pH decreases, the conductivity of the medium increases
resulting in a lower resistance to ion flow. Therefore, a lower electrical potential across
the sample was generated in Test 11. On continuing the process, gradual neutralization
reaction of hydrogen and hydroxide ions, and precipitation of metal close to the cathode
end increase the resistance of the soil which in turn causes the increase of electrical

potential difference across the sample.

Figure 6.28 presents the changes in total charge across the electrodes in the two
experiments. The total charges are calculated based on the current values which were
applied across the sample to satisfy constant potential electrical field. Total charges in
these experiments increased gradually with a very similar trend in both tests.

The soil resistance between the electrodes was calculated from the measured current and
potential across the sample. The variation of resistance with time is shown in Fig. 6.29.
The resistance for specimens increased slowly to about 2.1 kQ after 14 days in Test 13,
exceeding 3.4 kQ after 42 days. In Test 11, the resistance of soils as a response to
previously explained initial lower pH value increased very little in the first 2.5 days. The
soil resistance then shows remarkable increase to about 0.95 kQ after 9 days due to
increase in electrical potential across the sample (Fig. 6.27), which continued with a slower

rate until the end of the test. The overall increase in resistance with time is probably
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associated with formation of zinc hydroxide, which will reduce both ionic mobility and the

soil pore space, thereby reducing the conductivity of the cathode zone.

6.2.2.4 Electrical Potential Difference

As explained in Chapter 4, six stainless steel needles inserted along the main cell to
measure the distribution of electrical potential difference with time. A typical profile of
electrical potential difference obtained from these measurements along the sample in Test
13 is shown in Fig. 6.30. These results indicate that due to presence of low pH and high
conductivity environment in the anode section (approximately 0.75 length of sample), there
is small electrical potential difference in this section. Most of the potential drop occurs in
soil close to the cathode. These results reconfirm the previous discussion and show the
presence of a thin layer with high electrical resistance due to precipitated zinc resulting
from high pH environment close to the cathode compartment. Figure 6.30 shows that the
electrical potential difference in the first 15 hours was almost 7V and essential linear. This
value rose to about 28V after 22 days of treatment and remained relatively constant after
that. The region where the most of the electrical potential drop occurred, expanded to a
normalized distance of 0.75 from the anode, with increasing duration of the process.
Similar results have been reported by Hamed (1990) and Acar and Alshawabkeh (1996).
The cathode region in the soil is where the transported acid front (H") from the anode cell
meets the base front (OH) from the cathode compartment, and the zinc ions are
transported to this zone at their solubility values. Water formation and zinc precipitation
result in reduction of electrical conductivity thus increasing the electrical potential drop in
this region.

6.2.2.5 Apparent conductivity

The change in the electrical potential drop across the specimen is directly related to the
electrochemical changes in the soil pore fluid such as pH. Since the electric conductivity
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changes significantly from one position to another with the change in soil pH and pore
fluid ionic strength, the term “apparent” conductivity (K,) is used to describe the
conductivity calculated using the electrical potential difference measured across the
electrodes (Acar et al. 1994). The apparent conductivity is evaluated by:

K.=L/1

where [; (A/Lz) = electrical current density across a unit area of the soil; and i, (VL) =
electrical potential gradient. Since in these experiments both electrical current and
potential across the sample are changing, the changes in the apparent conductivity is
related directly to the electrical current density and inversely to the electrical potential
gradient across the electrodes. Figure 6.31 illustrates the results of the apparent
conductivity values across the electrodes with duration of the process. It is clearly
observed that in response to the decrease in electrical current (Fig. 6.26) and increase in the
electrical potential difference (Fig. 6.27) the apparent conductivity decreases with time
from an initial value about 3 mS/cm, to a final value of about 0.1 mS/cm.

6.2.2.6 Cation and anion removal

The measurements of zinc concentration in the cathode chamber are presented in Fig. 6.32.
The small amount of znc concentration in catholyte (about 1% of initial zinc
concentration) is believed to be due to diffusion at early stage of test prior to generation of
high pH zone in the soil close the cathode. It is concluded that in unenhanced
electrokinetic remediation, application of electrical difference gradient up to 3.5 V/icm
across the specimen for long duration of process to 42 days does not efficiently remove

zinc from the sample.

Figure 6.33 presents the changes of nitrate concentration at the anode with time. A

breakdown of the zinc nitrate cause movement of nitrate ions with negative charges
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toward the anode. The results indicate a gradual increase in nitrate concentration after a
sudden increase in the early stages of process. Higher concentration of nitrate in Test 13
compared to that of Test 11, would be directly related to higher electrical potential gradient
in the former, which would facilitate the ionization of salts through the sample.

6.2.2.7 Energy expenditure and efficiency of zinc removal

Figure 6.34 illustrates a plot of energy expended per unit volume of soil with time of
processing in different tests. The results demonstrate almost a similar trend with the
results discussed in the previous section. Energy expenditure per unit volume of soil
processed, E,, has been calculated based on Eq. 2.37. In Test 13, there is a sharp increase
of energy expenditure in the early phase of process, which contributed to higher current
and electrical potential difference recorded in this test The energy expenditure after a
short time increased at a lower rate and was about 460 kWh/m® at the end of the test.

Figure 6.35 presents the results of efficiency of zinc removal and calculated mass balance
from contaminated soil in electrokinetic remediation based on the ratio of percentage
weight of final concentration of zinc in specimen to the initial concentration. Both tests
conducted on contaminated kaolinite showed high removal of zinc across the sample. Zinc
in the soil was transported across the specimen and was mostly deposited in the last two
sections near the cathode chamber with 2.5 cm thickness of the soil. In Test 13, about 61%
of zinc was precipitated in small section close to the cathode. The energy expenditure for
this test which continued for 42 days was 460 kWh/m>. In Test 11 which terminated after
29 days of remediation, about 58% of zinc was precipitated in that zone. The energy
expenditure for this case was 167 kWh/m® at the end of the treatment. The comparison of
the treatment with different electrical potential and duration of process employed in theses
two tests indicate no reasonable increase in zinc accumulation at the cathode zone in Test
13, where accompanied by considerable increase in energy expenditure.



135
6.2.3 Discussion and conclusion

In this section the fundamental aspects of electrokinetic with variation of several important
parameters during the process were studied. The results of several experiments with
different applied electrical potential across the samples and different duration of process
were presented. The results of the tests emphasize the significance of the electrochemistry
and mechanism of ions transport across the specimen. The energy expenditure and
efficiency of zinc removal are highly affected with the chemical reactions at the electrode
chambers and extent of high pH environment close to the cathode compartment. The initial
high value of the electrical conductivity is contributed to the uniform initial concentrations

of the ions in the pore fluid.

The electrical gradients were almost linear across the specimen in the early stages of the
process before the acid front meets the base front close to the cathode chamber. During
this time, pore fluid conductivity across the specimen does not change significantly. In
time, the electrical conductivity of the pore fluid within the zone of precipitation close to
the cathode will decrease. Consequently, most of the electrical potential drop occurs
within this region where the soil pH increases by several units. However, the change of the
electrical conductivity across the specimen and the increase in electrical potential drop
raise the energy expenditure. The following conclusions can be made from the presented

results:

1. Generation of H' and OH in the anode and cathode chambers, respectively, are
observed in all experiments in a short time (about 1 day) after the current application.

2. The electrical current and electrical potential decrease across the sample in the early
stages of process and confirm the impact of pH generation across the samples.

3. In all cases, the coefficient of electroosmotic permeability changes in the range of
published data (Mitchell 1993).
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The hydrogen ion movement toward the cathode facilitates the desorption of species
from the clay surfaces and dissolution of the salts in the pore fluid.

The back migration and diffusion of the hydroxide ion generated at the cathode
compartment leads to precipitation of zinc in a thin layer of soil in proximity to the
cathode.

The energy expenditure is highly affected by this low electrical conductivity section
close to the cathode chamber.

Zinc ions transported toward the cathode chamber are precipitated in this high pH

region, and insignificant concentration of contaminant enter the cathode compartment.

In contrast to some other available data on the pH of the effluent (Acar and
Alshawabkeh 1994), in this research, the reduction of pH at the cathode chamber did

not occur even after 42 days of process and about 1.5 pore volumes of flow.

Results of experiments with different duration indicate that, long term current

application does not lead to considerable increase in zinc removal efficiency.

Comparison of the results of experiments with different constant electrical potential
show that, increase in potential from 2V to 4V between the reference and working
electrodes do not show significant increase in zinc removal efficiency.
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6.3 Controlied Current Experiments

In order to evaluate the feasibility and efficiency of zinc removal from kaolinite with the
electrokinetic process under constant current electrical field, eight tests were conducted.
The electrical potential, duration of tests, total charge, energy expenditure, total flow,
and other parameters in these tests are presented in Table 6.3. The initial zinc
concentration ranged from 2969 to 3980 ppm of dry soil in the all tests, except test 2
which had been conducted with much higher initial concentration of 13857 ppm. Tests
with different current as well as different duration of time, were carried out to achieve
more efficient schemes of soil treatment. For example, Tests 14, 15, 16, 24 were
conducted with electrical currents equal to 0.5 A, while the processing time changed
from 9 to 73 days.

The stainless steel porous disks were used as electrodes in Tests 2, 12, 15, 16, and 20
while in Tests 14, 19, and 24 the drilled stainless steel plates were used as electrodes.
The effects of these two different materials for electrodes in electrokinetic remediation
have been discussed in section 6.1. The remediation process under controlled current
mode is similar to that described for the controlled potential mode. The main difference
is the use of only two active electrodes instead of three. In this case only the working and
counter electrodes are required, and the reference electrode can be optionally used for
passive potential measurements. However, it does not affect the electrochemical
environment. In all of these experiments, the anode electrode was considered as the
working electrode, and cathode electrode functioned as the counter electrode. The
polarity of the working electrode (anode) was selected positive (+) with respect to the
counter electrode.

The results under controlled current electrical field are presented in two sections. In the
first section, the results of several tests which were carried out with constant current and
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different time of process will be discussed, while in the second section effect of variation

of applied electrical current in constant time of remediation will be evaluated.

6.3.1 Time effect under controlled current

Results of Tests 14, 15, 16, and 24 which were all conducted under constant electrical
current equal to 0.5 A (current density = 2.74 mA/cm?), for duration varying between 9
and 73 days, are presented in this section. The variation of different parameters such as
electroosmotic flow, coefficient of electroosmotic permeability (k.), electrical potential
gradients and resistance generated across the soil specimen, total charge passed through
electrodes and energy expenditure will be addressed in this part. The chemical reactions
during the process such as pH changes in anode and cathode compartments, pH variation
across the soil, zinc concentration along the sample and in cathode compartment were
monitored. Finally, a discussion on the efficiency of zinc removal and results of mass
balance will be presented. It should be noted that the results of flow in Test 24 is not
presented, because of inaccurate measurements due to leakage from the anode
compartment. Also, during the chemical analysis, nitric acid was mistakenly added to
prevent precipitation of ions in the solution, before pH and conductivity could be
measured. Consequently, the pH values in Test 15 and conductivity values in Tests 14

and 16 are not presented in the following discussion.

6.3.1.1 Electroosmotic Flow

Figure 6.36 presents the total electroosmotic flow from the anode compartment to the
soil sample with time. The trend of total flow measurements looks similar in all tests.
These results demonstrate that the flow rate is higher during a very short period of time at
the start of the current application.
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Changes in electroosmotic coefficient of permeability (k.) with time are presented in F ig.
6.37. The values of k. decrease from about 0.8-1.5 x 10°° cm¥Vs to 2-3 x 10° cmVs in
different tests. The measured values for k. are in the range presented results by other
investigators (Mitchell 1993). It is interesting to note that this decrease is mainly within
the first 100 h of treatment, which corresponds to the time necessary to reach the steady
state electrical potential gradient across the soil. Also, these results further demonstrate
that k. is a time-dependent characteristics of the soil and decreases during the process
due to changing chemistry across the soil. It should be noted that based on the definition
of k. by Mitchell (1993), as a constant proportion between electrical potential gradient
(ic), and the pore fluid flux q., there would be no other potential difference generated
across the soil when flow is measured. The hydraulic potential difference is developed
due to nonlinearity in electrical gradients as shown in Fig. 6.30. A combination of both
the hydraulic potential difference and the electrical gradients across the soil make
accurate measurements of k. in fine grained soils difficult. Acar and Alshawabkeh
(1996), used the term “apparent” electroosmotic coefficient of permeability to describe
the constant proportionality between the measured pore fluid flux and maximum
electrical potential gradient in the soil.

The important results from the amount of electroosmotic inflow and outflow from the
sample are presented in Fig. 6.38. The comparison of the results of Tests 14 and 15
illustrates two main features of the variation of inflow and outflow with time. At the
beginning of the process the amount of outflow is more than the inflow, contributing to
consolidation of the sample. On continuing the treatment, due to reduction of
electroosmotic efficiency, the flow rate decreases in all cases. Also, with time, the
generation of thin precipitated layer close to the cathode reduces the porosity of the
sample, with a significant reduction of conductivity of the specimen. Therefore, as can
be seen clearly in Fig. 6.38, that after a period of time the amount of outflow becomes
less than inflow in both tests.
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Figure 6.39 shows the variation of water content at the end of experiments. It is observed
again that in all cases the reduction of water content at the region close to the cathode
end is more noticeable due to consolidation of the soil sample. As explained in Chapter
2, the electroosmotic permeability is dependent on zeta potential, £, which is defined as
the electrical potential at the connection between the fixed and mobile parts of the
electrical double layer. For clay soils £ is negative and decreases with increasing pH
(Fig. 2.5). As the strong base from the cathode chamber diffuses into the soil,  becomes
increasingly negative in that region. Also, Fig. 6.30 shows that the most of the electrical
potential gradually develops in the zone close to the cathode compartment. Both factors

tend to increase the overall flow rate in that region.

Eyhkolt and Daniel (1994) reported the development of negative pore pressures due to
these nonuniform contributions to flow in the region close to the cathode end. As long as
the increase in the pore fluid flux close tc the cathode compartment can not be
compensated by the soil behind it (anode side) because of its low hydraulic conductivity,
suction is developed. Since the total stress across the sample is kept constant, suction is
accompanied by an increase in effective stress and consolidation. Similar results for
negative pore pressure development at the cathode end, where the electrical potential
gradient increase, are presented by Acar and Alshawabkeh (1996). They also noted an
increase in water content near the anode (swelling) in all pilot scale tests. Later, as acid
front advects into the soil to reduce the pH in most of the profile, £ becomes increasingly

positive in those regions, thereby reducing the electroosmotic flow rate.

6.3.1.2 Anolyte, catholyte, and soil pH and electrical conductivity

Figures 6.40 and 6.41 present pH variation in electrolytes in anode and cathode chambers
with time. Upon starting the test, electrolysis reactions taking place at the electrodes
causes changes in chemistry of the system. At the anode increase in H* concentration
due to oxidation decreases the pH rapidly to values between 2 and 3.5. At the cathode as
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a result of electrolysis, reduction takes place and the pH rises to values of 11-13.
Subsequently the pH remains relatively constant during the tests.

Conductivity is inversely related to the resistance offered to current flow. Parameters
such as, pore sizes (porosity), tortuosity in the porous medium, and variations in pore
fluid and double layer electrolyte concentrations will affect the chemistry and the
resistance of environment and consequently changes the conductivity. Conductivity is
measured in siemens per distance between the measurement points in a medium. This
parameter rises from a very low value about 1 mS/cm for deionized distilled water, to
orders of magnitude higher for a fluid containing electrolytes, depending on their types
and concentrations. In this study conductivity is directly measured by inserting the
conductivity probe into the fluid samples which were taken at different intervals of time,
from the anode and cathode compartments, and extracted pore fluid samples after the

termination of the tests.

Figs. 642 and 6.43 present the changes in conductivity in anode and cathode
compartments, respectively, in Tests 15 and 24. The results indicate that the conductivity
in anode increase constantly with a low rate after a sharp initial increase and reaches to a
value of 13 mS/cm after 73 days in Test 1S. At cathode after a high increase in early
stages of test, conductivity started to decrease from a value about 15 mS/cm to about 3
mS/cm at the end of Test 15.

The final pH distribution across the samples is illustrated in Fig. 6.44. The pH shows
small increase in Test 24 after 9 days of process from 1.3 to 1.7. However, in Test 16 the
PH in the soil ranges between 3 to 4 from the anode to a normalized distance of 0.6 from
anode, where it increases sharply to 7 close to the cathode. Comparison of Figs. 6.40,
6.41 and 6.44 shows that the pH values in soil and anolyte are compatible, while again
large differences between the pH values in catholyte and soil section close to cathode are
noticed.
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In order to develop a better understanding of the electrochemistry associated with
electrokinetic phenomena, it is necessary to evaluate the conductivity across the cell.
Fig. 6.45 compares the results of conductivity measurements in Tests 15 and 24. In Test
24 which terminated after only 9 days, conductivity measurements show high values
about 23 mS/cm, which decrease rapidly from mid of the sample. Results of the Test 15
which present long term behavior of elctrokinetic remediation indicate that conductivity
decreases continuously from 8 to 0.2 mS/cm from anode to cathode end.

The comparisons of pH and conductivity measurements confirm that in unenhanced
electrokinetic remediation technology, conductivity values are sensitive indicators of H*
and OH concentrations in samples. The conductivity profiles follow the reverse trend
observed in the pore fluid pH profile, i.e., at the anode, low pore fluid pH presents high
conductivity values, and at the cathode conductivity decreases as a consequence of
increase in pH. Hamed (1990), has explained similar observation between the results of
conductivity measurements in short and long term processes. In a shorter duration test
(Test 24) pore fluid conductivity drops in the mid section of the cell, possibly indicating
depletion due to migration of the initial electrolyte ions that were present. Upon further
processing (Test 15), this decrease stretches across the cathode section suggesting that
anion migration or acid/base neutralization has reduced the available ion carriers.

Although pH measurements are not available due to an operational error during the
chemical analysis on the samples of Test 15, based on above discussion it is possible to
predict the pH variation based on the results of conductivity measurements. The low
conductivity values presented in Figs. 6.43 and 6.45 suggest that the catholyte and pore
fluid in the soil specimen close to the cathode should have a high pH value. Hamed
(1990) and Acar et al. (1994) reported reducing the pH value at the cathode chamber due
to advancement of acid front, after a short period of current application. However, the
results from the present research which were obtained after 73 days of process and with
electroosmotic flow of as much as 2.83 of pore volumes, do not support their

observations.
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6.3.1.3 Electrical charge and soil resistance

The development of average electrical potential gradient across the specimen is
illustrated in Fig. 6.46. The results demonstrate a similar trend in all tests, Since in all
these tests the current and the dimensions of the specimens are constant, any change in
electrical potential gradients indicates a change in resistance of the cell. It is realized
that under constant current conditions employed in these experiments, the average cell
electrical potential gradients increase from an initial values of about 0.8 to 1.2 V/cm, to
relatively constant final value of about 1.8 V/cm. Also this figure shows that this
variation of electrical potential gradients takes place in about 50 h. It is believed that the
changes of pH at cathode is responsible for this variation, since an almost similar
increase in pH at cathode was recorded at the same time, as shown in Fig. 6.43.

The overall resistance between the electrodes has been calculated from the measured
current and potential across the sample. The variation of resistance with time is shown in
Fig. 6.47. The resistance for all specimens increased rapidly to about 1.4 to 1.8 kO after
5 days, and subsequently continued to increase at a slower rate. The increase in
resistance with time is probably associated with formation of zinc hydroxide due to high
pH environment close the cathode, which will reduce both ionic mobility and the soil
pore space, thereby reducing the conductivity of the cathode zone.

6.3.1.4 Cation and anion removal at boundaries

The results of zinc concentration in the cathode compartment are presented in Fig. 6.48.
These results further confirms that almost all zinc removed from the most length of the
sample accumulated in a thin layer close to the cathode and insignificant amount entered
the cathode compartment. The small amount of zinc concentration in catholyte is
believed to be due to diffusion at early stage of test prior to generation of high pH zone
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in the soil close the cathode. A sharp increase in zinc concentration was observed in Test
15 after about 60 days. This might be explained by the fact that after this time the acid
front could facilitate the solubilizing of the precipitated zinc salts close to the cathode.

Figure 6.49 presents the changes of nitrate concentration at the anode with time. The
results indicate a gradual increase in nitrate concentration after a sudden increase in the
early stages of the process. The important aspect is that the electromigration of nitrate
anionic species takes place toward the anode compartment, regardless of the water flow
in the opposite direction. However, the simultaneous effects of opposite water dragging
action of migrating ions can be understood better from measurements of the
concentration of nitrate in different tests. Comparison of data in Figs. 6.36 and 6.49
indicates that higher concentration of nitrate in Test 16 compared to others would be
directly related to lower electroosmotic flow to the cathode. Also, it is clearly observed
that higher electroosmotic flow rate in Test 15 retards the anion migration to the anode
and results in lower nitrate concentration at the anode compartment.

6.3.1.5 Energy expenditure and efficiency of zinc removal

A plot of the energy expended per unit volume of soil with time is presented in Fig. 6.50
The results show a similar trend in all tests. At the start of the test, there is a sharp
increase of energy expenditure in the early phase of process, which then increases with a
reduced rate. The energy expenditure at the end of the tests was in the range of 121-513
kWh/m®. The latter value for Test 15 is clearly higher than in the other tests because of
the longer duration of test.

Figure 6.51 presents the results of efficiency of zinc removal and calculated mass balance
from contaminated soil in electrokinetic remediation based on the ratio of percentage
weight of the final concentration of zinc in specimen to the initial concentration. All the
four tests conducted on kaolinite loaded with zinc showed high removal of zinc from 70-
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85% of sample length. The zinc in the soil was transported across the specimen and it
was mostly deposited within the last two sections with 2.5 cm thickness of the soil. The
PH changes through the soil have an effect on zinc movement, as evidenced by
accumulation of zinc at the cathode end of the soil specimens. This accumulation is

attributed to the precipitation of zinc in high pH environment.

Soil retention capacity of cations increases at high pH, whereas its anion retention
capacity increases at low pH level. As the hydroxide ions migrate into the soil from the
cathode chamber, they create a high pH zone in the soil before they encounter the
oncoming hydrogen ions and are neutralized. Therefore, higher cation retention capacity
of soil at the zone close to the cathode chamber reduces the mobility and increases the
concentration of cations. This zone may become thinner as the acid front penetrates
toward the cathode end of the soil. However, as long as there is a high pH gradient at this
discharge end, the metals tend to form hydroxide complexes and precipitate in this
region. Consequently the time rate of migration of the zinc reduces significantly.

Considering all possible errors in sampling and unaccounted amounts of zinc through
chemical analyses, the results do not indicate a clear improvement in removal of zinc
with increasing duration of process from 9 days in Test 24 to 73 days in Test 15. The
analysis shows that the residual zinc concentration in the soil at the end of each test,
along approximately 85% of sample length from the anode, changes from 1.2% in Test
15 to 28% in Test 16. It is believed that the most of the energy in the long term
remediation of Test 15 (513 kWh/m®) compared to other tests, is expended to transport
almost all available zinc in the first section of about 85% of sample length to a location
close to the cathode chamber. However, this energy expenditure in extended duration of
treatment was not sufficient to flush the accurnulated zinc in the soil into the cathode

compartment.
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6.3.2 Effect of charge density variation on electrokinetic remediation

The effect of variation of charge density on energy expenditure and efficiency of removal
of zinc, has been studied in this section. The repetitive main chemical reactions, such as
generation of low pH environment at the anode and high pH condition at the cathode,
acid front advancing toward the cathode, precipitation of zinc due to generation of high
PH zone close the cathode, has been distinguish in short time after starting the tests.

The results of four Tests (2, 12, 16, 20) with application of different current densities
equal to 0.27-5.48 mA/cm? across the sample are discussed. All test characteristics
parameters are presented in Table 6.3. Since most of the chemical reactions due to the
electrokinetic phenomena have been addressed in the previous sections, this discussion
will be limited to pH changes in anolyte, catholyte and soil specimen, electroosmotic
coefficient of permeability, water content changes through the specimens, and changes in
zinc concentration at cathode compartment. Also the results of total energy expenditure
and zinc transport along the specimen with calculated mass balance during the process
will be presented.

6.3.2.1 Anolyte, catholyte, and soil pH

Figures 6.52 and 6.53 present pH variation of solution in anode and cathode cells with
time. At the anode, oxidation causes increase in concentration of H* and decreasing the
PH rapidly to values of 1.8 to 2.8 in the different tests. At the cathode, as a result of
electrolysis, reduction takes place and the PH rises to values of 12.5 to 13. It is
interesting to note that in Test 2, the pH at the cathode increases slowly in the beginning
of the test and increases rapidly and remained almost constant at a value about 11.8.
This variation should be due to lower OH concentration as a direct response of lower
charge density in this test. Subsequently the pH remains relatively constant during the
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test. These observations are consistent with previous resuits in this research, which did
not present any reduction of pH at cathode as suggested by Hamed (1990).

The final pH distribution across the sample in these tests is illustrated in Fig. 6.54. The
PH values obtained from direct measurements on extracted pore solutions, show variation
of 1.3 to 3 at the anode to about 4 to 6.8 close to the cathode. It is noted that the lowest
values of the pH across the specimen are related to the highest applied charge densities in
Test 20. The increase in pH from the anode to the cathode is a direct consequence of the
advance of acid front along the sample toward the cathode.

Comparison of results in Figs. 6.53 and 6.54 illustrate the differences of pH in the soil
close to the cathode and in the catholyte. This observation might be explained by the
production of acid and base at the boundaries of the cell. As the process continues, the
pore fluid pH close to the anode decreases more rapidly due to variation of k.. Some of
the H' ions are readily adsorbed by the negatively charged clay surfaces to satisfy the
cation exchange capacity of the soil. When the adsorption process reaches equilibrium,
any excess ions are free to flow through the cell (Hamed 1990). As the acid front moves
through the specimen, it is dispersed by both advection and diffusion. The adsorption
mechanism increases the concentration of H* ions in the double layer, decreasing the
pore fluid H' concentration. The pore fluid with an H" ion concentration lower than that
of the anode finally meets and neutralizes the OH" ions generated at the cathode which
have back-diffused. Therefore, the OH ion concentration in the vicinity of the cathode is
eventually lowered.

6.3.2.2 Water content changes

The results of water content determined from each section after termination of tests are
presented in Fig. 6.55. The initial water contents were 49.95, 61.3%, 70%, and 62.6% in
Tests 2, 12, 16, and 20, respectively (Table 6.3). Comparison of initial water contents and
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final values obtained at different locations across the sample, demonstrates reduction of
water content all along the sample. Acar and Alshawabkeh (1996) reported increase in
water content and swelling close to the anode end, which the present experiments do not.
The impact of different parameters such as pH and zeta potential on electroosmotic flow
and variation of water content during the treatment are discussed in Section 6.3.1.1.

6.3.2.3 Variation of electroosmotic coefficient of permeability

Figure 6.56 presents the changes in the electroosmotic coefficient of permeability, k.,
with time in different tests. The results indicate that, k. increases to about 2.9 x 107
cm’/Vs, at the early stages of Test 12 which related to the higher flow rate in the
beginning of the test. This value ranges between about 0.8-1.8 x 10”° cm?/Vs in Tests 16
and 20. After this sudden increase, k. decreases to value about 0.2 x 10~ cm?/Vs, after
almost 250 h of process. It should be noted that the trend of flow generation and
electroosmotic coefficient of permeability variation is similar to those presented in the

previous sections.

6.3.2.4 Zinc concentration at cathode

The results of zinc concentration in the cathode compartment are presented in Fig. 6.57.
These results further confirms that almost all zinc removed from the most length of the
sample, was accumulated in a thin layer close to the cathode and nothing entered to the
cathode compartment under the effect of electrical gradient. The small amount of zinc
concentration in the catholyte is believed to be due to diffusion at early stage of test prior
to generation of high pH zone in the soil close the cathode. It should be noted that
higher zinc concentration in the cathode compartment in Test 2 is a direct consequence
of much higher initial zinc concentration in this test compared to the other tests (Table
6.3). Itis concluded that in an unenhanced electrokinetic remediation, application of a
relatively high charge density of 2.74 mA/ cm? across the electrodes with a duration up to
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19 days (Test 16), was not adequate to remobilize the precipitated zinc close to the
cathode.

6.3.2.5 Energy expenditure and efficiency of zinc removal

Figure 6.58 illustrates a plot of energy expended per unit volume of soil with time of
processing in different tests. In all tests, there is a sharp increase of energy expenditure
in the early phase of process, followed by a reduced rate of increase. The energy
expenditure values vary with the amount of current applied and the duration of process,
between 68 to 175 kWh/m® in different tests.

Figure 6.59 presents the results of efficiency of zinc removal and calculated mass balance
from contaminated soil in electrokinetic remediation based on ratio of percentage weight
of the final to the initial concentration of zinc in specimen. The zinc ions in the soil were
transported across the specimen and were mainly deposited in the last 2.5 cm thickness
of the soil. Again it is observed that there is no noticeable amount of zinc which entered
the cathode compartment. The results of zinc removal from different section along the
sample show that, the selected amount of current (0.05 A) with the employed duration of
process (16 days), did not generate enough electrical gradient for efficient transport of
the zinc ions towards the cathode.

6.3.3 Discussion and conclusion

In this section the fundamental aspects of electrokinetic remediation under controlled
electrical current were studied. The results of several experiments with different applied
electrical current across the samples and different duration of process, were presented.
Different current densities equal to 0.27-5.48 mA/cm? with duration of about 8-73 days
were applied in different tests. High zinc removal efficiency from most of the sample
length was obtained in most of the experiments. However, precipitation of transported
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zinc at the interface with the cathode compartment, made complete removal of metal
unsuccessful. The migration of cations toward the cathode is faster than the migration of
anions toward the anode (Yeung et al. 1996). As the acid buffer capacity of kaolinite is
low (Fig. 4.3), low pH environment develops throughout the sample due to acid front
advances, except close to the cathode chamber, where hydroxide ions (OH) are
produced. Also it should be noted that, in a higher pH condition, the sorption capacity of
the soil is greater than a lower pH environment. Both mechanisms of precipitation of
metal and higher sorption of soil in a high PH condition, make the zinc immobile. As a
result, the cleanup of the contaminated soil becomes more difficult and electrokinetic
extraction inefficient.

The variation of inflow and outflow during the process were explained, based on the pH
dependent changes of zeta potential (. Also it is observed that the water content
reduces from the initial value all along the sample. The reduction of water content is
significant close to the cathode compartment due to consolidation. For pure kaolinite,
the zeta potential near the clay particle surface is negative and the direction of
electroosmotic flow is from the anode to the cathode. Negative pore pressure is
generated at the region close to the cathode, due to simultaneous effects of high electrical
gradient in this area and low hydraulic conductivity of soil. At later stages of the
experiments, lower pH environment due to acid front advancement, decreases £ which in

turn reduces the electroosmotic flow rate.

Figures 6.60 and 6.61 show the results of energy expenditure and removal efficiency of
Tests 10 and 14, which were conducted with application of 2 V constant potential, and
0.5 A constant current, respectively. It is concluded that, in both short term and long
term electrokinetic remediations, with almost equal efficiency of zinc removal, the
constant potential process shows lower energy expenditure.

The following conclusions can be made from the presented resuits:
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- The coefficient of electroosmotic permeability (k.) changes in range of 0.5-2.9 x 10°
cm*/Vs in all experiments.

. At the early stages of the process, the amount of outflow is more than the inflow,
resulting in consolidation at the cathode end. Later, as the acid front advances
through the soil, the pH is reduced. As a result the zeta potential decreases and

contributes to reduction of electroosmotic flow.

. It is noticed that water content decreases consistently throughout the sample toward
the cathode.

. Application of electrical current density as much as 2.74 mA/cm? for 73 days which
resulted in 2.83 pore volume of flow (Test 15), was not sufficient to solubilize the
precipitated zinc at the cathode end of the sample. This is in contrast to the behavior
suggested by Acar and Alshawabkeh (1993).

. Electrical potential gradient increases rapidly after the start of the experiment. This
gradient is accompanied by the formation of a precipitated layer with low
conductivity close to the cathode chamber, which results in sharp increase of energy
expenditure.

. The cation retention capacity of kaolinite increases in high pH environment and
renders zinc ions immobile at the zone close to the cathode. Zinc ions transported
toward the cathode chamber are precipitated in this high pH region, and insignificant

amount of zinc enters the cathode compartment.

. Results of experiments with different duration indicate that long term remediation

does not lead to considerable increase in zinc removal efficiency.
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8. Results indicate that current density equal to 0.27 mA/cm? (current application of

0.05 A) was too low for removal of zinc from the specimen.

9. In equal zinc removal efficiency from contaminated soils, the constant potential
electrical field demonstrates lower energy expenditure, in both short term and long

term tests.

10. The short term electrokinetic treatment is more economical in both constant current
and constant potential electrical fields.
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6.4 Conditioning Experiments

As stated in Chapter 2, two major objectives of this research were (1) to investigate any

possible schemes to improve the amount of heavy metal removal from contaminated

kaolinite, and (2) to reduce the energy expended during the treatment. In the first part of

experimental program, in this research two sets of experiments were conducted under

controlled electrical potential and controlled current respectively. The effects of

electrical field intensity and duration of process on the efficiency of heavy metal

removal and energy expenditure were studied. The results of the investigations discussed

in sections 6.2 and 6.3 indicate the following:

1.

In the case of controlled potential experiments, use of 2 V between the reference and
the working electrodes was found to be the most effective choice in the selected
range of voltage application. Application of 1 V and 3 V (without reference
electrode) were not sufficient to facilitate zinc transport toward the cathode
compartment, while the use of higher voltages than 2 V led to higher consumption of

energy during treatment with no considerable increase in zinc removal efficiency.

In the controlled current experiments, best results were obtained for application of
0.5 A across the electrodes. Experiment with application of 0.1 A showed almost
similar results for removal efficiency and energy expenditure but in a longer period of
process. Lower electrical current equal to 0.05 A did not indicate efficient zinc
removal. However, use of higher current (1 A), resulted in higher energy expenditure
without noticeable increase in the rate of zinc removal. Consequently, the ideal
current therefore lies between charge densities of 0.55-2.74 mA/cm® (electrical
current of 0.1-0.5 A).
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3. Experiments with different duration of processes indicated that, most chemical
reactions and transport of the species towards the respective electrodes, occurred in
short period of time.

4. In all tests, precipitation of transported zinc from most of the specimen was noticed
in the soil close to the cathode compartment. Almost no zinc was found in the

catholyte due to the electrokinetic phenomena.

5. High pH environment which was created by back diffusion of the hydroxyl ions (OH )
from cathode compartment was responsible for precipitation of zinc close to the
cathode cell.

Based on the above observations, a further set of experiment was carried out to
investigate the effect of conditioning the electrode arrangement as well as cathode
chemistry. Two separate conditioning methods were considered in order to increase the

efficiency of zinc removal and reduction in energy expenditure, as follows:

1. Maintain a low pH environment at the cathode compartment in order to prevent the

precipitation of zinc close to the cathode.

2. Since the reference electrode controls the potential at working electrode, investigate
possible changes in energy expenditure by placing the reference electrode close to
the cathode electrode.

Table 6.4 presents characteristics of the eight tests which were conducted in controlled
current or controlled potential electrical field. The duration of process and electrical field
intensity were selected based on conclusions from preliminary studies. The different
conditioning methods which were employed are presented in Table 6.5.
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6.4.1 Effect of pH level at cathode compartment

Considerably large pH gradients develop between electrodes as a result of the
electrolysis of water in the electrode chambers and also water in the soil mass during the
application of direct electrical current. The primary effect of the elevated pHupto 13 at
the cathode end is that it causes metal cations to precipitate out of solution as hydroxide
salts as these approach this sharp boundary of high pH at the interface of soil and the
cathode compartment. Pamukcu and Wittle (1994) emphasized that the high pH

environment also increases the soil metal retention capacity.

Most of the existing bench-scale data on electrokinetic remediation involved experiments
that did not employ any cathode or anode conditioning or process enhancement
techniques. Acar and Alshawabkeh (1993) discussed the need of different enhancement
techniques to overcome precipitation of the cationic species close to the cathode
compartment. It is believed that, if a suitable pH can be maintained throughout the soil
then the metals will remain in solubilized condition, and the electrokinetic removal
efficiency of the metals from the soil will increase. To achieve this goal, the pH at the
electrode chambers should be controlled at a neutral or a predesigned level.

Acar and Alshawabkeh (1993) presented the results of acetic acid-enhanced
electrokinetic remediation tests conducted on a soil sample from a site with 13% calcium
and 11% lead (Fig. 6.62.a). It can be seen that, calcium and lead are mostly removed in
the sections close to the anode; However, about 60% of the total lead was precipitated in
the middle section, clogging the soil pores and preventing further transport of the species.
In case of lead, it is noticed that due to the acid treatment 30% of total lead was flushed
in to the cathode chamber. Figure 6.62.b presents the results of their investigation for
removal of uranyl ion removal from spiked kaolinite specimens with acetic acid-
treatment at cathode chamber. The results shows that its use had overcome uranium
precipitation close to the cathode compartment. It is interesting to note that almost all
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uranyl ions were found precipitated at the cathode electrode, yet this procedure was not

successful to flush the uranyl ions to the cathode chamber.

Eykholt and Daniel (1994) also attempted an effort to mobilize precipitated copper close
the cathode chamber, by sudden addition of strong acid to the cathode reservoirs. As
explained in Chapter 3, the most noticeable effect of acid treatment was that the
electroosmotic flow suddenly reversed directions toward the anode. The employed

procedure for acid treatment proved to be ineffective to flush copper from the soil to the
cathode compartment.

Ugaz et al. (1994) conducted a test to prevent any precipitation of uranyl ion in the
vicinity of the cathode. They proposed to make an acid-molded section adjacent to the
cathode by filling the last 1/10 volume of the cell using kaolinite remolded with 1 M
sulfuric acid (H,SO;4). The results did not show improvement in the transport of these
contaminants to the cathode compartment; however, negligible electroosmotic flow was
observed in this test. In another test with the same condition, except for the acid-molded
section, the removal of uranium was much greater due to acceleration of the removal

process by electroosmotic flow.

Redsand et al. (1995) reported the results of one acetic acid enhanced experiment. This
experiment was conducted to investigate removal of lead from saturated Norwegian
marine clay. Figure 6.63 presents the results of experiment after 52 days, and indicates
that removal efficiency was high. About 27% of lead was deposited on the cathode
electrode, which was placed in the water and was not in direct contact with soil in the
designed experimental set-up. It should be noted that during the test, because of sudden
disconnection of acid addition to the cathode reservoir, the pH values rose to about 10 at
the cathode compartment after about 13 days of processing. This would result in
reduction of removal efficiency of species. High amount of unaccounted lead, up to
41%, was noted due to operational shortcoming in extracting lead from this soil
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Another method of enhancing metal removal is injecting a complexation or solubilizing
agent in the soil, or in the electrsde compartments. Eykholt and Daniel (1994) reported
the results of electrokinetic remediation experiments in a copper-contaminated kaolinite.
Several electrolyte conditionig schemes such as addition of citrate, an excellent
complexation agent for copper, at anode, cathode, and/or initially in soil sample were
employed. The goal of each chemical treatment scheme was to enhance electrokinetic
migration of copper from the soil to the cathode reservoir, preferably by increasing the
electroosmotic flow rate while simultaneously enhancing the copper in the pore solution.
The results indicated that, none of the treatment schemes proved successful in flushing
the acid front through to the cathode reservoir or dissolving the precipitated copper from
the high-pH region near the cathode. However, the most significant impact of the various
chemical treatment schemes was on the electroosmotic flow.

Pamukcu and Wittle (1994) presented the results of pH and complexation agent
enhancement electrokinetic tests on kaolinite contaminated with three different metals
namely, cobalt, lead, and mercury. In case of pH enhanced tests, the pH value at the
cathode compartment was kept at 2. The complexation agent enhancement test was
carried out by injecting EDA (ethylenediamine), into the anode chamber of contaminated
soil specimen and to cause it penetrate the soil specimen by electroosmotic flow. It was
concluded that there was significantly less metal accumulation at the cathode end when
compared with the unenhanced test results for similar condition. Figure 6.64 (a, b)
illustrates the typical results from this investigation in case of contaminated soil with
mercury and lead. The pH control appeared to show the most significant improvement in

metal removal.

The effect of injecting EDTA (ethylenediaminetetraacetate) into the contaminated
Milwhite kaolinite on the efficiency of electrokinetic extraction of lead was investigated
by Yeung et al. (1996). Each EDTA* anionic ion competes with soil particle surfaces for
metal ions. Since metal-EDTA complexes are negatively charged, they migrate toward
the anode by both electroosmotic flow and ionic migration. Figure 6.65 demonstrates the
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lead concentration changes along the sample in tests Ek-2, 3 and 4 which were conducted
without, with 4 mole/m’, and 100 mole/m® of EDTA, respectively. The results indicate
that in a high concentration application of EDTA in EK-4, almost all lead migrated
toward the anode. However the migrated lead was accumulated close to the anode
because of low pH condition in that region. It was mentioned by authors that the
presence of EDTA at such low pH value (less than 5) in this particular soil promoted the
precipitation of lead-EDTA complexes, resulting in a very high total lead concentration

in the soil.

A survey of the results of most recent published investigations on enhanced electrokinetic
remediation process indicate the presence of too many variations in different approaches
employed by researchers. This makes the comparison of results impossible. However,
several guidelines for further investigation can be obtained from these experiments as

follows:

e Any pH enhancement procedure will be efficient only if it is applied from the
beginning of the process, i.e., before heavy metals start to precipitate close to the
cathode. Results of experiment conducted by Eykholt et al. (1994) showed that
sudden addition of strong acid after 22 days or treatment was not efficient in
solubilizing the metal ion from the precipitated soil layer.

e Controlling the pH value at the cathode chamber also should be continued during the
process. Application of acid molded sections adjacent to the cathode by Ugaz et al.
(1994), did not present increase on the transport of metal to the cathode chamber
because of changing pH of the molded section in time due to diffusion of base front
from the cathode. Also termination of acid treatment during the test which was
carried out by Radsand et al. (1995) resulted in reduction of removal efficiency.

e High variation between results presented by Acar and Alshawabkeh (1993) and
Pamukcu and Wittle (1994), show that enhanced electrokinetic treatment is highly
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sensitive to metal and soil type. However, experimental results presented by
Pamukcu and Wittle (1994) (Fig. 6.64) do not illustrate a general trend of high
removal efficiency, possibly because of insufficient data.

¢ The complexation agent enhancement method used by Yeung et al. (1996) resulted in
transferring the problem of metal accumulation from the cathode end to the anode
end. These results suggest that, for a successful application of this method, more
study on the chemical interactions of each complexation agents with each particular

metal and soil would be necessary.

e At the present stage of knowledge it appears that pH level at the cathode might have

significant impact on the removal efficiency.

¢ None of the presented research has addressed any impact of enhancement methods on
the energy expenditure during the process.

Based on these observations a course of pH enhancement at the cathode compartment
was employed to prevent the generation of high pH environment close to the cathode
end. This was expected to lead to improvement of zinc transport toward the cathode.
The pH value at the cathode compartment was controlled to predesigned level, using an
automatic pH pump controller. This unit automatically pumped the acid to the cathode
cell to readjust the pH level to the predesigned value.

Low concentrations of hydrochloric acid or acetic acid are among the suitable material to
introduce at the cathode chamber to control the pH value. One concern with the
introduction of the hydrochloric acid is its possible electrolysis and chlorine gas
formation when it reaches the anode compartment. Risk of increase in chloride
concentration in the groundwater is another concern about application of this acid for
electrokinetic enhancement in practice. Acetic acid is environmentally safe, does not

fully dissociate, and was therefore selected for this experiment.
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The ionization reaction for acetic acid would be written as:

CH;CO,H < H' + CH;CO;” 6.1

The equation shows that, for each mole of acetic acid that ionizes, one mole of hydrogen
(H") and one mole of acetate (CH;CO,) are formed.

In order to study the effect of pH level control in the cathode compartment on the
efficiency of zinc removal and energy expenditure, three tests were conducted under
constant electrical current equal to 0.5A. The duration of the process was 7, 9, and 12
days in Tests 21, 24, and 27, respectively. Solutions of 1 M and 1.5 M acetic acid were
used to maintain the pH values of 6 and 4 in Tests 21 and 27, respectively. No pH
enhancement was carried out in Test 24 and was therefore considered as a reference
experiment. In case of enhanced experiments, from the beginning of the experiments
acetic acid solution was introduced to the cathode chamber through a pH pump.

6.4.1.1 pH variation at anolyte, catholyte, and soil

Figures 6.66 and 6.67 present pH variation of solution in the anode and the cathode
compartments with time. It is observed again that at the anode chamber, pH decreases at
the early stages of process and remains constant during the treatment. At the cathode
compartment, pH rises to value higher than 11 after about 1 day of process due to
reduction and hydroxide ion production in the unenhanced test (T24). In Tests 21 and
27, pH at the cathode was maintained constant at the predesigned values of lower than 6
and 4, respectively.

The final pH distribution across the sample in different tests is illustrated in Fig. 6.68. In
the unenhanced electrokinetic experiment (T24), a significant difference between the pH
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values in soil close to the cathode and catholyte may be clearly distinguished. This
phenomena results from neutralization of acid and base fronts in this region. This
difference of pH values is not observed in case of acid enhanced experiments. In these
experiments, all hydroxide ions which are produced by electrolysis of water are
consumed in reaction with acetic acid to produce the water molecule again. The

following equation illustrates the reaction that takes place in cathode compartment:

CH;CO,H + OH < H,O + CH3COy (6.2)

Since the neutralization of hydroxide ions takes place at the cathode chamber, the pH
gradient may not be generated at the interface of soil and cathode electrode. Secondary
reactions such as electrolysis might be expected in part of the produced water from
primary reaction (Eq. 6.2) producing hydrogen and hydroxide ions. This reaction may
produce acid due to a combination of hydrogen and acetate ions. It should be noted that
comparison between the pH measurements of Tests 21 and 27 (Fig. 6.68) indicate that,
the pH value in pore fluid is controlled by H" production at the anode compartment up to
a normalized distance of 0.2 from the anode. On the other hand the pH values at the
cathode compartment controls the pH values in pore fluid from a normalized distance of
0.6 from the anode. This can be seen from the constant 2 units differences of pH values
in these two tests over this distance.

6.4.1.2 Conductivity

The movement of charged particles through a conductor results in the passage of a
current. Electrolytic or ionic conduction occurs when ions move through a molten
substances, a solution, or porous medium. Electrical conductivity is inversely related to
the resistance offered to current flow. Parameters such as, pore sizes (porosity),
tortuosity in the porous medium, and variations in pore fluid and double layer electrolyte

concentrations affect the chemistry and the resistance of environment and consequently
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changes the conductivity. Figure 6.69 presents the changes of the conductivity in the
anode compartment. The results indicate that the conductivity in the anode increases
constantly at a low rate after a sharp initial increase and reaches a constant value. The
conductivity values in Test 27 shows much higher peak value than in other tests. This
phenomena should be attributed to presence of different anions which were released from

soil salts along the sample and moved to the anode compartment.

Figure 6.70 shows the conductivity variations in different tests at the cathode chamber.
In all three tests conductivity increases at a higher rate at the beginning of the
processing. It is also clear that the peak conductivity value in each test decreases with
decreasing pH at the cathode reservoir. Since the pH at the cathode compartment was
controlled by addition of acetic acid with different concentration in Tests 21 and 27, the
difference between the conductivity values might be explained by the neutralization
effect of acetic acid which reduces the available hydroxide ions in this chamber.

If a solution is a good conductor of electricity, the solute consists principally of ions, and
if a solution is a poor conductor, the solute consists principally of molecules. The partial
ionization of acetic acid (a weak acid), is such that the acid in a 0.1 M solution is only
about 1% ionized. This means that 99% of the acid remains in molecular form. It should
be noted that the extent to which acetic acid ionizes increases with decreasing the
concentration. For example the solution of 1.5 M concentrated acetic acid which has
been used in the present investigation is only 0.35% ionized. The reason for this is that
in a more dilute solution at equilibrium the ions are farther apart and have less tendency
to combine to form undissociated acetic acid molecules. Hence, a lower final
conductivity value in Test 27 compare to Test 21, would be expected due to higher
ionization of lower concentration acetic acid which was used in Test 21. Similar
variations of conductivity values along the sample at the end of process are illustrated in
Fig. 6. 71. As explained previously, in the unenhanced test (Test 24), pore fluid
conductivity decreases from the mid section of the cell toward the cathode, possibly
indicating depletion due to migration of the initial electrolyte ions that were present. The
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simultaneous decrease in conductivity and pH values at the cathode chamber and pore
fluid along the sample due to reduction of available ions, is illustrated from the results in
Figs 6.67 and 6.70, and Figs 6.68 and 6.71, respectively.

6.4.1.3 Temperature measurement

As explained in Chapter 4, the measurements of temperature during several experiments
were carried out, with installation of several thermistors in connection with electrodes.
The changes of the resistance on these elements provide the temperature with time,
through the calibration curve (Fig. 4.6). The results of temperature measurements in Test
21 are presented in Fig. 6.72. It should be noted that, two of the thermistors at the
cathode chamber were disconnected possibly during the attachment of the set-up,
therefore only obtained results of only two points are shown here. The results indicate
that temperature increases during the first 8-10 hours of the experiment. Temperature
then decreases gradually for 5 days to about initial value (room temperature) and remains
constant during the process.

This trend is almost identical for different points across the surface of both the anode and
the cathode electrodes. Temperature increased however, about 5°C in the cathode and
only 2-3°C in the anode electrodes. Due to constant current condition with current density
of 2.74 mA/cm® in this test, electrical potential gradient increases rapidly at the early
stages of test, and remains constant during the treatment. Heat generation due to
electrical potential gradients increases across the soil in response to the resistance offered
to ion and charge transport. Higher heat generation at the cathode is a consequence of
higher electrical potential drop at the vicinity of this electrode due to presence of
precipitated layer. Similar results were reported by Acar and Alshawabkeh (1996) from
their pilot-scale experiments. However, they showed almost 10°C to 20°C increase in
temperature despite application of quite low (1133 mA/cm2) current density. Lower
heat generation at the present study might be due to pH enhancement (pH<6) at the
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cathode compartment, used in this test. Electrical potential gradient across the sample,
decreases as a consequence of neutralization effects of acid enhancement at the cathode
chamber. An electrical potential gradient equal to 1.9 V/cm was obtained in this study,
compare to 2.5 V/cm in the reported results by Acar and Alshawabkeh (1996).

6.4.1.4 Zinc concentration at catholyte

Figure 6.73 shows the changes of zinc concentration at the cathode compartment in all
three tests. It is important to emphasize that the results of Test 27 indicate successful
removal of zinc ions from soil sample to the cathode compartment. The low zinc
concentration in Test 21 at this region , however, indicates that a neutral pH condition at
the cathode does not increase the efficiency of zinc removal from the specimen. Results
of the zinc concentration in pore fluid along the sample are shown in Fig. 6.74, and are in
complete conformity with the results which are presented in Fig. 6.73. The zinc
concentration profiles across the sample shown in Fig. 6.74, also confirnn the resuits in
Fig. 6.71. Migration of zinc ions to the cathode compartment in Test 27, reduced
available ions in pore fluids across the soil sample and decreased the electrical

conductivity.

In Test 27, the low zinc concentration in pore fluid along the sample is attributed to
successful transport of this cation to the cathode reservoir. In the unenhanced
experiment (Test 24), due to low pH condition across the sample (Fig. 6.68), zinc ions
remain soluble and move toward the cathode by electroosmosis and ionic migration.
Zinc in the pore fluid approaching the cathode chamber, tends to precipitate due to high
pH environment and its concentration in pore fluid reduces. Also, it can be concluded
from Figs. 6.68 and 6.74 that the predesigned neutral value of pH<6 in Test 21 was not
sufficient to mobilize precipitated zinc ions toward the cathode cell. In this test, the pH
value changes from less than four to about six gradually from the anode to the cathode

end. In the anode section zinc ions move in the direction of the cathode due to a more
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acidic environment. Gradual increase in pH across the sample reduces the mobility of

zinc ions, and maintains higher zinc concentration in most of the sample length.

6.4.1.5 Energy expenditure and efficiency of zinc removal

A plot of the energy expended per unit volume of soil with time is presented in Fig. 6.75.
The results show a similar trend in all tests. At the start of the test, there is a sharp
increase of energy expenditure in the early phase of process. It is important to note that
in Test 27, higher energy expenditure is observed due to reduction of conductivity and
increase in resistance along the sample. The high concentration acetic acid with very low
lonization capability, which was used in this experiment to control the pH value at the
cathode cell, is responsible for the reduction in conductivity.

Figure 6.76 presents the results of efficiency of zinc removal and calculated mass balance
from contaminated soil in electrokinetic remediation. High removal of zinc from 75-
90% of sample length is obtained in these tests. Again in Test 21 (pH<®6), results do not
represent any improvement of zinc removal from the soil in spite of neutralization of
hydroxide ions at the cathode cell by application of acetic acid. It is concluded that this
level of pH is not sufficient for depolarization of the cathode reaction. However, the
results of Test 27 indicate that approximately 60% zinc is removed to the cathode
chamber in case of pH enhancement to a value less than 4. This conclusion confirms that
the level of pH enhancement at the cathode can be an important element for increasing
the removal efficiency of heavy metal contaminants.
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6.4.2 Positioning of the Reference Electrode Near to the Cathode

A discussion about the results of constant voltage tests were presented in section 6.3. It
was explained that in case of electrochemical reaction in potentiostat mode, the reference
electrode is responsible for maintaining the potential at the working electrode constant at
the predesigned level. In this sense the electrical current changes with variation of
resistance across the sample to satisfy the constant voltage condition between the

reference and the working electrodes.

Most of previous studies by other researchers were conducted in constant current
condition to simplify the analysis of chemistry at the boundary (Hammed 1990, Acar and
Alshawabkeh 1993, Ugaz et al. 1994, and Alshawabkeh and Acar 1996). There are
several investigations which were carried out under constant direct-current electrical
potential condition across the sample (Yeung 1992, Eykholt 1992, Pamucku and Wittle
1994, Yeung and Datla 1996). In these experiments, however the total voltages across
the soil were kept constant, while electrical current changes were monitored across the
sample. None of the researchers have previously addressed any operational or chemical

effects of the reference electrode on the electrokinetic remediation process.

In this study, the reference electrode was installed at a distance of 12.5 mm from the
working electrode (anode), to establish the constant voltage condition during the test.
With this arrangement, the electrical potential at the working electrode (anode) was fixed
while the total voltage across the sample, which can be measured by means of a
multimeter at the counter electrode (cathode), was allowed to change. Total voltage
across the sample changes, depending on the initial applied potential between the
reference and the working electrodes, resistance variation, and chemical reactions across
the sample. The total voltage and current variation across the specimen were monitored
during the process. The procedure of making the silver chloride reference electrode
which was employed in this study, has been explained in detail in Chapter 4.
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Tests 1 and 3 in the present study were carried out with applied 2 and 4 V constant
voltage across the sample and without application of the reference electrode.
Comparison of the results of these tests and others such as those by Eykholt (1992) which
were conducted with 24 and 48 V, show that to achieve a high contaminant removal rate
from a soil, a higher electrical gradient across the sample should be applied. The results
of other ten tests which were conducted under controlled electrical potential (Table 6.2),
illustrate that, the total voltage across the sample increases with increase in predesigned
voltage between the reference and the working electrodes. In the selected range of
constant voltage in this study (24 V) the total voltage across the sample reached to a
value about 28-52 V in different tests. Moreover, as explained in Chapter 4, the
potentiostat units which were used in this research are able to deliver controlled voltages
up to 5 V. Hence it was desirable to investigate whether placement of the reference
electrode close to the anode (working) electrode, could provide the necessary electrical

gradient for effective remediation process across the sample.

For the operation of the first set of controlled potential experiments (Section 6.3), the
anode and the cathode electrodes were selected as the working and the counter
electrodes, respectively. Also the polarity was selected positive (+) at the anode
electrode, while negative (-) charge was applied to the cathode electrode. Subsequently,
the possible effects of changing the position of the reference electrode from close to the
anode electrode to close to the cathode end was also investigated. In order to maintain
the general trend of chemical and physical variations, such as pH development in pore
fluid and two end chambers, and electroosmotic flow generation, two main

considerations should be made as follows:

1. Because of negative value of zeta potential for kaolinite, heavy metals transport
toward the cathode chamber by electroosmotic flow and ionic migration. Hence, the
polarity of anode and cathode electrodes should be maintained as before.
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2. An efficient application of the reference electrode to control the potential level at the
working electrode requires installation of these two electrodes as close as possible to

each other.
To satisfy these conditions following arrangements were considered:

* Polarity of electrodes was maintained unchanged, i.e. (+) at the anode and (-) at the

cathode electrodes.

* By changing the position of the reference electrode close to the cathode end of the
sample, the cathode electrode was selected as the working electrode and the anode

electrode as the counter electrode.

The characteristics of three Tests (17, 25, 28) are presented in Table 6.4(b). Tests 17 and
25 were conducted under constant direct-electrical potential condition and without any
pH enhancement in the cathode compartment during the process. Test 17 was carried
out by application of 4 V for 41 days, while in Test 25, 2 V was applied between the
reference and the working electrodes for 7 days. As previously shown a 2 V electrical
potential application between the reference and the working electrodes provides efficient

remediation in the short term.

The results of pH enhancement at the cathode compartment also showed that controlling
the pH value to less than 4 contributes to increase in zinc removal efficiency from soil
sample. Initial results from preliminary tests had indicted reasonable reduction in energy
expenditure during the process when the reference electrode was placed close to the
cathode. Hence, Test 28 was conducted under the application of 2 V constant voltage
between the reference and the working (cathode) electrodes, while simultaneously
controlling the pH level to less than 4 at the cathode compartment using 1.5 M acetic
acid. Therefore the results of Test 26 which was conducted without any conditioning
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schemes, and Tests 25 and 28, with the following characteristics provide a useful

comparison. The test conditions can be summarized as follows:

* Test26: E=2V,8days, no PH control, reference electrode near the anode
® Test2s: E=2V,7 days, no pH control, reference electrode near the cathode
* Test28: E=2V,7days, PH<4 in cathode, reference electrode near the cathode

6.4.2.1 pH changes across the sample

Figure 6.77 shows the variation of pore fluid pH across the soil sample at the end of the
experiments. The results indicate that the PH values almost are equal along the sample in
all tests. However, pH increases sharply in region close to the cathode end in Tests 25
and 26 due to increase in hydroxide concentration at the cathode chamber. In Test 28,
the pH value in this region is considerably lower than other two tests as a result of acetic
acid enhancement. This observation is consistent with that of Test 27. The pH
measurements suggest that higher heavy metal concentration can be expected close to the
cathode compartment for Tests 25 and 26.

6.4.2.2 Zinc concentration at catholyte

Results of zinc concentration in the cathode compartment which provide an indication of
removal efficiency from contaminated kaolinite are shown in Fig. 6.78. It is observed
that changing the position of the reference electrode to close the cathode end (Test 25),
does not contribute to increase in zinc removal efficiency. In Test 28, the pH
enhancement at the cathode cell presents much higher zinc removal in to the catholyte.
This observation confirms again that maintaining a low pH (using acetic acid) at the
cathode compartment neutralizes the hydroxyl ions which were produced due to the
electrolysis of water. This reaction decreases the precipitation of zinc close to the

cathode and maintains the mobility of zinc ions in the pore fluid until these are flushed to

the cathode compartment.
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6.4.2.3 Variation of electrical charge and resistance across the sample

Figure 6.79 presents the variation of electrical charge across the soil specimen with
processing time. The results clearly show that the total electrical charges are lower in
conditioning Tests (25 and 28) compared to the background constant potential
experiment (Test 26). The soil resistance values for the entire sample, calculated from
total current and voltage measurements across the samples according to Ohm’s law, are

illustrated in Fig. 6.80. It can be seen that Figs. 6.79 and 6.80 present similar trend .

6.4.2.4 Energy expenditure and mass balance

The changes in energy expenditure during the treatment are shown in Fig. 6.81. It can be
concluded that the energy expenditure decreases considerably in conditioning tests. In a
simple electrochemical cell containing an electrolyte only, variation of the reference
electrode position does not affect energy expenditure. The test results, however show
that the simultaneous effects of the pH environment around the fixed potential difference
area (between the reference and working electrodes), and other physical and chemical
phenomena such as electroosmotic flow and pH variation across the sample play a
significant role in general reaction of whole system. Consideration of these parameters
together with positioning of the reference electrode close to the cathode cell, would have

important impact on the energy expenditure and efficiency of zinc removal, as well.

Figure 6.81 also demonstrate that the energy expenditure in Test 28 was smaller than the
two other tests, however this value started to increase after S days of processing.
Comparison between the results which were presented in Figs. 6.78-6.81, suggest that in
Test 28 after about 4 days of processing, the transport of the zinc ions from the sample
toward the cathode end was almost completed. From then, higher increase in zinc

concentration in cathode chamber resulted in a reduction of the amount of available ions
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along the soil specimen. The reduction of ions, in turn causes the electrical conductivity
to decrease. As a consequence, higher electrical current would be needed to satisfy the
predesign level of constant potential condition in this test. The higher electrical current
is attributed to increase in soil resistance and energy expenditure.

The results of mass balance and zinc transport across the sample are presented in Fig.
6.82. As explained before, results of the zinc removal in unenhanced experiments with
position of the reference electrode in either end of the sample, are basically the same.
The results indicate that by consideration of random precipitation and measurement
uncertainties of zinc concentration at different location, the total zinc precipitation in
Tests 25 and 26 are almost equal. Also there is almost no zinc obtained in the catholyte
in both experiments. The results of acetic acid enhancement at the cathode cell in Test
28, however illustrates that zinc ions were mostly removed from 95% of soil length.

Approximately 30% of total zinc was flushed in to the cathode compartment.

It is understood that the positioning of the reference electrode close to the cathode end,
does not show any increase in zinc removal efficiency. However this arrangement
presents important effects on reduction of total energy expenditure during the process.
Moreover, simultaneous position of the reference electrode at the cathode end of the
sample and pH enhancement at the cathode compartment increase the efficiency of the

process considerably.

As previously stated, Eykholt and Daniel (1994) reported the reverse flow of water from
the cathode toward the anode in experiments in which acid were added at the cathode
chamber. Acar and Alshawabkeh (1996) in their discussion about these results have
stated that “More than 100 experiments have been conducted in various types of soils for
periods extending to several months and only a few showed a reversal of flow.” It should
be noted that in this study the quantitative measurement of flow because of the addition
of the acid to the cathode during the pH enhanced experiments was not carried out.

However smaller amount of flow from anode to the cathode at the early stages of the test
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compare to other tests and also reverse flow toward the cathode was monitored in
continuation of tests. In spite of these observations high zinc transport rate along the
sample were achieved in these experiments. This phenomena confirms the hypothesis
that in electrokinetic remediation, the rate of species transport by electroosmotic flow
will always be secondary to the rate of transport by ionic migration (Acar and
Alshawabkeh 1996).

6.4.2.5 Gas generation during electrokinetic remediation

In order to obtain better estimate of the production rate of hydrogen and oxygen gases in
the cathode and anode compartments respectively, a gas measurement unit was designed.
The detail components and operation procedure of this unit are explained in Chapter 4.
The gas measurement units are connected directly to the top of the electrode reservoirs,
in order to collect all gases which are produced from the electrolysis and other chemical

reactions.

The results of gas measurements in Test 24 which was conducted under constant 0.5A
electrical current are illustrated in Fig. 6.83. The gas was produced in both electrode
chambers at a high initial rate which decreased after about one day and reached a steady
state condition. As expected from the electrolysis reactions in reservoirs, the measured
volume of hydrogen produced in the cathode compartment is about twice that of oxygen
released in the anode compartment. Figure 6.84 shows the results of gas production in
both electrode chambers in Test 25. This test was carried out with 2 V constant
potential, while the reference electrode was positioned close to the cathode chamber.

The comparison of results in Figs. 6.83 and 6.84 indicates that the volume of gas
produced in the cathode compartment was almost equal in both tests. However, the
oxygen production in Test 25 (Fig. 6.84) was much lower than that of Test 24 (Fig. 6.83).
The position of the reference and the working electrodes at the cathode end of the sample
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in Test 25 caused a reduction in the rate of reaction at the anode compartment. During
this experiment the slower rate of reactions at the anode chamber was noticed by the very

low rate of oxidation of the anode (counter) electrode and color changes of the anolyte.

Equilibrium Calculation

Because acid-base reactions in solution generally are so rapid, the concem is primarily
with the determination of species concentrations at equilibrium. Usually, it is desirable
to know [H'], [OH], and the concentration of other ions which will be produced due to

reactions of the system. A simple electrolysis reaction of water can be written as:

HOoH +0oH (6.3)
At equilibrium condition the equilibrium constant for this reaction is:

K= {H"} {OH}/{H,0} (6.4)
But because {H20} =1 in dilute solution, the above equation will be equal to:

K =[H')[OH] =K. (6.5)
where K, is the equilibrium constant for the dissociation of water. Although K,, depends
on temperature, it can be taken to be 1 X 10™'* at normal operating temperatures. The

K.« equation forms the basis for the definition of the PH scale. Using the notation pX to

signify -log X, we can write:
pH + pOH =pK,, = 14 (6.6)

where: pH=-log {H'}, pOH=-log {OH}, pK,= -logK,,
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As explained before pH is an important variable in chemical reactions during the
electrokinetic process. The effects of pH variations on zeta potential and electroosmotic
coefficient of permeability have been discussed in Chapter 2. Since variation of pH
indicate changes in concentration of H", electrical conductance and species transport in
the pore fluid, also are affected by pH changes. In the present study, the pH of the
anolyte, catholyte, and pore solutions were measured directly during and at the end of the
treatment. The magnitude of the pH and its rate can be predicted through Faraday’s Law
of equivalence of mass and charge. If it is assumed that all charge is used in generation
of the hydrogen and hydroxyl ions under steady-state conditions and neglecting all other
chemical reactions, one Faraday of charge (96,500 A.s) will generate 1 mole of H" at the
anode and 1 mole of OH at the cathode compartments (Acar et al. 1990).

The estimation of H' concentration using the above rate of increase in Test 24 is shown
in Fig. 6.85. The applied constant electrical current of 0.5A in this test, produces 1.9 x
107 moles/h of H" and OH in the anode and the cathode compartments, respectively.
Considering 1.9 | of electrolyte in each chamber, the rate of increase in hydrogen and
hydroxyl ions was approximately equal to 1x10 mole/l-h. Using the definition of pH
and pOH and equilibrium equation (Eq. 6.6) the measured and predicted values of
hydrogen concentration in both compartments, are presented in Fig. 6.85. The results
indicate that the measured values are smaller in the anode chamber, and are higher in the
cathode chamber than the predicted values.

This observation confirms that in a soil-water-contaminant system, the Faraday efficiency
for generation of hydrogen and hydroxyl ions is less than 100%. F igure 6.86 presents the
results of measured and predicted H" concentration in both electrodes in Test 25. Similar
trends are obtained in this test which was conducted under a constant potential equal to
2V between the reference and working electrodes. Comparable results have been
reported by Acar and Alshawabkeh 1996. The differences between the measured and
predicted hydrogen concentration can be explained by different parameters such as:
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predominant secondary electrolysis, and the transport of hydrogen and hydroxyl ions

across the specimen toward respective electrodes.

6.4.3 A preliminary investigation on use of

porous material between the soil and the cathode electrode

The results of electrokinetic remediation on contaminated soils demonstrate high
removal of heavy metals from most of the sample length. Transported species from
anode section were accumulated in the last 10-15% length of the sample close to the
cathode compartment. Different chemical enhancement techniques have been proposed
to prevert heavy metals from precipitating and to facilitate removal of contaminant to the
cathode reservoir. Application of low concentration of acetic acid at the cathode
compartment successfully increased the efficiency of zinc removal in the present study.
However, during the application of electrokinetic remediation in the field, these
enhancement methods necessitate injection of other chemical such as acids or
complexation agents to the ground, which might have adverse environmental effects.

Generally, these chemical enhancement techniques face several limitations as follows:

® Any substance of pH less than 2 is mandated to be hazardous and cannot be legally
injected into the subsurface (Yeung et al. 1996).

e The precipitation of metals with this new chemical should be preferably soluble
within the pH ranges attained.

* Introduction of the special chemicals may increases the toxic residues in the soil mass

as well as groundwater.

* In a contaminated soil with high buffer capacity, lowering the pH with chemicals is
very difficult and impractical,
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» In some cases high cost of special chemicals and enhancement operation, may reduce

the cost efficiency of the treatment.

Therefore, other techniques which provide a practical procedure for removal of
precipitated metals from the soil mass might be desirable. The installation of porous
material between the cathode electrode and soil would be an option. These materials
should be more permeable than soil to act as a filter and allow free flow, while
preventing the passage of soil particles. In this case transported metals from the anode

toward the cathode will accumulate in the pores of this substance.

Preliminary Test 22 was conducted in order to examine the suitability of this proposed
remediation procedure. Drytex™, a woven polypropylene mesh with 2.3 mm thickness
and 15.24 cm diameter was used in this test. Constant electrical current equal to 0.5A
was applied across the electrodes for 8 days. Results of energy expenditure and mass
balance obtained from this experiment are compared with those of Test 24 which was
conducted with similar conditions but without using porous material at the cathode.
Figure 6.87 shows the variation of energy expenditure in these two tests. The results
indicate that application of Drytex™ porous material between the cathode electrode and
soil increases the energy expenditure in the process. Since Drytex™ is a nonconductive
material, it increases the resistance and as a consequence increases the energy
expenditure during the process. The efficiency of zinc removal from the soil is presented
in Fig. 6.88. Results of chemical analysis show lower amount of zinc concentration at
the last section of soil sample close to the cathode in Test 22. Also, high value of error in

the mass balance in this test, is attributed to the unmeasured and unaccounted zinc

precipitated in Drytex ™.

Since this preliminary experiment was carried out only to explore the operational
performance of a porous material, additional experiments with more specific materials

and different thickness are needed. However, it seems that alternative removal of this
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contaminated filter layer and substituting with a clean one during the remediation

process, may increase the removal efficiency and reduce the energy expenditure.

6.4.4 Discussion and conclusion

As a consequence of results obtained from Sections 6.2 and 6.3, another set of
experiments was conducted to examine different conditioning schemes to improve the
removal efficiency and to reduce energy expenditure. Two major conditioning methods
were considered namely: 1) pH enhancement at the cathode chamber, and 2) positioning
of the reference electrode close to the cathode electrode (working electrode). The results
indicate that pH level has an important impact on heavy metal removal. Also positioning
the reference electrode close to the cathode electrode leads to reduction in the energy
expended during the treatment. Short term experiments with application of 0.5 A (in
controlled current tests) and 2V electrical potential between the reference electrode and
working electrodes (in controlled potential tests) were applied, as more efficient

conditions.

Solutions of 1 M and 1.5 M acetic acid were introduced to cathode chamber through the
pH pump from the beginning of the experiments, to maintain the pH values of 6 and 4 in
several tests. It is noted that in case of control of pH to less than 4 at the cathode
compartment higher energy expenditure is observed due to reduction of conductivity and
increase in resistance along the sample. The high concentration acetic acid with very low
ionization capability, which was used in this experiment to control the pH value at the
cathode cell is responsible for reduction of conductivity.

High removal of zinc from 75-90% of sample length is obtained in these tests. Test with
controlled pH value of less than 6, does not indicate any improvement of zinc removal
from the soil in spite of neutralization of hydroxide ion at the cathode cell by application
of acetic acid. Itis concluded that this level of pH is not sufficient for depolarization of



178

the cathode reaction. However, results indicate removal of about 60% zinc to the
cathode chamber in case of pH enhancement to a value less than 4. This conclusion
confirms that, the level of pH enhancement at the cathode can be an important element
for increasing the removal efficiency of heavy metal contaminants. Soil type and
concentration, soil pH, contaminant concentration, ionic strength of solution are among
the factors contributing the sorption capacity of soil. The results indicate that, in the
range of pH lower than S (Figs. 6.68 and 6.73) a high amount of zinc was in the dissolved
phase in the solution. When the pH is higher than 5, a higher portion of zinc was sorbed
by kaolinite. Also, the available results demonstrate that despite controlling the pH to
less than 4 at the cathode, some precipitation occurred in the soil section adjacent this
chamber. Consequently, in order to achieve higher removal efficiency lower pH should
be maintained in the cathode compartment.

In other experiments under controlled potential electrical field, changing the position of
reference electrode to close to the cathode end of the sample, the cathode electrode was
selected as working electrode and the anode electrode as counter electrode. It is
observed that changing the position of the reference electrode to close the cathode end
did not attribute to increase in zinc removal efficiency. However, the energy expenditure
decreases considerably in these tests. The following conclusions were obtained:

1. Low ionization capability of acetic acid results in reduction of electrical conductivity,

which in turn increases the energy expenditure.

2. Controlling the pH at a neutral value (less than 6) at the cathode compartment, does

not increase the zinc removal efficiency from the soil.

3. Zinc removal of 60% was achieved in case of PH control to less than 4 at the cathode
chamber.
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Since sorption capacity of kaolinite is pH-dependent, most of the zinc will be in
sorbed phase in pH higher than 5.

Higher removal of zinc from soil, might be possible by maintaining the pH at the
range of 2 to 3 in the cathode compartment.

Changing the position of the reference electrode to close the cathode end, did not

increase zinc removal efficiency.

Results of experiments with position of the reference electrode close to the cathode

electrode (working electrode), indicate considerable reduction in energy expenditure.

In acid enhanced experiments, smaller amount of flow from the anode to the cathode
at the early stages of the process. Also on continuing the experiment reverse flow

toward the anode was monitored.

High zinc transport rate along the sample were achieved in experiments with low rate

of electroosmotic flow.

The ionic migration is the dominant process in heavy metal removal from fine-

grained soils.

Temperature increased in early stages of the test and reduced to initial value, in direct

response of electrical potential generation across the sample.

Higher heat generation at the cathode electrode is related to higher electrical potential

drop in the soil near that zone.

Acid enhancement at the cathode chamber reduces the electrical potential gradient

across the sample, which in turn reduces the heat generation.



Table 6.1 Summary of tests characteristics to investigate electrode materials

TEST no. 10° 11* 14° 16°
Total Density (kg/m®) 1556 1556 1695 1596
Dry Density (kg/m°) 989 1003 1103 937
Water Content (%) 57 55 54 70
Void Ratio 1.65 1.61 1.38 1.80
Degree of Saturation (%) 99 98 97 99
Porosity 0.62 0.62 0.58 0.64
Pore Volume (cm®) 1706 1692 1587 1761
Duration (days) 27 29 29 19
Energy Expenditure (kW-/m’) 151 279 267 171
Initial Zinc Concentration (ppm) 3282 3211 2969 3980
Total Flow (cc) 1506 1625 1189 664
Total Flow as % of Pore Volume 0.88 0.96 0.75 0.38
Electrode Material St.Plate’ | St.Disk® | StPlate' | StDisk?

a: constant potential test E=2 V
b: constant current test [=0.5 A

1: Drilled stainless steel plate
2: Stainless steel porous disk
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Table 6.4 Tests characteristics for conditioning tests (a) constant current tests

TEST no. 18 21 22 23 27
Total Density (kg/m®) 1623 1615 1634 1614 1611
Dry Density (kg/m®) 996 996 985 983 1009
Water Content (%) 63 62.2 65.8 643 59.7
Void Ratio 1.63 1.63 1.66 1.67 1.60
Degree of Saturation (%) 98 99 98 99 97.9
Porosity 0.62 0.62 0.62 0.62 0.61
Pore Volume (cm?) 1699 1699 1710 1713 1685
Current (A) 0.5 0.5 0.5 0.005 0.5
Energy Expenditure (kWh/m®) 60 106 157 1 138
Initial Zinc Concentration (ppm) 3320 3600 3367 3456 3615

Table 6.4 continued; (b) constant potential tests

TEST no. 17 25 28
Total Density (kg/m®) 1638 1619 1618
Dry Density (kg/m®) 1005 976 994
Water Content (%) 63 659 64
Void Ratio 1.61 1.68 1.65
Degree of Saturation (%) 99.5 99 98.4
Porosity 0.62 0.63 0.62
Pore Volume (cm?) 1690 1720 1709
Electrical Potential (V) 4 2 2
Duration (days) 41 7 7
Energy Expenditure (kWh/m?) 32 95 152
Initial Zinc Concentration (ppm) 3415 3367 3688

Table 6.5 Tests conditionin_g methods

TEST no. Test Description

17 Reference electrode at cathode

18 pH<6 at cathode compartment

21 pH<6 at cathode compartment

22 Porous material between soil and cathode electrode

23 pH<5 at cathode compartment

25 Reference electrode at cathode

27 pH<3 at cathode compartment

28 pH <3 & Reference electrode at cathode R
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CHAPTER 7
EVALUATION OF MEASUREMENTS

7.1 Introduction

A measuring process involves instrumentation that must be calibrated and kept in a state
of proper calibration throughout the process. To attain this goal it is not sufficient to
employ quality instrumentation, but it is also necessary to maintain the measuring
instrumentation, the procedure and the final results, in a state of control. The statistical
methods developed for the control of manufactured supplies are also applicable to the

control of measuring test data.

Populations and samples are fundamental concepts of statistics, which can be expressed
in terms of mathematical models. On application of a specified measuring process even
to a large number of samples from a single source, the numerical results constituting this
population will not be identical, because each measurements is affected by experimental
errors.  The presence of experimental error is due to unavoidable fluctuations in the
conditions during the process. Thus, the fundamental characteristic of a statistic
population is variability. In a statistical control process and the measurements, the
fluctuations causing the variability in the results are of a random nature. A basic feature
of randomness is unpredictability, except in a statistical sense. Thus, for example having
the results of the first ten measurements, where exactly the eleventh measurements will
occur can not be predicted. However, predictions can be made in terms of probabilities
(Mandel 1991).

Interpretation of a set of results obtained from a group of samples, depends heavily upon
the degree of scatter or dispersion in the data. Having a series of values, it will be
possible to construct the frequency diagram, which displays the different frequencies
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with which measurements of different magnitudes occur. The sample standard deviation
which uses all of the values in the sample, is almost the root mean square departure of

the values in the sample from their sample mean value. The standard deviation denoted

$(x-3)

s= v (7.1)

by (s) and defined as:

where x; presents the original measurements, and X is the mean value of all

measurements. In a general situation a measured value is assumed to be a function of
another quantities. In this case the problem will be describing the relationship between
these parameters by means of quantitative terms. Regression is one of the most common
aspects used in statistics to perform the fitting of equations to data. Consider a relation
of the type

Y=Bixi + Baxa+ ..+ BpXy + £ (7.2)

where x,, X,,..., X, are independent variables that can take on different values; y is a
measurement made when X, x,,..., X, are given certain numerical values, and € is the
experimental error of the measured y value. The variable y is called the dependent
variable, or the response. The x variables are also called regressors. The 8 are unknown

coefficients, to be estimated by the analysis.

One important measure that expresses systematic association between two random

variables in dimensionless form is the correlation factor R(x,y) which is defined as:

 2x-i]]

N-1 S:S,

R(x,y) = (7.3)
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The value of R(x,y) can range from -1, indicating an exact linear relationship with
negative slope between x and y, to 1, indicating an exact linear relationship with positive
slope between x and y (McLean 1990). However, the term R*> which can vary between 0
to 1 1s used frequently for correlation factor. It should be noted here that the zero

correlation indicates nonlinearity, not lack of association.

7.2 Statistical approach

According to the above discussion, in order to investigate the variation of results from
different tests and control the measurements, a statistical study would be necessary.
Also, reproducibility of results in tests with similar operational conditions would be of
importance for credibility of experiments. In this research, in the first step, several tests
in controlled potential experiments which were carried out in the same electrical
potential difference equal to 2V and different duration of process, were considered for
the purpose of comparison. From different variables which were measured and
calculated from the remediation tests, dry density of samples prepared before the tests,
amount of energy expenditure, electroosmotic flow, and calculated mass balance were
chosen for statistical analysis. Comparison of initial dry density demonstrate the
consistency of initial condition and sample preparation technique which was employed in
this research. Also, study about the variation of energy expenditure, flow generation, and
calculated mass balance as the most essential final results from experiments, would be
important. According to the results presented in previous chapter which showed
precipitation of transported zinc in the last 15% of the length of sample close to cathode,
the residual zinc concentration in the first 85% of the sample length was employed as an

indication to the efficiency of zinc removal for this study.

It should also be noted that the main tool in statistical analysis is the population of
samples, which leads to better description of any possible relationships between available
data. Since it is intended to examine the feasibility of electrokinetic remediation with a

wide range of parameters involved in this phenomena, there is only limited data available
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from tests conducted under the same conditions. In spite of this limitation, the results of
following data analysis might be useful to support the credibility of the experiments,
general trends for the variation of the several main parameters during the process, and for

improving the testing procedure in the future as well.

7.2.1 Standard deviation

Table 7.1 presents the detail information of seven tests which have been used in data
analysis. In order to control the variations of identical data in different tests, the standard
deviation of each parameter has been calculated in three sets; each one consists of three
tests within a close range of processing time. The results of analysis is shown in Table
7.2. Small calculated standard deviation values for dry densities in all sets, indicate that
the quality of sample prepared for experiments are close together, so that relatively
similar behavior of samples could be expected under similar experimental conditions.
The variation of standard deviation in the final energy expenditure in each set illustrates
increase in this value with increase in the range and duration of process in each set.
Based on the presented data in previous chapter, it is clear that in longer duration tests,
the energy expenditure increases due to the higher rate of increase in electrical potential
difference across the sample when current changes became stabilized after short duration
of process. Higher values of standard deviation in case of mass balance and residual zinc
concentration in the first 85% of the sample length, compared to the standard deviation
values of initial dry density and energy expenditure indicate some scatter between the
results. Two factors may be responsible for this scatter, 1) effect of duration of process
in removal of zinc, 2) errors associated with sampling for chemical analysis at the end of
the tests. Comparison of the values of mass balance and residual zinc in the first 85% of
the sample length in different tests in Table 7.1, does not illustrate a general trend with
duration of tests. Therefore, it is concluded that the inaccurate sampling and
consequently improper distribution of zinc concentrations along the sample would have
the major impact on scatter of results. It should be noted that, since flow generation is

strongly time dependent parameter and experiences much higher variation during short
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period of time (Table 7.1), the standard deviation for this parameter would be

meaningless, and therefore was not considered.
7.2.2 Linear regression

As previously explained, linear regression is a common tool to investigate the possible
relationship between different parameters. In this study a two-factor linear regression
analysis was carried out between energy expenditure, flow, mass balance, and residual
zinc concentration in the first 85% length of the sample with respect to the duration of
tests. The results of analysis are shown in Figs. 7.1 to 7.4. Figures. 7.1 and 7.2 show a
relatively good linear relationship between the variation of flow and energy expenditure,
with respect the time, with an associated value of R” close to 0.9. These results further
demonstrate the relatively proper and suitable measurements for these two parameters.
However, the low values of R? and scatter data points in case of analysis of mass balance
and residual zinc concentration in the first 85% length of the sample with respect to the
duration of tests in Figs. 7.3 and 7.4, are consistent with calculated values of standard
deviation for these two parameters.

In order to obtain zinc concentration and calculation of efficiency of zinc removal along
the sample, each soil sample was sectioned into six slices at the end of the test. Sample
were taken from each section for measurements of water content and chemical analysis
with X-ray fluorescent expectrometry. The results of all experiments lead to the
conclusion that most of the zinc was transported along the sample due to effect of
electroosmotic flow and ion migration, and was precipitated in a layer close to the
cathode at high pH environment. This observation and the scatter of results indicate that
more attention should be paid to sampling for zinc concentration determination specially
in the last section of the sampie which presents a very high concentration compared to
other sections. Therefore, for subsequent tests, the last section was divided to two

subsections to improve the accuracy of the measurements.
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In the second stage of statistical analyses, the same parameters from four tests which had
been conducted under controlled current condition equal to 0.5A with different duration
of process, were selected as presented in Table 7.3. The regression analysis were
conducted to investigate the general trend of variation of those parameters with time, and
any probable improvement in test results due to increase in number of samples in the
section close to cathode. Also additional care was taken to reduce any possible source of
inaccuracy of flow and electrical measurements such as, leakage, loose connections,

fluctuation of readings, etc.

Figures. 7.5 and 7.6 illustrate the results of data analysis for flow and energy expenditure,
respectively. The results indicate a very good linear relationship with time, which also
may be a good indication of improvement of data processing in the tests. Also, a
dramatic improvement of data analysis are shown in Figs. 7.7 and 7.8, for regression
analysis of mass balance and residual zinc concentration in the first 85% length of the
sample with respect to the duration of tests. The results further confirm the effectiveness
of the employed corrections in the sampling and data processing, to reduce the scattering
in data. One important observation from the Fig. 7.8 is that, in order to increase the
removal of zinc from the first 85% length of the sample, the tests should be continued for
a long period of time which would contribute to a much higher energy expenditure. For
example, for reduction of residual zinc in the first 85% of the sample from about 20%
(Test 24) to about 1% (Test 15), the duration of the process should extend from 9 to 73
days. Figure 7.8 demonstrates that as a rough estimate, the efficiency of 80% removal in
these tests would be achieved in about 15-20 days, and increasing this value to about
95% would require approximately 60-65 days of current application.

7.3 Conclusions

1. The small calculated standard deviations (<0.05%) for initial dry densities of samples
in different tests demonstrate the consistency of sample preparation procedure which

was employed in this research.
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The standard deviation calculations in case of mass balance and residual zinc
concentration in the first 85% of the sample length show high values due to

inaccurate sampling from the last section of soil specimen close to the cathode.

Regression analysis show a perfect linear relationship between the flow and energy

expenditure results with duration of the process.

Increase in number of samples for chemical analysis from the last section of
specimen proved to be effective, for increasing the accuracy of the measurements of

mass balance and residual zinc in the first 85% of the sample length.

Finally, at the end of the discussion on this chapter, two important points should be

emphasized:

Due to small population of data samples, all the statistical analysis should be

considered as providing only approximate values for general interpretation.

The linear regression has been used as a reference tool to asses the validity of the data
achieved from the experiments. Other possible regression analyses such as
exponential regression might be considered only after obtaining enough data from

further experiments.



Table 7.1 Controlled potential experimental results

[

Test No. [Duration |  vd Energy expenditure Flow Mass balance Residual zinc in
L [ dy | Mym3) I (kWh/M3) __(cc) (%) 85% of sample length (%)
26 3 0.995 149.51 - 96.65 19.84
5 1.057 150.4 175 101.1 53.21
7 1.059 154.2 240 7791 45.55
4 9 1.108 160.4 790 90.43 26.73
13 0.982 173.6 941 109.07 30.21
10 27 0.989 151 1506 93.3 8.35
11 29 1.003 184.37 1625 83.22 9.95

Table 7.2 Standard deviation values based on

the resuits of different sets of controlled potential tests

Energy expenditure

Mass balance

Residual zinc

6,5,4

0.026

5.000

5.335

13.240

54,9

0.039

9.700

15.580

7.670

Table 7.3 Controlled current experimental resuits

Test No. { Duration Mass balance Residual zinc in
(%) 85% of sample length (%)
16 19 0.94 171 664 98.5 28
14 29 1.1 267 1189 109.88 16
15 73 1.09 513 4527 77.1 1.25
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

Electrokinetic remediation technique offers the opportunity to extract heavy metals from
soils such as kaolinite clays with high plasticity, low buffer capacity and low cation
exchange capacity (CEC). The application of low direct electrical current within the soil
for an extended period of time results in variations in pH, electrolyte concentration and in
migration of acid front. These variations affects the clay surface chemistry and

electrokinetic process.

This research was carried out to investigate the efficiency of electrokinetic remediation
technique in decontamination of polluted clayey soils. This was done through an
extensive experimental study of various electrokinetic remediation on kaolinite

contaminated with zinc.

8.1 A summary discussion

Application of electrical gradients across a saturated soil mass results in electrolysis,
transport of species by ionic migration, electroosmosis, and diffusion. These transport
processes are accompanied by sorption, precipitation and dissolution processes in the
soil, and other aqueous phase reactions in the pore fluid. Generally, cations such as
heavy metals migrated toward the cathode, and nitrate an anion, migrated toward the
anode. Ionic migration and electroosmotic flow from the anode to the direction of the
cathode end would be responsible for transport processes. Ionic migration occurs when
mobile ions are subjected to an electrical field.



Transport of H" and OH™ ions due to the electrolysis at the boundaries significantly
affects the chemistry across the specimen. The hydrogen ion movement in the direction
of the cathode chamber facilitates the desorption of species from clay surfaces and
dissolution of the salts in the soil. The back migration of hydroxide ion generated at the
cathode compartment increases the sorption capacity of soil and reduces the mobility of
zinc. These processes result in an increase of the concentration of zinc and precipitation
in the soil close to the cathode chamber.

Different magnitudes of electroosmotic flow are noticed in various tests. In addition, the
electroosmotic flow rates were not usually constant over the duration of the experiment.
However, high removal of zinc was achieved even in cases which low electroosmotic
flow occurred.  The electroosmotic permeability is dependent to zeta potential, . For
clayey soils, £ is usually negative, but it is strongly dependent on the pore fluid
chemistry. There is a general agreement in previous studies that ¢ for kaolinite
decreases in magnitude (becomes more positive) as acidity increases. Also, the zeta
potential of a soil becomes less negative with increasing ionic strength of the pore fluid
due to compression of the double layer. Therefore, these observations confirm that ionic
migration might be the most significant component of mass transport in electrokinetic

remediation in soils with high heavy metal concentration.

At the beginning of the process, the amount of outflow is more than the inflow,
contributing to consolidation of the sample. Later, as the acid front advects into the soil
to reduce the pH along most of the profile; £ becomes increasingly positive in those
regions resulting in a reduction of the electroosmotic flow rate. Also, with time the
generation of a thin precipitated layer close to the cathode decreases the porosity and
causes a dramatic reduction of conductivity of the specimen. Therefore, after a period of
time, the amount of outflow becomes less than the inflow.
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The energy expenditure and efficiency of zinc removal are highly affected by the
chemical reactions at the electrode chambers and extent of high pH environment in the
vicinity of the cathode compartment. The initial high value of the electrical conductivity
contributes to a uniform initial concentration of the ions in the pore fluid. Results
indicate that due to presence of low pH and high conductivity environment at the anode
section, there is a small electrical potential difference in this section. The electrical
gradient is almost linear across the specimen in the early stages of the process, before the
acid front meets the base front close to the cathode chamber. With time, the electrical
conductivity of the pore fluid within the zone of precipitation close to the cathode
decreases. Water formation and zinc precipitation result in reduction of electrical
conductivity thus increasing the electrical potential drop in this region. Consequently,
the change of the electrical conductivity across the specimen and the increase in

electrical potential drop raise the energy expenditure.

In order to increase the zinc removal efficiency and prevent the precipitation of metals
close to the cathode chamber, the pH enhancement technique was employed. The pH at
the cathode compartment was maintained with solutions of acetic acid to values of less
than 4 and 6. The pH enhancement of the cathode chamber to less than 4 effectively
overcomes zinc ion precipitation and flushes the metals into the catholyte. However, in
this condition higher energy expenditure is observed due to reduction of conductivity and
increase in resistance along the sample. The high concentration acetic acid with very low
ionization capability, which was used in this experiment to control the pH value at the
cathode cell is responsible for the reduction of conductivity.

The importance of reference electrode on the electrochemical reaction and potential
generation across the sample was clearly evident in the experiments. The effect of
position of reference electrode close to the cathode electrode was investigated in several
tests. The results demonstrate that the energy expenditure decreases considerably in this
case. Simultaneous effects of the pH environment between the reference and working

electrodes and other processes such as electroosmotic flow and pH gradient across the
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sample may also have a significant impact on consumption of the energy during

remediation.

8.2 Summary of resuits

The main results obtained from this study can be summarized as follows:

1. Generation of H" and OH in the anode and cathode chambers, respectively, is
observed in all experiments in a short time (about 1 day) after the current application.
Advancement of acid front across the specimen in the early stages of the test,

increases the conductivity of pore fluid and at the anode section of the sample.

2. High removal of zinc from 75-90% of sample length is obtained in all experiments.
The back migration and diffusion of the hydroxide ion generated at the cathode
compartment leads to precipitation of zinc in a thin layer of soil in proximity to the
cathode. High pH zone close to the cathode chamber decreases the conductivity and
increases the resistance and energy expenditure. In these experiments, insignificant

concentration of zinc was obtained in the cathode compartment.

3. Inall cases, the coefficient of electroosmotic permeability changes in the range of 1-
10 x 10”° cm?/Vs as reported by others (e.g. Mitchell 1993).

4. Contrary to data by Acar and Alshawabkeh (1993) which indicated a decrease in the
pH of the effluent, the present study did not show similar behavior even after 42 days

of process and about 1.5 pore volumes of electroosmotic flow.

5. Application of electrical current density as much as 2.74 mA/cm? for 73 days which
results in 2.83 pore volume of flow (Test 15), was not sufficient to solubilize the

precipitated zinc at the cathode end.
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Experiments with different duration of process indicate that, electrokinetic
remediation technique in the selected range of time and electrical gradient in this

study is more efficient as a short term process

In the case of controlled potential experiments, use of 2 V between the reference and

the working electrodes provided the most effective remediation in the selected range

of voltage application.

In the controlled current experiments, best results were obtained for application of
0.5 A (current density equal to 2.74 mA/cm?) across the specimen.

For equal zinc removal efficiency from contaminated clay, the constant potential
electrical field provides a lower energy expenditure, in both short term and long term

experiments.

Controlling the pH at a neutral value (less than 6) at the cathode compartment, did
not increase zinc removal efficiency from the soil. The results suggest that since
sorption capacity of kaolinite is pH-dependent, most of the zinc will be in sorbed
phase at pH higher than 5.

The results of enhanced electrokinetic remediation indicate that by controlling the pH
to a value less than 4 in the cathode chamber, resulted in flushing of 60% of zinc in
this chamber.

The ionic migration is a dominant process in heavy metal removal from fine-grained

soils.

Temperature increased in early stages of the tests and reduced to initial value, in
direct response to electrical potential across the sample. Higher heat generation at
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the cathode electrode was related to the higher electrical potential drop in the soil
close to that zone. Acid enhancement at the cathode chamber reduces the electrical

potential gradient across the sample, which in turn reduces the heat generation.

14. While the positioning of the reference electrode close to the cathode end did not
show any increase in zinc removal efficiency, it resulted in significant reduction of

total energy expenditure during the process.
8.3 Principal Conclusions
The principal conclusions were as follows:
1. The electrokinetic technique is effective and economical for short term remediation.
2. The constant potential electrical field demonstrated lower energy consumption
compared to the constant current condition, both in short term and long term

remediation.

3. Controlling the pH to value less than 4 at the cathode compartment, successfully
flushed the zinc out of the sample to the catholyte.

4. Placement of the reference electrode close to the cathode (working) electrode,

decreased the amount of energy expenditure significantly.

8.4 Some Practical Considerations

Experimental research on electrokinetic remediation of contaminated clays has clearly
demonstrated the success of the process in removing the contaminants from soil mass. In
order to apply this technique in the field, selection of appropriate material for electrodes
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and their geometrical arrangement would be important. In this case perforated stainless
steel tubes would be suitable for electrodes, since the electroosmotic flow could be
collected inside the cathode and pumped out easily. It will also be enable injection of
fresh water through the anode until the completion of cleaning process. Likewise, pH
enhancement might be carried out by injection of suitable acid inside the cathode
electrode. Periodic pumping of collected contaminated catholyte will facilitate the
removal process and increase the efficiency of treatment. When applying the constant
potential electrical field, high grade stainless steel rods as reference electrodes may be
installed as close as possible to cathode electrode in order to reduce the energy
expenditure. Guidance on electrode spacing and arrangement some initial estimation can
be obtained from previously available data (Table 3.3).

8.5 Recommendations for Further Study

1. Since successful results for efficient remediation was obtained in the present study in
laboratory bench scale experiments, design of a pilot scale 3-dimensional test would
be very desirable. This would also demonstrate the use of practical electrode

materials, e.g. steel tubes in practice.

2. In the present research electrokinetic process examined in a controlled conditions for
application of soil, distilled water, and one specific heavy metal (zinc). Further
experiments considering real world material from the field, including multiple

contaminant species, provide a better understanding of the process.

3. More specific characterization of clay chemistry such as: the effects of pH on
sorption, zeta potential, and charge should be studied. Also a comprehensive study
on the chemical reactions occurring at the electrode chambers would be useful.
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4. Because of the impact of gas production in electrode chambers on efficiency of the
process, investigation should be made to study the type and amount and the influence

of gases generated; and to employ suitable measures to control their production.

5. More effort is required to develop realistic numerical models for electrokinetic
remediation. Any new approach should address important factors such as nonlinear
electrical potential, pH-dependent variation of conductivity, and the effect of coupled
electrical-hydraulic gradients in ion transport. Also particular attention needs to be
paid to the boundary conditions.

6. Since a wide range of different experimental set-up are used by different researchers,
any attempt to standardize the electrokinetic apparatus would be beneficial in

comparison of results.
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APPENDIX 1

FLOWCHART AND COMPUTER LISTING

Initialize Variables

Mesh Generation
Generate Mesh Coefficient Matrix Subroutine

Solve for Concentration

Interpolate Concentration
Values for Desired Points

Fig. AL.1 General steps in transport modeling




MESH GENERATION

Determine size of mesh(No. of nodes from nx, nt)

Determine size of the matrix containing
the equation coefficients

'

Calculation of weighing factors for the
coefficients of the nodes at the boundaries

1

Identify the nodes that are at boundaries and
calculate the proper coefficients for every row

4

Add coefficients to the matrix and the
constant terms to the constant term vectors

No Last

row?

Yes

Solve for concentration mesh

Fig. A1.2 Flowchart of themesh generation subroutine
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Public Const Fixed = 0, Simple = 5, Simple_Fixed = 1, Fixed Simple = 4
Public Const LowSideSimple = 1, HighSideSimple = 4

‘Public Const AnodeEnd = 10, AnodeEndo = 2, AnodeEndn = 8

Public Const TestCond = 10, AnodeEnd = 2, CathodeEnd = 8
'0000000000000000

Public EndCondition As Integer

Public UseMethod

Public Const alphameth = 1, thetameth = 0

Public Initialized As Boolean, Meshed As Boolean
Public psi As Single, lambda_X As Single, lambda T As Single, Co As Single
Public n As Single

Public nT As Integer, nX As Integer, nEg As Integer
Public Eqi As Integer, Ti As Long, Xi As Long
Public icTX As Integer, icTmX As Integer, icTXm As Integer, icTXp As Integer

Public Mesh() As Double, CnstTerm() As Double, cn() As Double

'*tttf*tt**tfi*v«tﬁt«tt*t******t***tt*t*t***fi***t**i*f*iiftt****f*t*fitf*tt***tt
'* Initial definition of variables *
LI '3 -

t *i"**t*t**'it**"t*ti***t***fff******ff******f*ifft***'tt****f***t*****tt"Y't

Public dt As Single, t_max As Single, L_ As Single

Public X As Single, Tc As Double

Public ui, ke, dEdX, Di

Public theta As Single, alpha As Single

Sub Initialize()
Initialized = True
EndCondition = AnodeEnd Or HighSideSimple: theta = 0.00l1: alpha = -8
UseMethod = alphameth

t_max = 1602000: L_ = 15
nX = 20: nT =1

n=0.64
Co = 3980

8.314: TK = 273 + 20

z=2: F= 96487: R

ke = 0.3 * 10 ~ -5: dEdX = -0.895: Di = 2.6 * 10 ~ -6
vi =Di * z * F / (R * TK)
dt = t max / nT: dx =

lambda X = dx / L_: lambda T =dt * Di / L_ ~ 2
psi = dEdX * ((ui + ke) / Di)
End Sub

IR S AR SRS ARl AR R Rl R R g R N 22222222 2 222 I

'* The following sub-routine generates a mesh of concentrations of ion species *
'* according to its initial concentration and parameters predefined in above v
'* variables. This mesh is later used by the concentration function to return *
'* the concentration of the ionic species at the desired point. *
LR *
'* This particular model does not take into account the effect of pH or the *
'* concentration of other ionic species. Fixed condition assumed at *
*

*

'* boundaries.
'**t*tt***i#***i****-ﬁ********t*tfit***t*******i**t*tt***t*ttti**itttf&*bttt*ttt

Sub Generate_Concentrations()
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Zinc Transp

If Not Initialized Then Initialize

nEg = (nX + 1) * nT

ReDim Mesh(l To nEgq, 1 To nEq) As Double, CnstTerm(l To nEq) As Double, cn(l To
nEq) As Double

' '*t*fvti*ttt*tt***tt****tittt*f***#***tt*ti******i**t*tt*tf*&***t*it

' * The following loop generates the concentration distribution mesh *
' t'*ftittif&t*t*i*titt**tt**ttt*tt*ttttt**t*tt*t*ttffi**ttt**&tt*tf*i
For Eqi = 1 To nEq
Ti (Eqi - 1) \ (nX + 1) + 1
Xi (Egqi - 1) Mod (nX + 1)

1cTX = Eqi ' or (Ti-1)*(nX+l)+Xi+1
i = (Ti - 2) * (X + 1) + Xi + 1
icTXm = (Ti - 1) * (nX + 1) + Xi

= (Ti - 1) * (nX + 1) + Xi + 2

CTX = -(2 / lambda X ~ 2 + n / lambda _T)
CT_1X = n / lambda T
CTX_1=1/ lambda_x "2+ psi / (2 * lambda X)
CTX 1 =1/ lambda X ~ 2 - psi / (2 * lambda X)
If EndCondition And LowSideSimple Then
CTXo = CTX + 2 * CTX_ 1
CTX__lo = psi / lambda X
ElseIf EndCondition And AnodeEnd Then
If UseMethod = thetameth Then
CTXo = CTX + theta * (1 / lambda X ~ 2 - psi / (2 * lambda X))
CTX__lo = CTX_ 1
Elself UseMethod alphameth Then
CTX_ _lo = CTX__1 + alpha * (1 / lambda X ~ 2 - psi / (2 * lambda X))

CTXo = CTX
End If
Else
CTXo = CTX
CTX__1o = 2 / lambda X ~ 2
End If

If EndCondition And HighSideSimple Then
CTXn = CTX + 2 * CTX_1
CTX_1In = -psi / lambda X

ElseIf EndCondition And CathodeEnd Then
If UseMethod = thetameth Then
CTXn = CTX + theta * (1 / lambda X *~ 2 + psi / (2 * lambda X))
CTX_ln = CTX_1
ElseIf UseMethod = alphameth Then
CTX_1n = CTX 1 + alpha * (1 / lambda_x ~2+psi/ (2 lambda X))
CTXo = CTX
End If
Else
CTXn = CTX
CTX_1ln = 2 / lambda X " 2
End If
Cnstl = -n * Co / lambda_T

If Ti = 1 Then
If Xi = 0 Then
For iXi =1 TonX - 1
If iXi <> Xi Then
JXi = (Ti - 1) * (nX + 1) + iXi + 1
Mesh(Eqi, jXi) = Mesh(Eqi, jXi} - 2 * CTXo
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End If
Next iXi
JjXi = (Ti - 1) * (nX + 1) + nX + 1
Mesh(Eqi, jXi) Mesh(Eqi, jXi) - CTXo

Mesh(Egi, icTXp) = Mesh(Eqi, icTXp) + CTX_lo
CnstTerm(icTX) = CnstTerm(icTX) + Cnstl - 2 * CTXo * Co / lambda X
ElseIf Xi = nX Then -
For iXi = 1 TonX - 1
If iXi <> Xi Then
JXi = (Ti - 1) * (nX + 1) + iXi + 1
Mesh (Eqi, jXi) = Mesh(Eqi, jXi) - 2 * CTXn
End If
Next iXi
jXi = (Ti - 1) * (nX + 1} + 1
Mesh(Egi, jXi) = Mesh(Eqi, jXi) - CTXn

Mesh (Eqi, icTX) = Mesh(Eqi, icTX) + CTXn
Mesh(Eqi, icTXm) Mesh (Eqi, icTXm) + CTX_ 1ln
CnstTerm(icTX) = CnstTerm(icTX) + Cnstl - 2 * CTXn * Co / lambda X

Else
For iXi = 1 TonX - 1
If iXi <> Xi Then
JXi = (Ti - 1) * (nX + 1) + iXi + 1
Mesh (Eqi, jXi) = Mesh(Eqi, jXi) - CTX
End If
Next iXi
JXi = (Ti - 1) * (nX + 1) + 0 + 1
Mesh(Egi, jXi) Mesh(Eqi, jXi) - 0.5 * CTX
jXi = (Ti - 1) (nX + 1) + nX + 1
Mesh(Eqi, jXi) Mesh(Eqi, jXi}) - 0.5 * CTX

* |l

Mesh(Eqi, icTX) Mesh (Eqi, icTX) + CTX
Mesh(Eqi, icTXm) Mesh(Eqi, icTXm) + CTX_1
Mesh (Eqi, icTXp) Mesh (Eqi, icTXp) + CTX_ 1
CnstTerm(icTX) = CnstTerm(icTX) + Cnstl - CTX * Co / lambda_X
End If
ElseIf Xi = 0 Then
For iXi = 1 To nX - 1
If iXi <> Xi Then
JXi = (Ti - 1) * (nX + 1) + iXi + 1
Mesh(Eqi, jXi) = Mesh(Eqi, jXi) - 2 * CTXo
End If
Next iXi
jXi = (Ti - 1) * (nX + 1) + nX + 1
Mesh(Eqi, jXi) = Mesh(Eqi, jXi) - CTXo

Mesh(Eqi, icTX) Mesh(Egi, icTX) + CTXo
Mesh(Eqi, icTXp) Mesh (Eqi, icTXp) + CTX__1lo
Mesh{Eqi, icTmX) Mesh (Eqi, icTmX) + CT_1X
CnstTerm (icTX} = CnstTerm(icTX) - 2 * CTXo * Co / lambda_ X

ElseIf Xi = nX Then
For iXi =1 TonX - 1

If iXi <> Xi Then
JjXi = (Ti - 1) * (nX + 1) + iXi + 1
Mesh (Eqi, jXi) = Mesh(Eqi, jXi) - 2 * CTXn
End If
Next iXi
JXi = (T1i - 1) * (nX + 1) + 0 + 1
Mesh(Eqi, jXi) = Mesh(Eqi, jXi) - CTXn
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' Mesh (Eqi, icTX) = Mesh(Eqi, icTX) + CTXn
Mesh(Eqi, icTXm) = Mesh (Eqi, icTXm) + CTX_ 1n
Mesh (Eqi, icTmX) = Mesh(Eqi, icTmX) + CT_1X
CnstTerm(icTX) = CnstTerm(icTX) - 2 * CTXn * Co / lambda X
Else .
For iXi = 1 To nX - 1
If iXi <> Xi Then
JXi = (Ti - 1) * (nX + 1) + iXi + 1
Mesh(Eqi, jXi) = Mesh(Eqi, jXi) - CTX
End If
Next iXi
JXi = (T1 - 1) * (nX + 1) + 0 + 1
Mesh(Eqi, jXi) = Mesh(Eqi, jXi) - 0.5 * CTX
JXi = (T1i - 1) * (nX + 1) + nX + 1
Mesh (Eqi, jXi) = Mesh(Eqgi, jXi) - 0.5 * CTX
' Mesh(Eqi, icTX) = Mesh(Eqgi, icTX) + CTX
Mesh(Eqi, icTXm) = Mesh(Eqi, icTXm) + CTX_1
Mesh(Eqi, icTXp) = Mesh(Eqi, icTXp) + CTX_ 1
Mesh (Eqi, icTmX) = Mesh(Eqi, icTmX) + CT_1X
CnstTerm(icTX) = CnstTerm(icTX) - CTX * Co / lambda X
End If

On Error Resume Next

Application.StatusBar
& "t Complete”

10)

On Error GoTo 0

Next Eqi

On Error Resume Next

Application.StatusBar

False

On Error GoTo O
Solve Mesh(), CnstTerm(), cn({()

Meshed = True
End Sub

Function Concentration(t, X) As Single
If Not Initialized Then
Initialize

End If

If Not Meshed Then
Generate_Concentrations

End If
Tc =t *Di/ L_"~2
Ti = Tc / lambda_T
Xi = CInt(nX * X)
If Ti < 1 Then
Concentration = Co
Else
Egqi = (Ti - 1) =+

ogram returns an array with initial index of 0.
m for future reference

Concentration

End If
End Function
Sub

Initialize

displayMesh ()
Dim i As Integer, j As Integer

Generate_Concentrations

Sheets.Add
For i
For j

LBound (Mesh,

1)
LBound (Mesh,

To UBound (Mesh,
2) To UBound (Mesh,

1)

"Setting up Equations: " & (Int(Eqi / nEg * 1000) /

(nX + 1) + Xi + 1 - 1 'The -1 is because the solving sub-pr

It is good to keep the previous for

2)
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ActiveCell.FormulaR1Cl = Str$(Mesh(i, j))
ActiveCell.Offset (0, 1l).Range("Rl").Select
Next j
ActiveCell.Offset (1, -nEq).Range("Al").Select
Next i
ActiveCell.Offset (-nEq, nEq + 1).Range("Al").Select
For i = LBound(CnstTerm) To UBound(CnstTerm)
ActiveCell.FormulaR1Cl = Str$ (CnstTerm(i))
ActiveCell.Offset (1, 0).Range("Al").Select
Next i
End Sub
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APPENDIX 2

ELECTRODE PERFORMANCES DURING
THE ELECTROKINETIC PROCESS

Fig. A2.1 Stainless steel porous disk before the experiment
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Fig. A2.2 Stainless steel porous disk after the experiment
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(a)

(b)'
ig. A2.3 Stainless steel drilled plate (a) before test (b) after the test



APPENDIX 3

SAMPLES OF CHEMICAL ANALYSIS ON SOLUTIONS OF

ANOLYTE, CATHOLYTE, AND PORE FLUID

Ottawa Carleton Geoscience Centre Geochemistry Laboratory
(- loop 562-5800 ext.6551Iab 562-5192 fax email jloop@oreo.uottawa ca)

Ref # LL9606
Name: NADER £ samples A: Anoiyte
Supervisor Dr. GARGA Sample Set C: Catholyte
Dept CIVENGuo
autocal-1 0.98 1.99 2 2 2.48 248 502
autocal-2 295 5.97 6 6 7.44 7.4 151
autocal-3 59 11.94 12 12 148 149 30.1
autocal-4 9.84 189 20 20 248 248 50.2
blank <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
cane 0.7 774 <0.1 <0.1 <0.1 1.8 <1
SAMPLE ID pH knductivi' F | C | NO2| Br | NO3 | HPO4| SO4
meter | meter DIONEX
mS m m m m m m m
n-2301 a 6.24 <l 33 <5 <1 185 <50 11
n-2302 a 425 <l 13 <5 <1 283 <50 97
n-2303 a 391 <1 9 <5 <1 492 <50 468
n-2304 a 3.75 <1 9 <5 <1 904 <50 582
n-2305 a 3.64 <l 8 <5 <1 659 <50 695
n-2301 c 325 <] 11 25 <1 1766 <50 1194
n-2302 c 3.47 <l <1 <5 <1 261 <50 929
n-2303 c 545 <1 5 <5 <] 283 <50 648
n-2304 c 5.26 <1 <1 <5 <1 232 <50 716
n-2305 c 6.21 <1 6 <5 <1 77 <50 473
n-230(0) 5.15 <l <l <5 <1 >3000 | <50 208
n-231 3.62 2 29 <5 <] >3000 | 486 2638
n-232 4.14 12 27 <5 <1 >3000 316 3073
n-233 498 <l 29 <5 <1 >3000 <50 3738
n-234 4.78 <] 19 <5 <] >3000 <50 3484
n-235 5.14 <1 22 <5 <1 >3000 <50 3535
n-236 522 <1 18 <5 <1 >3000 <50 3423




SAMPLE ID Al Ca Fe | K | Mg | Na Zn
ICP-AES
m m m m m m m
n-2301| a <20 52 <10 | <20 | <10 | <10 20
n-2302 a <20 <10 <10 40 <10 22 44
n2303] a <20 20 <10 20 <10 43 64
n-2304| a <20 22 <10 53 <10 53 73
n2305] a <20 | <10 | <10 21 <10 63 71
n2301] ¢ <20 | 122 | <10 41 <10 68 61
n-2302| ¢ <20 [ <10 | <10 62 <10 87 22
n-2303| ¢ <20 53 <10 77 <10 | 107 16
n-2304 | ¢ <20 79 <10 38 <10 | 158 19
n-2305| ¢ <20 19 14 49 <10 | 184 <5
n-230(0) 26 85 <10 48 <10 | <10 | 6492
n-231 25 184 | <10 28 23 | 1889 | 3810
n-232 <20 [ 171 | <10 28 30 | 2383 | 4143
n-233 <20 | 184 | <10 35 34 | 2689 | 4038
n-234 <20 | 168 | <10 30 34 | 2857 | 4112
n-235 <20 | 142 | <10 28 28 | 2645 | 3806
n-236 <20 | 192 | <10 | <20 28 [ 2550 | 3450




(9]
~

SAMPLE ID PH pnductivi F | CI | NO2 | Br | NO3 | HPO4 | SO4
meter | meter DIONEX
mS m m m m m m m
n-2401 a 7.36 <] 6 <5 <] 44 <50 280
n-2402 a 3.49 <] 15 <5 <1 1759 <50 599
n-2403 a 342 <t 9 <5 <1 >3000 <50 1202
n-2404 a 342 <] 11 <5 <] >3000 <50 1296
n-2405 a 344 <1 8 <5 <1 >3000 <50 1330
n-2406 a 1.10 <1 15 <5 <1 >3000 <50 1376
n-2407 a 1.28 <1 12 <5 <1 >3000 329 1192
n-2408 a 1.53 <] 12 <5 <] 2062 135 761
n-2401 c 5.89 <1 <1 <5 <] <5 <50 63
n-2402 c 11.30 <] <] <5 <] <5 <50 <10
n-2403 c 11.50 <1 <] <5 <] 18 <50 <10
n-2404 c 11.32 <] 13 <5 <] 46 <50 23
n-2405 c 11.06 <1 0 <5 <1 215 <50 51
n-2406 c 11.20 <1 7 <5 <] 153 <50 18
n-2407 c 11.65 <1 <] 16 <1 224 <50 27
n-2408 c 11.68 <1 7 <5 <] 47 <50 <10
n-240(0) 1.62 <l <1 <5 <] >3000 | <50 100
n-241 1.21 3 19 <5 <] >3000 <50 5025
n-242 1.32 9 19 <5 <1 >3000 | 2064 3111
n-243 1.38 10 21 <5 <1 >3000 | 2938 3572
n-244 1.51 6 21 <5 <1 >3000 | 3631 4700
n-245 1.82 10 17 <5 <1 >3000 | 3150 4371
n-246 1.78 9 <1 <5 <1 >3000 | 4033 | 3050




SAMPLE ID Al | Ca Fe | K | Mg | Na | za
ICP-AES
m m m m m m m
n2401 | a <20 | <10 | <10 25 <10 | <I0 9
n-2402 [ a <20 | <10 | 142 [ <0 | <10 | <10 10
n-2403 | a <20 | <10 | 342 24 <10 | <10 <5
n2404 | a <20 | <10 | 444 | <20 [ <10 | <10 <5
n-2405 | a <20 | <10 | 515 | <20 [ <10 | <10 <5
n-2406 | a <20 ] <10 | 7713 | <20 [ <10 | <10 <5
n-2407 | a <20 | <10 | 823 54 <10 | <I0 182
n-2408 | a <20 | 112 149 53 <10 | <10 41
n2401 | ¢ <20 ] <10 | <10 | <20 | <10 82 <5
n-2402 | ¢ <20 | <10 | <10 20 <10 | 1878 | <5
n-2403 [ ¢ <20 | <10 | <10 | <20 [ <10 | 2002 | <s
n2404 [ ¢ <20 | <10 | <10 46 <10 | 1810 | <5
n-2405| ¢ <20 | <10 | <10 75 <10 | 1842 | <5
n-2406 | ¢ <20 | <10 | <10 48 <10 | 1731 <5
n-2407| ¢ <20 | <10 | <10 54 <10 | 1552 | <5
n2408 | ¢ <20 | <10 | <10 49 <10 | 1257 | <5
n-240(0) <20 35 <10 | <20 | <10 | <i0 | 6789
n-241 <20 62 643 48 <10 77 545
n-242 <20 | 237 | 133 43 <10 157 | 1216
n-243 <20 | 189 106 62 <10 192 | 1653
n-244 <20 61 110 38 <10 173 | 2116
n-245 <20 55 65 <20 | <i0 104 | 2418
n-246 <20 | <10 22 43 <10 48 1606

194
[



SAMPLE ID PH nductivi F | C1 [ NO2 | Br | NO3 | HPO4 | SO4
meter | meter DIONEX
mS m m m m m m m
n-2801 c 2.24 0.01 <2 <10 <10 <10 <20 <100 <20
n-2802 c 2.29 3.90 <?2 <10 <10 <10 35 <100 <20
n-2803 c 2.83 0.91 45 <10 <10 <10 40 <100 <20
n-2804 c 3.15 1.94 135 <10 <10 <10 <20 <100 81
n-2805 c 3.21 2.42 176 <10 <10 <10 <20 <100 67
n-2806 c 3.28 4.85 220 <10 <10 <10 <20 <100 52
n-2807 c 3.32 291 233 <10 <10 <10 <20 <100 57
n-2808 c 345 345 249 <10 <10 <10 <20 <100 64
n-2809 c 3.50 3.49 248 <10 <10 <10 <20 <100 39
n-280 4.66 10.96 <2 <10 <10 <10 7553 <100 106
n-281 1.68 43.80 32 29 <10 <10 4867 <100 7520
n-282 1.95 18.13 80 <10 <10 <10 834 213 10624
n-283 2.27 432 <2 <10 <10 <10 <20 4736 1042
n-284 2.78 0.93 9 <10 <10 <10 <20 1126 <20
n-285 298 0.93 <2 <10 <10 <10 <20 553 <20
n-286 3.76 2.05 130 <10 <10 <10 <20 188 163
n-2801 a 4.20 0.05 5 <10 <10 <10 <20 193 61
n-2802 a 4.53 0.06 <2 <10 <10 <10 <20 44 98
n-2803 a 3.39 0.24 66 13 <10 <10 7553 <100 1940
n-2804 a 2.76 1.24 14 <10 <10 <10 990 <100 825
n-2805 a 2.63 2.37 <2 <10 <10 <10 242 <100 137
n-2806 a 2.73 3.51 10 <10 <10 <10 546 <100 79
n-2807 a 2.66 3.83 55 <10 <10 <10 1192 <100 295
n-2808 a 2.47 6.85 73 <10 <10 <10 1373 <100 445
n-2809 a 235 10.22 <2 <10 <10 <10 1666 <100 381




SAMPLE ID Al | Ca Fe | K | Mg [ Na | Za
ICP-AES
m m m m m m m
n-2801 | ¢ 1190 | 2701 40 35 S0 161 43
n-2802| ¢ 146 | 1399 | 27 167 | <10 29 16
n2803 [ ¢ 92 192 | <10 64 <10 | 218 13
n-2804 | ¢ 91 361 <10 24 <10 | s12 | 251
n-2805[ ¢ 83 219 | <10 | <20 | <10 | 581 315
n-2806 | ¢ 86 203 | <10 | <20 12 686 | 445
n-2807| ¢ 83 273 | <10 | <20 19 604 | 772
n-2808 [ ¢ 81 325 | <10 | <20 22 595 | 1190
n-2809 | ¢ 88 366 16 <20 25 565 | 1358
n-280 767 | 1802 | 24 <20 31 98 | 4861
n-281 162 | 198 | 4265 | <20 [ <10 19 89
n-282 192 | 169 [ 2159 | <20 | <i0 19 86
n-283 133 186 59 81 <10 | <10 54
n-284 106 [ 169 14 <20 [ <10 | <10 16
n-285 124 | 195 25 <20 | <10 | <10 14
n-286 303 177 34 <20 | <10 10 565
n-2801| a 99 265 | <10 | <20 | <10 | <10 32
n-2802 ] a 637 | 1548 15 <20 25 77 25
n-2803 [ a 95 211 <10 | <0 | <10 | <10 23
n-2804 | a 84 209 37 <20 | <10 [ <10 26
n-2805( a 89 229 101 | <20 | <10 [ <10 31
n-2806 | a 207 | 226 187 42 95 243 89
n-2807 [ a 94 223 175 | <20 | <10 47 83
n-2808 | a 100 | 1028 | 288 23 <10 35 57
n-2809 | a 90 1399 | 532 56 <10 35 79
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