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bstract

A bioreactor landfill is designed to manage municipal solid waste, through accelerated waste biodegradation, and stabilisation of the process by
eans of the controlled addition of liquid, i.e. leachate recirculation. The measurement of electrical resistivity by Electrical Resistivity Tomography

ERT) allows to monitor water content present in the bioreactors. Variations in electrical resistivity are linked to variations in moisture content and
emperature. In order to overcome this ambiguity, two laboratory experiments were carried out to establish a relationship between temperature and
lectrical conductivity: the first set of measurements was made for leachate alone, whereas the second set was made with two different granular
edia saturated with leachate. Both experiments confirm a well known increase in conductivity of about 2% ◦C−1. However, higher suspended
atter concentrations lead to a lower dependence of electrical conductivity on temperature. Furthermore, for various porous media saturated with
n identical leachate, the higher the specific surface of the granular matrix, the lower the effective bulk electrical conductivity. These observations
how that a correct understanding of the electrical properties of liquids requires the nature and (in particular) the size of the electrical charge carriers
o be taken into account.

2006 Elsevier B.V. All rights reserved.
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. Introduction—theory

Municipal solid waste (MSW) contains various elements
degradable waste, glass, paper, plastic, cardboard, metal, etc.)
hich, taken individually, are in general not very hazardous

or the environment. However, the leaching of MSW produces
very highly concentrated leachate of ions and suspended
atter.
Waste management techniques using landfills are now trying

o accelerate the waste biodegradation process and to decrease

aste stabilisation times. In addition, such processes should

imit potential threats to the environment. This type of man-
gement approach is applied to bioreactors.
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rical Resistivity Tomography

A bioreactor relies on a process in which waste biodegra-
ation and stabilisation are accelerated through the controlled
ddition of liquids, i.e. using leachate recirculation through ver-
ical boreholes or horizontal trenches. The increase in moisture
ontent enhances the growth of bacteria responsible for solid
aste decomposition [1]. Furthermore, as the biogas production

s enhanced during landfill operations the economical viabil-
ty of this alternative energy resource can be improved. Several
esearch programs were conducted or are being developed, with
he aim to monitor bioreactor landfill sites [2]. As an example,
ne of the current concerns of these programs is the need to con-
rol the quantity and diffusion of injected leachate, in order to
btain homogeneous and optimal moisture content throughout
he whole waste mass of the bioreactor cell.

Leachate recirculation can be monitored by various geo-
hysical methods. One of these, referred to as “Electrical

esistivity Tomography” (ERT), has proved to be effective in
onitoring variations in electrical resistivity ρ within a biore-

ctor during leachate re-circulation [3–5]. Variations in elec-
rical resistivity are linked to variations in moisture content
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mailto:nathalie.skhiri@veolia.com
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undisturbed and prevented leachate degradation of the sensor.

The protocol and measurements were controlled by a com-
puter, and the temperature T, voltage drop �V (V), and current
I (A) recorded every minute. The electrical resistance R (�) is

Table 1
Main characteristics of the two studied leachates

Leachate L1 (mg/l) Leachate L2 (mg/l)

SS 230 180
[Ca] 57 44
[K] 1220 310
S. Grellier et al. / Journal of Haza

: the higher the moisture content, the lower the electrical
esistivity.

Electrical resistivity also depends on other parameters, such
s temperature T, clay content CC, ionic content σw (S/m), resis-
ivity of the solid phase ρs (� m), particle size distribution [6],
ermeability k (m/s), porosity Φ (%), and pressure p (Pa) [7].
hese influences can be summarised by a general equation:

= f (T, θ, σw, CC, . . .) (1)

It is well known that an increase in temperature leads to
decrease in electrical resistivity. In the case of bioreactor
anagement, injected leachate may have a much lower tem-

erature than the waste deposit mass, the latter being influenced
y exothermic biodegradation reactions. As a consequence, the
xpected decrease in resistivity due to an increase in moisture
ontent can be masked by the opposite effect resulting from the
ower temperature of the additional moisture.

In the study reported here, two approaches were used to
tudy these effects: firstly, waste temperature variations were
onitored using sensors placed inside the bioreactor; secondly,

aboratory experiments were undertaken to establish the rela-
ionships between resistivity and temperature of the leachate liq-
ids. The relationship between leachate conductivity σw (S/m)
nd temperature T can be written as:

1

ρw
= σw = g(T ) (2)

This imposes a constraint on the general expression for resis-
ivity given in (1). Archie’s law is an experimental relationship
inking the formation factor F, i.e. the ratio between bulk effec-
ive resistivity ρb and liquid resistivity ρw, to the influences of
orosity and saturation:

= ρb

ρw
= a · φ−m · S−n (3)

here F is the so called “formation factor”, ρb the bulk effective
esistivity (� m), ρw the resistivity of the liquid filling the pores
� m), a an empirically derived constant ranging between 0.5
nd 2.5 which depends on lithology (a < 1 for rocks with inter-
ranular porosity and a > 1 for rocks with fractured porosity),
is the porosity (volume fraction of the pores, %), S the frac-

ion of pore space filled by the liquid (saturation, %), m, also
nown as the cementation factor, an empirically derived expo-
ent ranging between 1.3 and 2.5, and n is an empirically derived
xponent, which is also known as the tortuosity or connectivity
actor (n ≈ 2 for almost all formations with saturation ranging
etween 0.2 and 1).

For a saturated medium, Archie’s law simplifies to:

ρb

ρw
= a · φ−m (4)

This law was established for oil reservoirs, corresponding
ainly to shales, sandstones, or unconsolidated sands. Archie’s
aw is thus appropriate to the laboratory experiments presented
ere, where the solid matrix corresponds to calibrated sand
rains or glass balls. It should however be noted that the use of
xpression (3) to calculate the waste saturation, in cases where

[
[
[
[
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here is a strong presence of clay minerals and/or metallic con-
uctors, still has to be validated and/or adapted.

. Methodology

.1. Protocol

In the following, two different leachates [8] are analysed. The
amples were taken from two French bioreactors, located in the
ura (L1) and Vendée (L2) regions, respectively. Table 1 presents
he main geochemical characteristics of the two leachates: the
oncentrations of suspended matter and major ions are much
igher in L1 than in L2. The calculation using Schlumberger
ndexes shows that the equivalent NaCl concentration for L1 is
.6 higher than that for L2.

The following two experiments were carried out:

Experiment I: electrical conductivity was measured as a func-
tion of temperature for the leachates L1 and L2 alone (liquid
phase).
Experiment II: electrical conductivity was measured as a func-
tion of temperature for two granular media saturated with
leachate L2: 160 �m sand grains (Fontainebleau sand) and
1 mm glass balls.

A special incubator and resistivity-meter were used to control
he temperature and resistivity of the samples. A 250 ml sample
f leachate is analysed in a cell equipped with four electrodes
1, C2, P1, and P2. The difference in electrical potential (�V)
etween P1 and P2 is measured during the injection of a con-
rolled current (I) between electrodes C1 and C2.

The sample temperature was then progressively increased
rom 30 ◦C to 80 ◦C (corresponding to the expected range of
emperatures in bioreactor waste) over a period of 45 h. The
ample temperature was then maintained at 80 ◦C for a period of
h, before being cooled down to 30 ◦C (Fig. 1). The cool-down

o room temperature took 12 h. This protocol was repeated twice
or the leachates alone and once for sands saturated with L2.

In order to accurately monitor the temperature variations, a
metallic) sensor was placed inside a second identical cell filled
ith 250 ml of water, which was then immersed in the sample.
his approach ensured that the electrical measurements were
Mg] 100 80
Na] 1000 430
Cl] 1700 620
NaCl] equivalent 4065 1561
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The conductivity σw of each sample was measured with
a conductivity-meter (Knick Konduktometer 703) at the same
temperature.
ig. 1. Temperature excursions during the experiments. Temperatures are given
n degree Celsius and time in hours.

alculated as:

= �V

I
(5)

This protocol allows the electrical behaviour of the leachate
o be studied as a function of temperature, during the differ-
nt phases of leachate recirculation: a rise in temperature when
eachate is injected into the waste, and a drop in temperature
hen leachate is held in a storage pond, separate from the waste,
efore being recirculated.

Notes: The repeatability of the measurements was checked
uring a 50 h test of L1 at 30 ◦C. The dispersion in the val-
es of electrical conductivity and temperature was found to
e, respectively, 0.18% and 0.32%. These values are quite low,
n comparison with the uncertainty of field resistivity-meters,
hich is usually about 2%.
As both leachates contain large quantities of suspended mat-

er (about 200 mg/l) which with time could settle to the bottom
f the cell, a Teflon-coated agitator was used to ensure ade-
uate mixing of the leachate in the cell during conductivity
easurements. The agitator was turned slowly enough to avoid

istortion of the leachate surface, but fast enough to maintain a
omogeneous medium. The measured electrical resistivity of a
omogeneous liquid was found to vary by 0.12% when made
ith or without an agitator. As these variations are similar to

he overall measurement uncertainties they can be considered
o be non significant. It can thus be concluded that the use of
n agitator, to ensure a homogeneous distribution of suspended
atter in the leachate, does not interfere with the electrical mea-

urements. The L1 conductivity measured in the presence of the
gitator is 1.89% higher than that measured without the agitator.

his difference, a decade higher than the level of measurement
ncertainties, is of significance. It shows that the layering of
eachate, resulting from sedimentation of the suspended matter
t the bottom of the cell, has an influence on electrical conduc-
ivity measurements.

F
c
t
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.2. Determination of the geometric coefficient

Electrical conductivity is a physical quantity such that a geo-
etric coefficient K (m) is needed to derive it from the measured

onductance. This coefficient depends only on the position of
he electrodes used to measure the resistance (or its inverse, the
onductance), and on the shape of the measured sample. The
elationship between the measured properties and the conduc-
ivity is:

1

σ
= K

�V

I
(6)

here σ is the electrical conductivity of the medium (S/m), K
he geometric coefficient (m), I the injected current (A), and �V
s the measured difference in electric potential (V).

Weidelt and Weller [9] established the following equation to
alculate K for a cylindrical conductor of finite length L:

a

K
= f (β − α) − 2f (β) + f (β + α) (7)

here a is the radius of the cylindrical sample (m), α the angle
etween each dipole, and β is the angle between the centres of
ach dipole, and

(ε) = a

π · L
· log

1

sin(ε/2)
(8)

here a is the radius of the cylindrical sample (m), L the length
f the cylinder sample (m), and ε is the corresponding angle.

In the present case (Fig. 2), a = 0.0375 m, L = 0.0566 m,
= 90◦, and β = 180◦, leading to K = 0.2500 m.
K can also be determined experimentally, using solutions of

arious concentrations. In the study reported here, KCl solutions
re used: a normal solution N (74.55 g/L), diluted solutions N/10
nd N/100. The resistances R of these three solutions were mea-
ured in the cell at room temperature (Table 2).
ig. 2. Scheme of the dipole array for Weidelt method. C1 and C2 represent the
urrent electrodes, and P1 and P2 the potential electrodes. α is the angle between
he dipoles, and β the angle between the centers of each dipole.
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Table 2
Experimental values for the geometric coefficient K

KCl solution Resistance, R (�) Conductivity, σ (�S/cm) K (m)

N 0.366 107.4 0.254
N
N
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/10 3.09 12.7 0.255
/100 27.87 1.375 0.261

From expression (6), the geometric coefficient can be calcu-
ated as:

= 1

R · σw
(9)

The arithmetic mean of the experimental geometric coeffi-
ient (Table 2) (K = 0.257 m) lies within 0.28% of the theoretical
alue.

. Results and discussion

The results of experiment I are presented in Fig. 3, where the
tted straight lines have a linear form:

e = a · T + b (10)
The corresponding coefficients a and b are given in Table 3.
he coefficient of determination r2 is also presented. This is

ig. 3. Conductivity vs. temperature T for L1 and L2. Two experiments have
een carried out for each leachate (L1 and L2), that means two temperature
ncreases. Conductivities are given in �S/cm and temperature in degree Celsius.

able 3
inear fit coefficients for σe expressed as a function of T, for L1 and L2

a b r2 a/(aTs + b)

1 24.3 604.6 0.9997 2.00
24.0 600.8 0.9996 2.00

2 8.7 145.8 0.9995 2.39
8.7 150.8 0.9996 2.36
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alculated from:

2 = 1 −
∑

(σe − σm)2

∑
(σm − σ̄m)2 (11)

here σe is the estimated electrical conductivity (S/m), σm the
easured electrical conductivity (S/m), and σm is the arithmeti-

al mean of the measured electrical conductivities (S/m).
It can be seen that very similar values are found, in the case

f both leachates, for the coefficients a and b. The experiment is
eproducible and reversible. In other words, the electrical proper-
ies of the leachates are not influenced by heating/cooling cycles.
he difference in conductivity between the two leachates at a
iven temperature is consistent with the differences in ionic con-
entration. L1 has a higher ionic concentration than L2, and a
orrespondingly higher electrical conductivity.

The increase of conductivity (�σ) with respect to a standard
eference temperature Ts is given by

σ = g(Ts + T ) − g(Ts)

g(Ts) · (T − Ts)
= a

a · Ts + b
(12)

Electrical conductivities are usually corrected with respect
o a standard temperature of 25 ◦C [10]. Using Eq. (12),
he expected increases in σ are, respectively, 2.0% ◦C−1 and
.4% ◦C−1, for L1 and for L2 (Table 3). Such increases are sim-
lar to the classical 2% increase per degree Celsius given by log
ables or Schlumberger Tables [11].

The disparity in electrical conductivity between the two
eachates is a consequence of differences in their composition.
he equivalent NaCl and suspended solids (SS) concentrations

n L1 are, respectively, 2.6× and 1.3× higher than in L2. As L1
xhibits a slower response to temperature increase than L2, it is
ikely that the quantity of charge carriers adsorbed onto the SS
urface is much higher in L1 than in L2. Indeed, an increase in
emperature may have less influence on the movement of charged
uspended solid particles than on the movement of ions in the
ame solution.

The results of experiment II are presented in Fig. 4.
The fitted curves have a linear form (10) whose coefficients

re presented in Table 4.
From expression (12) the expected increase in electrical con-

uctivity is 2.4% ◦C−1, for both saturated solid matrixes. It
ppears that this relationship is the same as that calculated for
2 alone. In conclusion, these solid matrixes do not have any
ignificant influence on the electrical conductivity. This shows
hat normalisation of electrical conductivity as a function of tem-
erature is a valid approach for any type of saturated, inert solid

atrix.
The porosities of the two matrixes are, respectively, 39.9%

nd 40.4%, for fine sand (160 �m grains) and glass balls (1 mm
n diameter). Despite negligible differences in porosity, a clear

able 4
oefficients of adjusted curves for fine sand and glass balls saturated with L2

a b r2 a/(aTs + b)

ine sand 2.22 35.29 0.9989 2.44
lass balls 2.55 42.00 0.9953 2.41
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ig. 4. Conductivity of two two-phase media (L2 and sand; L2 and glass balls)
s a function of temperature. One experiment has been carried out for each
ample. Conductivities are given in �S/cm and temperature in degree Celsius.

ifference is found between the effective bulk conductivities of
he two saturated matrixes. For example, at 40 ◦C the electri-
al conductivities are 124 �S/cm and 144 �S/cm, respectively,
or fine sand and glass balls. With the grains approximated to
pheres of equal density (2.65) and solid matrix masses of,
espectively, 398 g and 411 g for the fine sand and glass balls,
heir corresponding equivalent surface areas can be calculated
s approximately 5.6 m2 and 0.93 m2. It thus appears that the
ighest measured conductivity corresponds to the solid matrix
ith the smallest surface area. The differences in observed con-
uctivities can thus be explained by interactions between the
harge carriers and the surface area of the solid matrix.

Moreover, from Eq. (4) it follows that:

= log(σb) − log(σw) + log(a)

log(Φ)
(13)

For fine sand at T = 40 ◦C, σb = 124 �S/cm, σw = 496 �S/cm,
nd Φ = 39.9%. The value of “a” being estimated at 0.8 (medium
ith an intergranular porosity), expression (13) leads to a value
f m = 1.75. This is consistent with values found in the litera-
ure [12–14]. At T = 40 ◦C for the glass balls, σb = 144 �S/cm,
w = 496 �S/cm, and Φ = 40.4%, leading to value of m = 1.61

rom expression (13). The parameter “m”, known as the “cemen-
ation factor”, appears to be significantly higher for fine sand
han for glass balls. For the matrixes concerned by the present
tudy, differences in the cementation factor may correspond to
he fixation of suspended matter and/or ions onto solid surfaces.
n other words, some electrical charge carriers are trapped by the
olid surfaces. The measured difference in effective bulk con-
uctivity is thus consistent with the difference in solid surface
rea between the two samples.
Furthermore, the diameter of the pores between the fine sand
rains is much smaller than that between the glass balls, such
hat the movement of charged suspended matter in the presence
f an electric field is more limited in a sample containing fine
s Materials B137 (2006) 612–617

and than in a sample filled with glass balls. The latter results
larify the influence suspended matter may have in the electrical
roperties of leachates.

. Conclusions and outlook

Both experiments show a classical conductivity increase of
bout 2% ◦C−1. The influence of suspended matter on electrical
onductivity is also pointed out. The higher the suspended matter
oncentration, the lower the dependence of electrical conductiv-
ty on temperature. Furthermore, for porous media saturated with
he same leachate, the higher the specific surface of the granular

atrix, the lower the effective bulk electrical conductivity. This
hows that a full understanding of the electrical properties of
iquids must take into consideration the interaction of electrical
harge carriers with the surface properties of the solid phase.

As Archie’s law and the Schlumberger Tables were empiri-
ally established for media with low-charged liquids, it was not
bvious that leachate-saturated media could also be described
y these relationships.

The experiments described here are not exhaustive, as only
wo leachate samples have been studied. The results are never-
heless very promising because they correspond to general laws.

Although the influence of temperature on leachate conduc-
ivity has now been determined for the studied media, in order to
se ERT on MSW to measure its water content, the influence of
ther parameters (water content, particle size distribution, per-
eability, pressure, etc.) on electrical properties also needs to

e studied.
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