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ABSTRACT
Microwave Treatment of Hazardous Waste:

Feasibility Studies - Mass Balance

by
Liu Liu

This 1laboratory has been developing processes for the
remediation of soils contaminated with hazardous wastes
using microwave treatment. The initial stage was to
define situations in which microwave treatment could
potentially have unique advantages, and to define the
relevant physical chemical mechanisms. That having been
accomplished, at the present stage, feasibility studies
are being carried to determine whether or not on-site
field testing is justified. To that end, mass balances on
the processes are needed. In this study mass balance
studies were carried out on the microwave assisted steam
distillation of volatile organic chemicals (VOCs) and
semi-volatile organics (SVOCs), respectively, from

substrates.

The substrates studied were sand, <c¢lay, humus, clay
containing-magnetite, and soil, respectively. These
substrates were 1impregnated with naphthalene. The

naphthalene concentration in the substrate was 2000 ppm:



taking into account the sample size, the total amount of

naphthalene was 0.1 gram.

It was assumed that the naphthalene, after treatment,
would be in three possible states: a. In the substrate,
and recoverable by extraction; b. Volatilized. <c¢. In the
substrate, but not extractable. For the first state, the
substrate was subjected to Soxhlet extraction; for the
second, the gases were trapped in methanol-containing wash
bottles situated outside the microwave cavity; and for the
potential non-extractables, the substrates were
investigated by DRIFT (Diffuse Reflectance Fourier

Transform Spectroscopy).

It was found that approximately 85% of the naphthalene
could be accounted for by extraction and trapping: no
evidence for non-extractables in the substrates was found
by DRIFT. Since the sample size was only 0.1 gram, the
unaccounted material was approximately 0.015 grams. That
amount could have easily been lost due to absorption on
the tubes from the reaction vessel to the wash bottles or
by diffusion through connections. It is concluded that
mass balances can be carried out on this system in the

manner developed in this study.
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CHAPTER 1. INTRODUCTION

There 1is a need for alternative treatments for the
remediation of hazardous waste contaminated soil. The
method that is generally recommended by the US EPA on
Superfund sites is incineration, but that recommendation
is usually resisted by the local community(1l), therefore,

resulting in the call for alternate technologies (2).

An alternate technology which has been under development
in this 1laboratory is microwave treatment of soils
contaminated with hazardous wastes. The wastes that have
been studied are volatile organics, non-volatile organics,
and heavy metals. The program is divided into three
stages. 1In the first stage, approaches which optimize the
advantages of microwave treatment have been sought, and
the underlying mechanisms, chemical and physical, have
been studied. The second stage involves determining the
feasibility of the treatment processes: capital costs,
operating costs, and operating conditions. The third
stage entails going to a Superfund site and demonstrating
how the system works under actual field conditions. The
status of each of these stages will now be addressed.

The first stage involves the finding of appropriate

strategems for the use of microwave treatment and defining



the underlying chemical and physical mechanisms. For
volatile organics and semivolatiles, the approach used is
steam distillation. This is a non-destructive way of
separating organics from a non-volatile substrate,
utilized as a unit operation in the chemical industry for
decades. It is based upon the principle that the vapor
pressures of water and immiscible organics are additive,
thus boiling will occur at a temperature below 1000 ¢,
assuming that the ambient pressure is 1 atm., effecting
mass transfer of the organic in proportion to its vapor
pressure. Since water is a strong absorber of microwave
energy, the formation of the steam is effected directly by
the incident radiation. This is not the case with a
rotary kiln incinerator. Heating of the soil is effected
by hot gas. Thus there is a temperature gradient set up
in the soil, that will cause the water to diffuse into the
gas stream rather than to boil. This is a non-destructive
process, and the volatiles, in principle at 1least, are
recoverable. For the non-volatile organics, a different
process is postulated. Soil consists of aggregates which
contain humus, clay, etc. bound together by adhesion and
cohesion water. The spilled hydrophobic organic forms
multilayers, held together by weak Van der Waal’s forces
on the surfaces of the so0il aggregates. Because the
forces are relatively weak, the organics are mobile.

Microwave radiation effects the removal of the water, thus



unimolecular layer adsorption can take place. The humus
is a microwave absorber and it will react with the
organics to form new species which are not 1leachable:
"chemical fixation" takes place. This model is based upon
microwave treamtment studies and Fourier Transform Infra
Red (FTIR) studies on surface interactions of the organic
with c¢lay and humus using DRIFT cells. For metal
contaminated soil, the appropriate model is a soil which
contains a strongly microwave absorbing mineral which can
interact with the heavy metal to form a new mineral which
is non-hazardous. Thus in studies on hematite-containing
soils impregnated with chromates it was shown by a
combination of X-ray spectroscopy, scanning electron
spectroscopy, and x-ray image spectroscopy that microwave
heating effects the formation of a new chromium containing

mineral, namely, chromite, which is non-hazardous.

The presentations and publications from this laboratory on

the above-described work is presented in Appendix II.

The second stage 1is the feasibilty investigations:
operating costs, capital costs, and operating conditions.
These studies are being carried out in our pilot plant.
The pilot plant was fabricated by the Raytheon Corporation
of Waltham, MA. It consists of 50 cubic foot cavity,

powered by 8 magnetrons situated above a conveyor belt.



The total rated power is 6 kW, which can be doubled by
adding a similar array of magnetrons below the conveyor
belt. These studies are now in progress and it is too
early to draw any conclusions. Initial investigations are
being carried out on the process for the removal of

volatile and semivolatile organics.

The third stage involves going to a Superfund site and
determining under actual conditions the operations of the
system. This stage will be carried out in cooperation the
Raytheon Corporation. A 50 kW microwave dJenerator
operating at 915 MHz will be used. The depth of
penetration increases as the wavelength of the incident
radiation increases. 1In contrast to the 2450 MHz hitherto
used, the depth of penetration should increase by
approximately a factor of three. Such units are available
only at high powers, therefore, it could not be used
previously. This stage is basically now at the planning

stage.

The purpose of the studies in this thesis is to carry out
mass balance studies. Specifically, on the steanm
distillation process. Mass balances are necessary to
characterize the process. Such studies carried out to-
date have been of a tenuous nature. It is assumed that

there are three routes for the organic: volatilization in



the gas phase; in the soil, and extractable; in the soil,
but not extractable. In a previous study(Gu’s MS Thesis,
Appendix II), the volatiles were adsorbed on granulated

activated charcoal (GAC)



CHAPTER 2. THE INTERACTION OF

MATERIALS WITH MICROWAVES

Microwaves fall into the <class of phemomena called
electromagnetic radiation. Electromagnetic radiation can
be defined as phenomena that obey Maxwell equations
(3,4). The basic thrust of each of these equations will
be discussed in non-mathematical ternms. The first
equation deals with a non-moving static charge. If a
sphere is placed around the charge, the sum of the
electric fields around the surface is equal to the
magnitude of the enclosed charge. That is, the electric
field associated with the electrical charge appears in
its entirety on the surface of the sphere. The second
equation deals with a magnetic dipole enclosed in a
sphere. In contrast to the case with the electric charge,
there is no magnetic field on the surface of the sphere.
This is because the fields of the dipole are opposite to
each other in magnitude and direction and thus will cancel
each other on the surface. This equation is based upon
the assumption that monopoles do not exist. The source of
electric fields 1is electric charges; the source of
magnetic fields 1is dipoles. The third and fourth
equations deal with time-varying electric and magnetic

fields. According to the third equation, a time-varying



magnetic field produces an elcetrical field in an
imaginary loop placed about the magnetic field. The
fourth equation states that a time-varying electric field
and current produce a magnetic field in an imaginary loop
situated around the electric field and the electric
current. It follows that since a time-varying electric
field produces a time-varying magnetic field and vice
versa, a wave is propagated that is self-sustaining. A
wave that propagates in a sinusoidal form is referred to
as electromagnetic radiation. That means that the time
variable can be replaced by a phase variable, for

situations in which wave propagation is not important.

The hardware to effect microwave treatment can be
classified as follows: the microwave generator; the way
the power is delivered to the applicator; the nature of
the applicator; the load; the way in which microwave
leakage 1is prevented. These will now be discussed

sequentially.

The function of the microwave generator is to take 60 Hz

line power, and increase it to 2450 MHz, with a minimal

loss of power. The power source is a vacuum electric
tube. For low power, the tube is a magnetron; for high
power, a klystron. The principle of the magnetron is

that electrons emitted from a filament are confined to a



circular path by a perpendicular magnetic field. A
surrounding circular anodic field contains vanes which are
distributed radially. Fields set up in the vanes cause
the electrons to bunch up in spokes, the number of spokes
are 1/2 the number of vanes. The vane of the electron
bunch approaches a spoke which is negatively charged;
repulsion occurs and also, RF field energy is gained by
the anode. In contrast, in the klystron the elecrons move
linearly through the field of spokes. While the magnetron
is more efficient, the klystron is needed when the power
output is above 100 kW. Also, the klystron is longer
lived because in the magnetron the elecron density is
built up by the bombardment of emitted electrons on the
filament: the resulting heating shortens the 1life of the

filament and the tube.

Microwave power is transmitted in several ways: antennas;
two-conductor transmission lines (coaxial line, twin-lead
line, and microstrip line); waveguides (5). An antenna
directs the radiant electromagnetic radiation from an
oscillating LC resonating circuit into space by means of
two relatively large conductors which tap into the circuit
and are in the same axis (the dipolor antenna). For 60
cycle transmission a single wire conductor can be used,
but not at 2450 MHz. The basic mode of operation (field

configuration) in two conductor transmission lines is TEM



transverse electromagnetic radiation): all electric and
magnetic field <configurations are transverse to the
direction of propagation along the 1line. The electric
fields radiate; the magnetic field are circular about the
direction of propagation. The shortcoming of two-
conductor transmission lines is that energy losses are
high. A waveguide consists of a hollow metallic duct, the
dimensions of which will insure that only one mode is
transmitted. Power losses are relatively low if there is
no discontinuity which the characteristic impedance of the
mode. Such a change in the impedance causes reflections
and standing waves. The reflections cause the fringing RF
fields in the magnetron to change which can cause the
electron cloud to radiate; the standing waves will stop
the propagation of the microwaves. Unlike two-conductor
transmission lines, one of the field must be axial

direction.

The applicator is where the power is delivered to the
load. The load is the material to be treated. There are
three major types of applicators: travelling wave;
resonant; multimode. In the travelling wave applicator
the laod is treated in the waveguide. Given the mode, it
is possible to cut slots in the waveguide which do not
disturb the eddy currents on the surface of the waveguide,

and through which a load can be continuously be passed.
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After passing through the region in which the 1load is
located, the radiation is "dumped" into a water load. The
laod must be small both in dimensions and a low absorber.
It has to be small because one of the slot dimensions
can’t be greater than a quarter of a wavelength,
otherwise, leakage of radiation will occur. The power
absorption must be low because if absorption is too great,

the mode will change.

In a resonant applicator, one end of the waveguide is
shorted by a metal plate causing the wave to be reflected.
In turn, there is another reflecting plate whcih cut to
allow the incoming wave to enter, which reflects the
reflected wave. If the distance between the reflectors is
an integral number of wavelengths, then a standing wave
occurs. the amplitude of the standing wave increases with
reflection, thus, relatively high power can be delivered
to a properly situated from a relatively 1low power
microwave generator. Again the shortcoming is that the
load has to be small. In the multimode applicator, the
load is in a cavity which is external to the waveguide.
In that cavity the aim is to have a uniform distribution
of energy. That means no distinct modes. Hence the need
for as many modes as possible. This can be effected by
stirring the incoming radiation (mode stirrer), roatating

the load in the cavity, distributing the magnetrons with
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baffles to distribute the directions of the waves, and by

using a large cavity.

Unlike thermal heating, the load has to be considered as
an element in the system because of the fact that its
nature affects the operation of the elements in the
system. The impact of the 1load on traveling wave
applicators and resonant applicators was pointed out
above. In the multimode applicator, if the load does not
absorb strongly, reflections can cause damage to the
magnetron in the way discussed previously. Furthermore,
the load is of the size of the incident wavelength. This
leads to diffraction effects, bending of the wave around a
load. The load affects the distribution of fields in the
cavity. That distribution if established in the absence
of a load can not be extrapolated to the situation when a
load is present. An effect common to all applicators is
when the load has sharp edges and electric charges so that
the electrical fields are concentrated about that sharp
edge. When this occurs, ions in the gas stream towards
the field, causing ionization of air molecules by
collision; the cascading effect results in an arc. Arcs
are undesirable because waves are reflected back to the
magnetron, combustion can be initiated if combustible
gases are present within the flammability 1limits, and

because they can cause holes in the applicator. On the
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other hand, continuous arcs, that is, plasmas, have been

used to destroy volatile toxic gases (6).

Sources of possible leakage are: a door and the window
which it contains to look into the cavity; the apertures
through which the conveyor belt moves; ports for the
thermocouples drilled into the cavity; the ducts for the
entrance and exiting of forced convection air. The basic
units used for preventing leakage are apertures which have
a dimension less than a 1/4 of a wavelength; microwave
absorbing materials; and shorting stubs. In the shorting
stubs incoming radiation is reflected after travelling 1/4
of a wavelength. When it is reflected back to the entrance

it has traveled a total of a half a wavelength. Thus it

is 1800 out of phase with the incoming radiation. This
causes annhilation of the wave by destructive
interference. The aperture size can be greater than 1/4

of a wavelength if the other means of preventing leakage
just described are combined with aperture. Thus if
continuous operation were sought using a conveyor belt, if
the only means for preventing leakage were the aperture,
than the height of the material to be processed would be
limited to 1/4 of a wavelength. But in practice, a tunnel
is constructed both before and after the cavity through
which the material passes on the conveyor belt. The size

of the aperture depends to a large extent on the array of
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stubs and absorbing materials within the tunnel. In
semicontinuous operation, the limits do not exist: the
material 1is conveyed into a chamber; that chamber is
sealed so that there can be no microwave leakage; then the

material is conveyed into the cavity.

This thesis is limited to the applicability of microwave
radiation to the effecting of the remediation of hazardous
wastes. Other | uses, some commercial and others

potentially commercial, will now be discussed.

In the agri-food sector(7): sterilization, pasteurization,
and cooking; also, the (tempering) thawing of frozen

products.

In the rubber industry(7): vulcanization (cross-linking)
of rubbers; addition polymerizations which involve the
elimination of molecules which are strong mnicrowave
absorbers; regeneration of spent rubber to effect

recycling.

In the chemical industry(7): drying of pharmaceuticals;
polymerization of resins or glues; catalytic reactions;
rearrangements on microwave absorbing clay substrates like

Ca Montmorrillonite.
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In the textile industry(7): drying; the setting of dyes.

In the wood industry(7): curing; drying-assist;

laminating.

In the surface treatment industry(7): microwave plasmas

for etching.

In the champagne industry(7): softening of corks.

In the ethanol industry(8): cooking of cassava roots as

part of the production of ethanol.

In the ceramics industry(9): sintering to form ceramics;

drying of ceramic products.

Also, as sensors and controllers(7): temperature, in
contrast to infrared thermography, microwave provides a
larger depth of ©penetration; dielectric constants;

moisture; density.

To treat radioactive wastes: for calcination of the wastes

(10) ; for reducing the volume of the waste (11).

To treat household wastes: a home incinerator(12).



To detoxify volatile

reactor(13).

hazardous

wastes:
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CHAPTER 3. EXPERIMENTAL SECTION: OVERVIEW

3.1 INTRODUCTION
This Experimental Section covers the following aspects of
carrying out the experiments: the setup; instruments;
materials. Note that in each chapter there will be an
additional experimental section, related to the specifics

of the studies carried out. B

3.2 EXPERIMENTAL SETUP
The experimental setup used in the whole experimental

process is shown in the Figure 3.1.

3.3 EXPERIMENTAL INSTRUMENTS
3.3.1 Microwave Oven: SHARP, Carousel # II
The microwave treatment was conducted in a modified

domestic microwave oven: 2450 MHz, 700 W.

3.3.2 GC/MS: Hewlett-Packard 5890/5970 GC/MS with 59970

ChemStation.

3.3.3 FTIR: Digilab-40 Fourier Tansform Infrared
Spectrometer was used with 3240 SPC data system. A model
GRAPHTEC WX 4731 plotwriter and a model OKIDDATA,
MICROLINE 182 TURBO printer were used in this study. The

diffuse reflectance accessory designed exclusively for

16
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Bio-Rad Spectrometers. The powder samples were held in

stainless steel cups, 10 cm in diameter and 1 mm deep.

3.3.4 Soxhlet Extractor: 34 - mm I.D., with 125 - ml

round-bottom flask.

3.3.5 Thermocouple: GLAS-col MODEL PR - 800

3.4 EXPERIMENTAL MATERIALS
3.4.1 Naphthalene: CqgHg; FW 128.17; Melting Point: 80.5
Oc; Boiling Point: 218.0 9c: Vapor Pressure: 0.032 mmHg at

25 Oc; Recrystallized From Alcohol; CAS 91-20~3;

3.4.2 Methanol: CH30H; FW 32.04; CAS 67-56-1; HR-GC;

Product of EM Science.

3.4.3 Sand: Play ground sand. Product of Quikrete &

Quikwall.

3.4.4 Sandy Soil: The sandy soil was taken from South
Mountain Reservation in New Jersey. The properties of this
kind of soil are as follows according to previous study:

* Moisture content: 8.5%;

* Clay Content: 9.9%;
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* pH: 6.5 — 7.0;

# Metal elements content: Ti = 0.29% +/- 0.01 (wt/wt);
Mn = 147 +/- 8 (ug/9g):;
Fe = 2.10% +/- 0.01 (wt/wt):
Cu = 56 +/- 3 (ug/9):;

Zn = 169 +/- 10 (ug/g).

3.4.5 Clay Soil: The clay soil was taken from Aron Street,
Middlessex County in New Jersey. The properties are listed
as follows:

* Moisture content: 4.9%;

* pH: 6 - 6.5;

* Metal elements content: Ti = 0.79% +/- 0.01 (wt/wt);
Mn = 548 +/- 8 (ug/9):
Fe = 9.22% +/- 0.01 (wt/wt);
Cu = 69 +/- 3 (ug/9);

Zn = 191 +/- 10 (ug/9g).

3.4.6 Clay: The clay, namely, Kaolin (KGa-1) was obtained
from the Clay Minerals Society Repository, Department of
Geology, University of Missouri. The properties of Kaolin

are as follows:
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* Chemical Composition (%):

Si0,, 44.2; Al,03: 39.7; TiO,: 1.39; FeO: 0.08; MnO:
0.002; MgO: 0.03; Ca0O: n.d.; Na,O0: 0.013; K,0: 0.050; F:

0.013; P,0g: 0.034.

* Cation Exchange Capacity: 2.0 meg/100g.

* surface Area N, area: 10.05 +/- 0.02m2/g.

* Thermal Analysis: DTA: endotherm at 630 9C, exotherm at
1015 Oc; TG: dehydroxylation weigh loss 13.11% ( theory

14%) indicating less than 7% impurities.

* Infrared Spectroscopy: Typical spectrum for well
crystallized Kaolonite, however not as well crystallized
as a typical China Clay from Cornwall, as judged from the
intensity of the 3669 cm™l band. Splitting of the 1100 cm™

1 pand is due to the presence of coarse crystals.

3.4.7 Humus: Product of Petruzzo Company.

3.4.8 Magnetite: Fe, 0, (Spinel Group), obtained from

Ward’s natural science establishment, INC., has following

properties:
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* Crystallography: Isometric; 4/m32/m. Frequently in
octahedral crystals; rarely dodecahedral. Commonly coarse-

to fine-grained granular, massive.

* Physical Properties: Cleavage: None. Fracture
subconchoidal to uneven; brittle. H.6.0. G. 5.18. Luster:
Splendent to dull metallic. Color: Iron-black; opaque.

Streak: Black.

* Composition/Features: A common iron oxide characterized
by its strong magnetism, black color, and hardness. Slowly
soluble in HCL. Infusible. Strongly magnetic varieties,

which act as nature magnets, are known as lodestone.
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CHAPTER 4. EXPERIMENTAL SERIES I
MASS BALANCE STUDIES: THERMALLY TREATED

SAND IMPREGNATED WITH NAPHTHALENE

4.1 INTRODUCTION
The overall objective is to quantitatively measure the
naphthalene vaporized during microwave treatment of
contaminated soil under steam distillation conditions.
Since such a measurement 1is more complicated than
measuring the vapors resulting from thermal treatment,
initially it will be determined if the experimental
apparatus can trap thermally vaporized naphthalene under
steam distillation conditions. To optimize the conditions
for maximum vaporization, the substrate that will be used
is sand because naphthalene should not be strongly sorbed

on sand.

4.2 EXPERIMENTAL SECTION
4.2.1 Two hundred (200 g) gram sand were impregnated with
20 ml naphthalene dissolved in methanol (20 mg/ml) in a
round bottom flask. Methanol was not evaporated. Then 20
ml water was added. A thermometer was inserted into the
sand and the vapors escaped through a glass tube: the
vapors were trapped in two methanol spargers in series.
Through another glass tube in the flask, air from a

compressed air outlet was passed over the mixture.

22
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4.2.2 The mixture was heated with a heating mantle until
the temperature reached 220 Oc; this temperature was
maintained for 1.5 hr. The emerging vapors were passed
through two wash bottles containing methanol; these traps
will be referred to as “"trap 1" and ‘"trap 2,"

respectively.

4.2.3 Ten (10) ml solution were pipetted from "trap 1"
and diluted to 100 ml; 1 ul was injected into GC/MS, in

triplicate: the results are listed in Table 4.1.

4.2.4 Unlike the treatment of the solution in "trap 1,"
the "trap 2" solution was dilute, therefore, it wasn’t
necessary to dilute the sample before injection into the
GC/MS: again, a 1 ul sample was injected into the GC/MS in

triplicate: the results are listed in Table 4.1.

4.2.5 A calibration curve of naphthalene solution was
drawn in the range from 10 ng/ul to 1000 ng/ul. (See Figure

4.1).

4.3 RESULTS AND DISCUSSION
In Figure 4.1, the calibration curve of naphthalene is
shown. The regression constant is 0.998, indicating that

the curve is reliable.
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In Table 4.1, trapping data after one and a half(1.5)
hours thermal treatment are presented. For samples 1, 2,
and 3, respectively, the total amounts of naphthalene
found in trap 1 and trap 2 are 365 +/- 10, 362 +/- 9, and
367 +/- 12. The trapping percentages of the three samples
are 91 +/- 2%, 90 +/- 2%, and 92 +/- 3%, respectively.
Assuming that the sand does not retain the naphthalene,
the total percentage of naphthalene recovery equals the
percentage of naphthalene trapped. Hence, the total
percentage of naphthalene recovery of the three samples

are 91 +/- 2%, 90 +/- 2%, and 92 +/- 3%, respectively.

4.4 CONCLUSIONS
These experiments show that it is possible to account for
up to 90% of the volatilized naphthalene quantitatively,
and precisely. The 10% that is not accounted for may be
due to trapping inefficiency, adsorption in the sand, or
losses in the course of transportation from the sand to

the trap.
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Table 4.1 Trapping Data: Thermal Treatment (1.5 hr.)

Sample 1 Sample 2 Sample 3
sample No. trapl trap2 trapl trap2 trapl trap2
No. of
replication 3 3 3 3 3 3
naph amt. 270.4 2.215 277.6 1.854 284.0 2.012

(ng/ul) 286.6 1.784 281.2 1.796 286.7 1.943
275.3 1.873 262.3 1.796 270.2 1.866
ave. 277.4 1.957 274.0 1.855 280.3 1.947
*s 8 0.2 7 0.1 9 0.1
*95% C.L. 277+/- 2.0+/- 274+/- 1.8+/- 280+/- 1.9+/~
8 0.2 7 0.1 9 0.1
vol. of
solution
(ml) 131 52 132 50 131 50
naph. amt
in 100ml 365 0.10 362 0.090 367 0.097
(mg) +/-10 +/-0.01 +/-9 +/-0.003 +/-12 +/-0.003
sum of
trapl, 2 365+/-10 362+/-9 367+/-12
orig. amt. 400 400 400
(mg)
Trapping
% 91+/-2 90+/-2 92+/-3

*s: In this and subsequent studies, "s" represents the

standard deviation based upon the results of the
triplicate GC/MS analyses; the ranges reported for
calculated parameters like "total recovery" are

proportional to this standard deviation.
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*95% C.L.: Here, 95% C.IL. stands for confidence level, and
it measures the posibility for the absolute deviation (x -
X) being equal to less than ts.

=4 IS
95 % CL. = XX ——
(4] ‘\/ n



CHAPTER 5.EXPERIMENTAL SERIES II

MICROWAVE ABSORPTION: DIFFERENT SUBSTRATES

5.1 INTRODUCTION
One factor that has to be considered in interpreting the
microwave experiment data is the temperature that various
substrates reach as a function of heating time. Obviously
one could not expect significant removal of a volatile
organic 1if the temperéfufe of the substrate were lower

than the steam distillation temperature.

5.2 EXPERIMENTAL SECTION
Fifty (50) grams of the following substrates were studied
separately: sand; sandy soil; clay soil; clay; clay with
magnetite and humus. Five (5) samples of each substrate
were heated for 2, 4, 6, 8, and 10 minutes, respectively.
Temperature measurements were made by thermocouples
inserted 1into the substrates immediately after the

radiation was turned off.

5.3 RESULTS AND DISCUSSION
In Figure 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, the temperature of
sand, sandy soil, clay soil, clay, clay and magnetite,
humus as a function of heating time, respectively, are
shown. Note that each point represents the result of a

separate run. The maximum temperature reached after 10

28
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minutes microwave treatment of sand, sandy soil, clay
soil, clay, clay and magnetite, and humus are 77.7, 134.5,

107.5, 93.5, 195.2, and 86.3 Oc, respectively.

5.4 CONCLUSIONS
The highest temperature is that obtained for a mixture of
clay and magnetite. Since clay alone reaches only a
temperature of 93.5 0C, the temperature reached of 195 Oc
is due mainly to magnetite. Magnetite is a microwave
absorber because 1t contains magnetic domains which can
absorb energy from the magnetic fields associated with the
electromagnetic energy. Sand reaches a significantly
lower temperature than sandy soil, clay soil, clay, and
humus, respectively. This difference in temperature may
be due to the difference in the amounts of water: sand
retains 1little, whereas 1in the others it may be

considerable.



