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Abstract

This project has focused on the development of a complex assembly of mutually corresponding technological units:

- alow temperature thermal process for the desorption of PCBs and other organics from soils and other contaminated solid wastes;

- the extraction of PCBs from soils by an ecological friendly aqueous solution of selected surfactants;

- the chemical decontamination of PCBs in oils and in oil-in-water emulsions by metallic sodium and potassium in polyethylene glycols in
the presence of aluminum powder;

- the modified alkaline catalyzed chemical decontamination of PCBs in oils and in oil-in-water dispersions in a solid-state reactor (in a film
of reacting emulsion on solid carriers); and

- the breakdown of PCBs in aqueous emulsions with activated hydroxyl radicals enhanced by UV radiation The processes operate in a closed
loop configuration with effluents circulating among the process unit. These technologies have been verified at laboratory and pilot-plant
scales.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mates indicate that there are units of thousands of tonnes of
capacitors, transformers and contaminated oils and approx-
Polychlorinated biphenyls (PCBs) were produced in rela- imately 100,000—200,000 tonnes of PCB-contaminated soils
tively large volumes in the former Czechoslovakia (approx- in the Czech Republic. The principal contaminant PCBs in
imately 25,000 tonnes were produced). Their excellent sta-the Czech Republic are in a commercial product Delor 103
bility and thermal properties make PCBs suitable as a heat(over 90% of PCB contamination has its origin in this mix-
transfer medium and dielectric liquids in electrical trans- ture). Delor 103 is a mixture of PCB congeners with a pre-
formers and capacitoffd]. Because of their widely publi-  vailing content of tri- and tetra-chlorinated congeners (CI-1:
cized biological effects, the manufacture of PCBs ceased in2 congeners, 0.3%; CI-2: 4 congeners, 10.5%; CI-3: 11 con-
Czechoslovakia in 1984. However, because of their persis-geners, 64.0%; Cl-4: 12 congeners, 24.1%; CI-5: 7 congeners,
tence, a large proportion of the total PCBs (some PCBs were1.1%).
imported as well as exported) are still present in the envi-  Until now, no waste decontamination technology was
ronment. At present, an inventory of the remaining PCBs is available in the Czech Republic. At present, one incinera-
in progress in the Czech Republic. Actually, the rough esti- tion unit has started operation. However, alternative decon-
tamination technologies are desirable, mainly focused on
* Corresponding author. Tel.: +420 220390279; fax: +420 220920661, (1€ decontamination of selected types of wastes like con-
E-mail addresskastanek@icpf.cas.cz (F. Etanek). taminated soils and/or adsorbents, transformer oils, parts of
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electrical capacitors, where the possibility of recycling is 2. Materials and methods
promising.

PCBs are principally being destroyed by incineration 2.1. Materials
[2-7]. Incineration, however, often emits more toxic com-
pounds if is not carefully controlled. Polychlorinated diben- 2.1.1. Soil
zodioxins and dibenzofurans have both been observed inthe Three types of contaminated soils (Sedle 1) were used
combustion of PCBEB-11]. The technology of cleaning the  forthermal desorption and extraction experiments. They were
combustion gas to the severe environmental demands curexcavated from localities previously contaminated: Milovice
rently happens during a sensitive stage of the incineration (contaminated as a consequence of the repeated escape of
method. Incineration as a destructive method is irreplace- heat-transfer liquids), Milevsko | (contamination resulting
able in many cases (especially for pure PCBs). However, from the release of heat-transfer liquids) and Milevsko I
some other alternative techniques seem viable, environmen<(soil transferred from the factory ZEZ idamberk, Czech
tally friendly and cost-competitive for reducing of PCB con- Republic, where the production of electrical capacitors took

centration in many selected wastes. place). The dominant commercial PCB mixture used has the
Different methods for the destruction of PCBs have commercial name Delor 103 (it is a mixture of congeners

been proposed and include wet-air oxidatjp®,36], super- with mainly three and four atoms of chlorine).

or supra-critical oxidatiorj7,21], bioremediation13—15]

sodium metal-promoted dehalogenatid6—20,40-51]re- 2.1.2. Chemicals used

ductive dehalogenation with a strong reductant (includ-

ing ECOLOGIC [39] and Commodore. Sqlution Na/NH  sodium hydroxide: llirida Ltd., Prague 9

Technology [40] processes), photolysis in the presence

of hydrogen donors and oxidanf28,29] base-catalyzed

dehalogenation (BCD[33], KPEG (NaPEG) process Polyethylene glycol 300 (PEG 300): Dow Benelux N.V.,

[30-32,60,61), electrolytic reductiori34], zero-valent iron- Terneuzen

promoted dechlorinatiofi35,36], catalytic dehalogenation  Sodium: Dr. Bilger Umweltconsulting GmbH, Hanau

with noble metal$37,38] extraction with solventg52-56] Praestol 600 (polyacrylamid): Stockhausen GmbH, Krefeld

and a number of _other chemical methods, obviously based ONg  dium carbonate: Solvay-Chem, Prague 4

laboratory experiments on[p2-27] o ) o
Other emerging methods for the separation of PCBs from Aluminium powder: ALBO Schilenk a.s., Bojkovice, CZ

a solid matrix have been published (low temperature thermal FeCk: HCI Chemicals, Prague

desorption, extraction, vitrification) and some of them have Novanik 1047(aloxylates of fatty alcohols): Chemical Plants
been widely adopte[B3]. A.G., Novaky, Slovakia (HCI Chemicals, Prague)

The evaluation of source materials indicates that the prior- Cyclodextrine(hydoxypropyl-beta-cyclodextrine):
ity in waste to be treated in the Czech Repubilic is likely to be ySigma—AIdricK ypropy 4 '

PCB liquid, then PCB soil. This is the reason why we will fo- ) ) _ )
cus on evaluating the following treatment technologies: ther- PDAB (didodecyl dimethyl ammonium bromide): LONZA,
mal desorption, chemical dehalogenation and extraction. The Prague

objective of the present work was to experimentally verify the BARDAC-22 (didecyl dimethyl ammonium chloride):
efficiency of decontamination of PCBs in wastes like contam-  Sigma—Aldrich

inated soil, oils and water by these technologies at pilot-plant Hydrogen peroxide: Chemical plants A.G., Sokolov, Czech
conditions where the individual processes operate inaclosed- Republic

loop configuration. i .
The technological objectives of a complete remediation AC-SILCARBON: HCI Chemicals, Prague

system are:

Potassium hydroxide: Degussa A.G., Werk Luilsdorf

- to obtain clean decontaminated soils which could be re- 5 5 Methods
cycled to the environment;
- to obtain decontaminated oils which could be used as fuel 5 5 1 Analytical procedure
(for heating of a thermal desorption unit) and/or recycled A standard procedure was used to determine the congeners
(in the case of decontamination of transformer dielectric ot Topje 2
liquids); and
- torecycle decontaminated product waste-water back to the

) 2.2.1.1. Principles of the methodhe samples of soil were
extraction step.

mixed with the solvent (acetomehexane, 1/1, v/v) and sub-
The pilot-plant experiments were carried out at the IDOS mitted to extraction by sonication. Partially concentrated ex-

Prague Inc., Waste Treatment Facility, near Pribram, Czechtracts after cleaning-up the extract solution were analyzed by

Republic. gas chromatography (HRGC) with electron capture detector.
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Table 1
Characteristics of soils
Locality Cox (%) Distribution of sizes of particles (mm) (%)
0.001 0.002 0.01 0.01-0.05 0.05-0.25 0.25-2.0
Milovice 1.01 79 8.6 148 9.3 222 537
Milevsko | 141 150 170 243 153 210 394
Milevsko I 101 96 110 189 172 160 479
“Termidos” 093 52 6.6 128 12 239 505
pH Exchangeable ions (mmol/100 g)
H* Ca Mg K
Milovice 7.71 45 6.57 024 018
Milevsko | 7.48 40 1285 169 071
Milevsko I 7.17 25 1069 146 032
“Termidos” 803 —45 1658 146 11

Types of soils: Milovice and Milevsko 1l: loamgand type of soil; Milevsko I: sandlpam type of soil; Sample Milevsko | after the treatment in thermal
desorption has been declaredlable 1as “Termidos”. PCBs were dominantly sorbed at soils with higher content of clay (Milevsko I). The content of humic
compounds (as Cox) before and after the thermal desorption process did not differ significantly. This fact could indicate, that agriculturaltredtedsoil
remained almost preserved.

Table 2
Aqueous extracts, content of individual congeners in mg (in 150 ml of extraction solution)
Sample Congener no.

28 52 101 118 153 138 180 Sum
Winsor 1 (o/w) 0060 Q014 Q005 Q004 Q010 Q005 Q001 Q100
Microemulsion a @03 Q004 Q001 - 0001 Q001 Q001 Q011
Microemulsion b @10 Q078 Q015 Q010 Q010 Q012 Q001 Q336
Novanik Q056 Q009 0002 0002 Q001 Q001 Q001 Q072
Cyclodextrine w41 Q005 Q001 Q001 Q001 Q001 Q001 Q051
DDAB-Bardac 0185 Q0046 0010 Q007 Q009 Q0012 Q001 Q0270

Type of soil: Milevsko I: size fraction bellow 2.5 mm. Original concentration of congeners of PCB (in mg/kg dry): PCB-28 =78, PCB-52 =24.7, PCB-101=4.
PCB-118=4.0, PCB-153=3.2, PCB-138=3.9, PCB-180=1.3. Total sum, 119.2 mg/kg dry. Coincidence in mass balance of the sum of congeners between
original composition in the soil and in the soil and extracts after treatment did not exceed on average 34% in absolute value.

Quantification of the congeners was carried out by the rate TC/min, hold at the 280C for 10 min. ECD-grade
using external standards (10ppm samples in 2,2,4-nitrogen as a carrier gas was used and the temperature of the
trimethylpentane, Reference Materials for Residue Analysis, detector was 310C.
dr. Ehrenstofer comp.).

In a typical experiment, the samples that had been pre-
dried for 48 h at 35C (alternatively by anhydrous sodium
sulphate) were crushed and extracted (5g of the sam-
ple + 40 ml of the solvent mixture) by sonication for 20 min.
A volume (400 ul) of surrogate standard (PCB congener no.
209) was added to the extract. The solution was concen-
trated by evaporation (in a Kuderna-Danish concentrator).
Co-elutants were removed by extraction with mercury and
sulphuric acid. Clean-up of the extract was carried out on —
a Florisil column using a mixture of 6% diethylether rin Method detection limit: 3.8 ng/L (sum of 7 congeners)
hexane as the elutant. The clean extracts were concentratedlethod reporting limit: 7.7 ng/L (sum of 7 congeners)

to 3 ml by bubbling nitrogen through the solution and then RSD: 10% (for concentration level 2100 ng/L)

qnalyzed by HRGC. Calibration ofthe EC?D responsewas car- Recovery: 100% (for concentration level 2100 ng/L)
ried out by measurement of the calibration solution at seven

concentration levels (using CRM 481 certificated stock solu-

tion of respective congeners in non-polar solvents). A DB-5

capillary column (60 nx 0.25 mmx 0.25um)wasused. The  2.2.1.3. Determination of PCBs in an oil-phasEhe anal-
column conditions for HRGC were as follows: temperature ysis of the sum of seven indicative congeners applies to a
of the feed 250C, initial hold at 60°C for 2.5 min, increased ~ European (Czech) Standdf&N EN 61619, based on extrac-
from 60—220°C at the rate 30C/min, increased to 28 at tion with n-hexane and HRGC with ECD. This procedure is

2.2.1.2. Determination of PCBs in contaminated waste wa-
ter. This standard procedure covers determination of the se-
lected congenergéble 2:

Extraction of PCBs from aqueous-phase was carried out
by n-hexane. After clean-up and concentration, the extracts
were analyzed by the method of HRGC with ECD (see above
mentioned procedure).
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recommended by Czech Waste Law, Edict of Ministry of En-
vironment of Czech Republic No. 384 (the capillary column
gas chromatography method was slightly modified).

The collection of samples and analytical procedures have
been performed by laboratories ANECLAB Inc., Ceske
Budejovice, CZ and EcoChem Inc., Prague, CZ.

2.2.2. Extraction of PCBs from contaminated soils with
agueous solutions

In line with our previous screening experiments, the mo-
bilization components were a non-ionic surfactant (Novanic
1047 A-aloxylates of fatty alcohols) and a quaternary salt,
both in the form of individual components and/or in micro-
emulsions[56]. Mixtures of organic solvents (higher hy-
drocarbons and alcohols) in the form of micro-emulsions
have been selected as solubilization components. Non-ionic
surfactants have been selected due to their relatively high
efficiency of mobilizing PCBs in different types of soils,
and their commercial availability at a low price. These eco-
nomic aspects seem to be dominant for a potential future
decontamination application. Cyclodextrine was selected as
a solubilization component of a natural origin. The capa-
bility of cyclodextrine to increase the apparent solubility

of non-polar organic compounds has been demonstrated

recently[57]. The quaternary salt BARDAC-22 manifests
suitable characteristics both as efficient biocide and surfac-
tant.

The following extractants have been used:

(1) Winsor |
The selection of proper surfactant and co-surfactant has
been carried out from the point of view to obtain a system
with low viscosity and in a stable one-phase liquid. Par-
ticularly, Novanik 1047 A of 3.5% wt., and-pentanol
of 2.5% wt. in water have been tested.
(2) Micro-emulsions
(a) micro-emulsion |
Mixture of quaternary salt DDAB (didodecyl
dimethylammonium bromide) + decene-1 + waterin
mass ratio 21/57/22.
(b) micro-emulsion Il
Mixture of DDAB +dodecane +water, in mass ratio
21/57/22.
(3) Non-ionic surfactant (Novanic 1047A, 1% wt.) in water.
(4) Cyclodextrine (hydroxypropyl-beta-cyclodextrine, 1%
wt.) + water.
(5) Quaternary salt BARDAC-22 (didecy! dimethyl ammo-
nium chloride, 1% wt.) in water.

The selection of extraction agents was a compromise be-
tween extraction efficiency of individual agents and their abil-
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The experimental conditions were as follows:

(a) Laboratory experiments:
The sample of soil Milevsko | was selected. In a typical
experiment a 100 g sample of soil was introduced in a
glass beaker (500 ml) and 200 ml of extraction solution
was added. The beaker was shaken for 24 h at the inten-
sity of 1 shake/sec, at ambient temperature (182
Each experiment was repeated 5 times. The liquid-phase
was cautiously sucked off after sedimentation and poten-
tially presented solid micro particles were separated by
centrifugation. The sample of liquid was collected and
analyzed.
(b) Extraction of PCBs from contaminated soil at pilot-plant
scale:
Since laboratory tests demonstrated only a weak extrac-
tion of PCBs, insufficient for potential industrial appli-
cation at a comparable hydrodynamic arrangement; it
seems evident that a pre-treatment operation liberating
the strongly-linked organics from soil particles would be
necessary. In a previous paffe8], the authors have pub-
lished a method of enhanced reductive dechlorination.
The soil was treated in two phases: in the first phase, the
soil was sprayed with some selected nutrients with the
aim of activating the growth of natural soil bacteria. We
believed that in the course of this activation phase the re-
lease of adsorbed organic compounds would be enhanced
as a consequence of the lowering of interfacial tension.
This phenomena was verified experimentally. As aresult,
enhancement of leaching of the part of weakly adsorbed
PCBs was noticed.

Application of ammonium sulfate and N and P nutrients
resulted in an increased amount of organics being extracted
in aqueous leachates during this period. On the basis of this
finding we have proposed a procedure for enhancement of
extraction of PCBs from soils with agueous solvents. The
proposed technique can be applied on a moving as well as on
a static bed of soil. The reasons why we have used the static
bed arrangement were lower investment and operation costs,
although the efficiency of extraction in a moving bed would
certainly be higher.

2.2.2.1. Pilot-plant characteristicsPilot-plant consists
from 3 concrete rectangular boxes, with a total ground
plan area 110 fand side walls 1.6 m high. The surface of
walls and the floor were covered by water- and acid-proof
coatings, and all boxes were drained to a common reservoir
of aqueous extracts. The capacities of treated soil in the
individual boxes were 16, 40 and 27 tonnes, respectively.
The height of soil layer in the boxes was approximately 1 m.

ity to be used as cost-acceptable compounds in the case of po-

tential industrial application of extraction technology. Other
surfactants were also used, such as Tween 40, Tween 80, Bri
58, Brij 92, Hyonic NP-90: all manifested a comparable ex-
traction efficiency as the inexpensive Novanik1047 A.

2.2.2.2. Procedure. Activation period@ihe indigenous bac-
jeria were activated by spraying the layer of contaminated soil
with an aqueous solution of nutrients: 1% wt. of ammonium
sulfate and 0.3% wt. of ammonium phosphate.
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The soil was mechanically homogenized before being in-
troduced to the boxes. During the experiments, soil samples
for analysis were taken from six different positions in indi-
vidual boxes and were homogenized. With the exception of
the time of spraying, the upper level of soil was covered with
a plastic sheet to avoid direct contact with air. The inten-
sity of spraying was 0.2 Aim? of the area of surface of soil.
Application was repeated four times a week for a total of 8
weeks.

The extraction was performed by spraying the surface of
soil with agueous solution of 1% wt. of non-ionic surfactant
(Novanik 1047 A) at an intensity of about 0.25/m? each
week, during a 16 weeks period.

Contaminated percolates from both the activation and ex-
traction steps were collected in a stock reservoir and were
continuously treated in a attached decontamination unit, as
described bellow.

2.2.3. Clean-up of contaminated extraction
waters-destruction of PCBs with hydroxyl radicals

Itis well known that HO, in the presence of compounds
of Fe(ll) can very effectively oxidize numerous organic sub-
stances (so called Fenton reacti@8,29)]). This agent seems
also to be a potential oxidant of many xenobiotic compounds.
We have studied its potential for the decomposition of PCBs.
Two sets of experiments were carried out, i.e. at laboratory
and pilot scale.

(a) Laboratory experiments
Course of the typical experimentsube silicon photo-
reactor with a high pressure Hg-lamp was used (manu-
facturer is UV-Systeme GmbH, Heidelberg, Germany).
Real electric input power in the experiments was 150 W.
Flow of contaminated water through the reactor was con-
tinuous. Water was pumped from the storage tank of the
volume of 2L through the reactor in the loop back to
the tank at a rate of 25 L/h. Time of the experiment was
90 min. (These preliminary experiments were performed
at the UV-Systeme Laboratories in Heidelberg).

Radiation in the absence of ferrous catalySbncentra-
tion of hydrogen peroxide (35%, v/v) was 1 mL in 2 L of
water. Temperature of reaction was°Za Initial acidity

of water was pH 7.8 and in the course of reaction de-
creased to the value of pH 6.8. Redox potential (indicator
of the course of reaction) increased after the injection of
hydrogen peroxide to a value of 500 mV and gradually
decreased in line with the consumption of peroxide to
the initial redox potential value of raw water.

Radiation at the presence of ferrous catalyEhe ini-

tial pH of the contaminated water was corrected to 2.8
by addition of sulfuric acid. 1 mL of hydrogen perox-
ide (35%, v/v) and 2 g of Fe(ll) catalyst were added to
a storage tank of a volume of 2 L. The original value of
the redox potential increased to 500 mV and gradually
decreased over the course of 40 min to the initial level
of raw water. Another portion of peroxide (1 mL) was
added and the experiment continued for another 50 min.
At the end of the operation the redox potential stabilized
at 390 mV. The final concentration of hydrogen peroxide
was 10 ug/L, and the pH value of the water was pH 2.4.
Decontamination of PCBs in aqueous extracts in a pilot-
plant unit

The method is based on the oxidation reaction with hy-
droxyl radicals. The device consists of a continuously op-
erated vertical tube reactor provided with a UV-radiation
emitting high pressure Hg lamp (UV-Oxidationanlage,
UX-2, input power 2 kW, capacity up to 5%h, manu-
facturer of the reactor is UV-Systeme GmbH, Heidelber,
Germany). Contaminated extract-waters collected from
the unit of extraction of soil extraction in two storage
tanks (each with volume of 2% were pumped in a
closed circuit through the UV-reactor and through a filter
with activated carbon (AC) back to one of the operating
storage tanks (sé€g. 1). The experimentally determined
flow of water was 100—800 L/h. The number of passages
through the loop depended on the initial concentration
of PCBs in the aqueous extracts. The evolution of the
reaction was controlled by the measurement of the redox

Fig. 1. Scheme of pilot-plant unit of decontamination of water contaminated by PCBs. 1, Tank for contaminated water; 2, pump; 3, sand filter; vaged 5, sto
tanks; 6, circulation pump; 7, rotameter; 8, reactor with UV lamp; 9, activated carbon filter; 10, tank for solution preparation; 11, pump farcotulater

through active carbon filter.
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potential of the reaction mixture. The AC filter volume These types of waste waters (condensates) were treated as
was 200L, filter was packed with granulated activated follows:
carbon SILCARBON. The superficial velocity of liquid The separation of the oil-phase was performed by using

in the filter was 0.7 mm/s. The volume of treated liquid column-type separators. Aqueous-phase was subsequently
in a typical batch experiment was 2000 L, flow of liquid intensively mixed with activated bentonite (bentonite was
through the reactor was 100 L/h. In the course of the ex- activated by its treating with the saturated aqueous solution
periment the total volume of hydrogen peroxide (35%, of Fe(SOy)3), in the proportion of approximately 1 kg of
v/v) added was 2000 mL. The experiment was performed bentonite to 1000 L of water. The procedure continued by
atthe absence of Fe(ll) catalyst. Redox potential was con- neutralization of this slurry with lime to pH 7 at a gentle
tinuously maintained at the level approximately 500 mV, mixing in the presence of flocculating agent (polyelectrolyte,
pH was accommodated at pH 7.5 and the temperaturecommercial product Praestol 600, in the ratio 50 mg/1000 L).
was maintained between 18 and°Zd) Times of reac-  The precipitating flocks were settled and filtered. The trans-

tion were from 96 to 240 h. parent but usually still “brown” waters were filtered with acti-
vated carbon and treated in the UV/OX reactor. The partially
2.2.4. Clean-up of highly contaminated waste water decontaminated waters were used for preparation of aque-

Aqueous condensates both from thermal desorption andous solvents to be used in the soil extraction. The remaining
fixed-bet reactor (see bellow) contained a high level of intact concentration of PCBs in treated waters was in the range of
PCBs and/or organic compounds, including products of the 50-200 ng/L. Contaminated sorbents were treated in a fixed-
partially decomposed oil fraction in the case where oil-in- bed reactor.
water emulsions were treated by chemical dehalogenation in

fixed-bed reactor. Two methods of decontamination of waste 2-2.5. Chemical dehalogenation of liquid PCBs wastes
water were applied: 2.2.5.1. Sodium proces3.he process uses reductive dehalo-

genation to destroy PCBs by exchanging the chlorine on

(a) Waste water Containing fewer than tens of micrograms of the b|pheny| molecule with hydrogen, forming b|pheny| and

PCBs and below approximately 1% of wt. of both solid NaCl. The process uses activated elemental sodium in fine

non-sediment impurities and an oil fraction was treated dispersion in paraffinic oil as the electron donor required for

by chemical destruction with UV/OX in the loop with  the reaction. Sodium dihydrido bis(2-methoxyethoxo) alumi-

AC filter (see above). nate (commercial name Synhydrid), and/or ethanol are used
(b) Decontamination of waste water containing PCBs in the as activator§59]. The batch process consists of two agitated

order of units or tens of milligrams per liter and over 1% reactor vessels, each with a volume of 1000 L (Big 2).

of weight of oils and solid impurities by adsorption on  The PCB-contaminated oil is placed in the first reactor vessel,

inorganic adsorbent and AC. which is then purged of air with nitrogen. Particulate sodium
) Venting surfactants,
Venting ~— Na,CO,
13 j‘
}—--74
12
19

1
Ll
iz 1

Fig. 2. Chemical decontamination of liquid PCBs wastes, pilot-plant unit. 1, Storage tank for oil-condensate generated in the thermal demoipion ch

2, storage tank for the aqueous solution of potassium hydroxide; 3, storage tank for polyethylene glycol; 4-6, pumps; 7, graduator of theimddvidual |
components of the reactive emulsion; 8, mixed vessel for preparation of the reactive emulsion and/or for neutralization of the surplus of sedium in th
decontaminated oil leaving the chemical reactor 13; 9, pump; 10, graduator of the reactive emulsion and the subsequent blending of the emaligion with s
particulate carrier; 11, storage tank for contaminated oils; 12, gear pump; 13, chemical reactor-decontamination of oils with activated perdiiom olis

with KPEG solution; 14, dosing of activated sodium dispersion and/or KPEG solution; 15, dosing of ethanol; 16, separators of the residues asdfteminde

the chemical decontamination reactions; 17, pump; 18, storage tank for decontaminated oil; 19, condenser of aqueous vapors and demistedf@@ and 21, fi
with activated carbon.
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that meets a maximum size specification ofdfwas placed
in the first reactor at a mass ratio of Na:PCB (sum of seven

congeners) between 2 and 33. When the reaction is complete

the content of first reactor is transferred to the second vesse

where the surplus of ethanol is added to quench the reaction
(inthe final step the ethanol reacts with the unreacted sodium,

forming sodium ethanolate). The process generally results in
effluent PCB concentrations of approximately 10 mg/L. At
this PCB level, or less, the treated oil is disposed off or might

be blended for energy recovery inthe burners of athermal des-

orption unit. The existing pilot-plant equipment has a batch
capacity of 600 L. The cycle time per batch, including the time
for preheating of contaminated oil in the first reactor vessel,

is about 22 h. Both reactor vessels are equipped with external

electrical heating and mixing devices. Mixing is achieved by
aturbine-impeller at 1000 rpm. The typical reaction sequence
includes heating the oil to 8@ for 16 h, introduce the react-
ing agents, stir for approximately 4 h at temperature, heat to
120°C and stir for 6 h, transfer the contents to the second ves-

sel where ethanol is added. The content of the second vessel

191

prepared in the upper reactor vessel and transferred by
gravity to the lower reactor vessel containing preheated
oil. The system works auto-thermically (the heat of reac-

| tion maintained the temperature at the desired level). The
space in the reactor above the level of agitated liquid was
flushed with nitrogen: the outlet gases containing b

and water vapor were drawn through the water cooler
(condenser) and AC filter to prevent some potential es-
cape of PCBs to the atmosphere. EX-motor and turbine-
type impeller rotating at 1000 rpm were used. When the
reaction was over, the agitation ceased, and after cooling
of the content to approximately 9C the heavier KPEG
phase was easily separated from the oil-phase and was
collected in drums (it is believed, that this phase could
be recycled as reaction mixture many times, however,
we did not carry out such experiments). At present, this
KPEG phase is decomposed in a thermal unit.

2.2.6. Medium temperature thermal desorption (MTTD)
MTTD process uses a batch chamber reactor where soils

is subsequently exhausted, the solid residues are separateghe piaced in trays (flat containers) and indirectly heated from

in a cascade of settling tanks and they are finally filtered.
Suspension of sodium in paraffinic oil (33% of the weight)

was activated with Synhydrid and ethanol in the mass ratio of
Synhydrid/ethanol/Na =5/0.5/100. The maximum inlet con-

centration of PCBs in treated oil in the existing equipment
was approximately 4000 mg/kg.

2.2.5.2. Modification of the KPEG processhe rate of re-

480-550C for approximately 2 (bench-scale) to 5 (pilot-
plant) days. The moisture and organics are swept from the
chamber using a nitrogen purge and condensate in a con-
denser.

During several hours of heating, the moisture in the soll
is converted to a steam and ships out negligible amount of
the PCB originally contained in the soil (of the order about
10-23%). This moisture is condensed and routed to an acti-

action was measured in a bench-scale reactor with a volumevated carbon-filtration water-treatment process. After the first

of 50 L and in a pilot-plant reactor (having the same config-
uration as in the case of sodium technology).

(a) Bench-scale testing

The experiments were performed in a mechanically agi-
tated batch reactor with external heating at intensive agi-
tation of the batch by turbine-like impeller. The speed of
agitation was about 3000 rpm. The feed of oil was 35kg
and oil was before the initiation of the reaction contam-
inated with Delor 103.

In a typical experiment, a corresponding amount of pow-
dered KOH was dissolved at the temperature approx-
imately 80°C in a liquid PEG 300 and this reaction
mixture was added into a reactor containing a preheated
amount of contaminated oil. The initial temperature of
oil (approximately 90C) very rapidly increased to the
desired level, without any additional heating of the reac-
tion mixture (the reaction is strongly exothermic). The
aluminum powder was added carefully to the reaction
mixture during the course of reaction in the form of a
suspension in oil (the production of gas is instantaneous
and violent).

Pilot-plant experiments

Two mechanically-agitated reactor vessels have been
used Fig. 2). The reaction mixture (mixture of PEG 300
with potassium hydroxide, so-called KPEG phase) was

(b)

several hours of heating there is supposed to be no moisture
in the soil and relatively pure PCB and high boiling organics
(if any) evaporates from the soil. The organic phase, which
represents almost 100% of the total removal from the saill,
is condensed and decontaminated in chemical dehalogena-
tion process. The separation of the early aqueous PCB phase
from the late organic PCB phase is necessary, because wa-
ter would react violently with sodium in the sodium process.
The KPEG process is unaffected by the presence of water in
condensates.

(a) Bench-scale MTTD
This process consists of an insulated electrically heated
desorption chamber (adapted glass-work furnace). Inte-
rior dimensions: 600 mm wide, 450 mm high, 950 mm
long. Treated soils were placed in open sheet-metal tanks
of different volumes, and the maximum height of the
layer of soil was 300 mm. Water and organics adsorbed to
the soil were swept from the chamber using nitrogen and
condensed in a condenser and cooler. Aerosols formed
were captured in a demister. Gas leaving the demister
flows through the AC filter and oxygen is removed in
an absorber. A fan circulates nitrogen back to the cham-
ber head-space. The flow of nitrogen was measured and
controlled in the range of 100-500 L/h.

(b) Pilot-plant MTTD (Termidos process)
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; _— ;. decontamination of water
chemical decontamination units

Fig. 3. Scheme of pilot-plant low temperature thermal desorption unit. 1, thermal desorption chamber; 2, separator of solid particles; 3, 4 cuelaister;

5, scruber of circulating inert gas and vapors; 6, blower; 7, container of condensates; 8, pump of condensates; 9, reservoir tank for contaenimated aqu
condensate; 10, pump; 11, filter with activated carbon; 12, UV lamp; 13, pump for cooling water; 14, reservoir tank for cooling water; 15, sipBofilteap; 1

with activated carbon; 17, storage tank for fuel oil; 18, reservoir for rainfall water; 19, rainfall water pump.

In principle, the pilot-plant unit is an identical copy of organics and chemical reaction take place in the range of
above mentioned bench unit. Scheme of unit is given in temperature from 100 to 55 resulting in partial decom-

Fig. 3 position of the PCBs present. Potassium hydroxide, sodium
The existing unit occupies an area of about Z5amd has carbonate and PEG 300 are used as reacting agents. The re-
a batch capacity of about 17 metric tonnes soil (placed in action is catalyzed by active carbon, which is derived from
24 flat containers with capacity of approximately 700kg sucrose at a higher temperature. The reaction agents are dis-
each, the maximum layer of the soil in the container is solved in an aqueous-phase. As a solid particulate carrier
400 mm). The containers are situated in the chamber atdifferent matters can be used (dry loamy-sand soil of proper
two levels. There is sufficient space between individual size fraction, fly-ash, bentonite, zeolite). The optimum mass
containers for vapor evaporation and gas circulation to be ratio emulsion/solid carrier=0.08/1. The droplets of oil con-
maintained. The temperature is measured by thermocou-taining PCB are surrounded by an aqueous-phase in the re-
ples inserted in soil. The chamber is indirectly heated. acting emulsion. During the first several hours of heating,
Heat is supplied by incineration of light heating oil in the water-phase is converted to a steam and strips out some
two burners situated in the side-wall of the chamber (op- portion of the PCBs. This vapor is condensed (aqueous con-
posite to the entrance gates). The off-gases enter the heatlensate). After evaporation of water, the droplets of oil with
exchanger, which is situated at the bottom of the cham- high surface area remain in very close contact with concen-
ber. The cooling of the head-space of the chamber is trated reagents and the rate of dehalogenation reactions is so
performed by a heat exchanger situated at the top of theenhanced. In the final step, the oil with remaining content
chamber. Vapors and nitrogen flow out of the chamber a of non-reacted PCBs (and possibly other organic products of
cooler (cooling by circulating water) to condensers (one partially decomposed oils) evaporates forming an oily con-
condenser for aqueous condensate, one for high-boilingdensate. The necessary condition for an effective contact of
organics), demister and absorption (absorption of acid phases is the durability of the stable reacting emulsion in
gases in a solution of NaOH and traces of oxygen in an the course of covering of emulsion on the surface of carrier
aqueous solution of sodium dithionated$a0O,4) and ni- solid particles in a mixing device and its stability in the broad
trogen is drawn back to the chamber by a fan. The whole range of temperatures. The suitable ratios of individual reac-
thermal desorption unitis connected with the atmosphere tion agents were detected under laboratory conditions. As
through an emergency valve and filter with activated car- a first approximation, and for the concentration of PCBs in
bon (to prevent the free escape of vapors to the environ-the original oil-on-water dispersion up to 40,000 kg/kg, the
ment in the case of an increase of pressure in a chambemass ratios PCB/KaOH/N&Os/PEG 300 =1/6/12/8 can be

above the pre-determined limit). recommended (PCB is considered as a sum of 7 indicative
congeners, see Analysis).
2.2.7. Alkaline catalyzed chemical dehalogenation of In a typical experiment (sekig. 2) 800L of two-phase
PCBs in oil-in-water dispersions in fixed-bed reactor oil-in-water liquid was mixed with 180 L of 50% aqueous

This process uses a procedure in which contaminated oil-solution of KOH and 180kg of powdered sodium carbon-
in-water dispersions (in the proportion 15-40% of weight ate, 112kg of PEG 300 and a solution of 72kg sucrose in
of oil) are emulsified with reacting agents and sprayed on 200 L of water. 3.2kg of non-ionic surfactant (mixture of
inert solid particulate carrier forming a thin film on the sur- alkaline soap + ethoxylated nonyl phenol) was added. This
face of particles of the carrier. Both evaporation of water and mixture was intensively mixed in a tank to form a stable
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emulsion. Consequently, the emulsion was gently mixed with ~ Whereas contaminated soils with high contents of sili-
dry Milovice soll, size fraction below 12 mm. Totalamount of cate components (sand, gravel) prefer the use of non-ionic
9750 kg of soil was placed in flat containers (see MTTD). The surfactants, soils with higher content of clays require ionic
height of the fixed bed of the soil with emulsion in individ- surfactant to enhance the effect of solubilization.
ual containers was 400 mm approximately. Containers were  The selection of extraction composition has to be experi-
transferred to the pilot-plant thermal desorption unit. The re- mentally defined, taking into account the composition of the
action mixture was indirectly heated in the inert atmosphere. soil. However, as a universal and usually non-expensive so-
Similarly as for the MTTD procedure, the temperature gradi- lution, a non-ionic surfactant could be selected.
ent of 50-100C between the temperature in the gas-phase in
chamber and in the reaction mixture was maintained during 3.1.2. Extraction of PCBs from contaminated soils at
the course of heating. At the temperature range between 40(Qvilot-plant scale
and 510°C in the fixed bed, the residence time of reaction Since this technology can be applied to weakly contam-
mixture in the chamber was kept approximately 15 h. First inated soils only, the proposed method has been used with
condensate with the majority of the water-phase (condensatesamples of contaminated soil from Milovice, where the con-
la corresponding to the temperature range 60=C)0sec- tamination is low. The original concentration of PCBs was
ond condensate | (corresponding to the temperature rangei14.9 mg/kg (sum of indicative congeners of PCBs). At the
120-200°C) and third condensate Il (where oily fraction is end of the activation period, a good portion of PCBs was
prevailing, corresponding to the temperatures above 200  released into an activation aqueous solvent, the starting con-
were collected. Both condensates (1, 1), however, slowly dis- centration for washing was 91.13 mg/kg. Time dependence
integrated in two liquid layers (aqueous and oily). of concentration of PCBs (mg/kg dry) in soil: 0 week: 91.1, 4
weeks: 86.9, 8 weeks: 57.6, 12 weeks: 32.0, 16 weeks: 18.0.
We were unable to clean up the remainder of the adsorbed

3. Results and discussion PCBs by extraction.

3.1. Extraction of PCBs from contaminated soils with

aqueous solutions 3.2. Clean up of contaminated extraction waters.

Destruction of PCBs with hydroxyl radicals

3.1.1. Laboratory experiments

Table 2summarizes the extraction efficiency of individual 3.2.1. Laboratory experiments
extraction solutions: Typical results are summarized Table 3 A consider-
able reduction of concentrations of PCBs can be achieved
both with or without a catalyst. It is possible to conclude that
for relatively low-contaminated waters the role of a catalyst
is subsidiary. Some slightly positive role of catalyst is mani-
fested manifests at higher concentrations of PCBs. In the case
of higher concentrations of PCBs and/or if containing a por-
tion of other organics or solid impurities (like fine particles
of soil, which could settle on the surface of the UV-lamp),

From these findings it is clear that a multistage process it seems necessary to simultaneously apply the separation of
and more intensive contact between phases is needed, anthese components by sorption.
some pretreatment process should be applied to enhance the
ability of organics to extraction solvents. 3.2.2. Decontamination of PCB of aqueous extracts in

The best results are obtained using a single-phase bicon+the pilot-plant unit
tinuous emulsion with quaternary salt as a surfactant and/or  Efficiency of destruction of PCBs in the UV/OX system,

- in the course of the extraction process, predominantly
the low-chlorinated congeners transfer to the liquid-phase
(about 85-90% of observed congeners were No0.28 and
No0.52)

- the largest quantity of desorbed PCBs in a single-step oper-
ation did not exceed 4% of the original content of selected
congeners in the soil.

the use of short quaternary salt in water. even in real waste water containing impurities, ions and sur-
Table 3
Efficiency of decontamination of water, slightly contaminated with PCB, by application of UV/OX radiation
Sample Congeners of PCB (ng/L)

28 52 101+118 153 138 180 Sum
Contaminated water 131 133 431 195 204 6.1 2335
Water/UV <1 <1 <1 <1 <1 <1
Water/UV/ catalyst <1 <1 <1 <1 <1 <1
Contaminated water 96D 954 3086 1562 1433 446 17143
Water/UV/ <1 <1 <1 <1 <1 D
Water/UV/catalyst <1 <1 <1 <1 <1 2

Influence of the presence of Fe(ll)/Fe(lll) catalyst.
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Table 4
Decontamination of PCBs from aqueous extracts — effluents from washing soils with selected surfactants
Sample Time (h) Sum of seven PCB Efficiency of
congeners (ng/L) dehalogenation (%)
Extract, 1000 ml HO» 0 32120
Extract, after 1. Passage through the UV reactor 52 8639 731
Extract, after 2. Passage through the UV reactor 5 &42 769
Extract, 1000 ml HO, added, after 3. Passage through 7.5 623 980
the UV reactor + AC filter
Extract, after 4. Passage through UV reactor + AC filter 10 927 991

Volume of treated liquid 2000L, pH 7.8, UX-2.2kW. In loop with AC filter (100 kg of granulated SILCARBON, superficial velocity of flow of liquid in the
filter 0.7 mm/s). Flow of extract 800 L/h.

factantsis significant (sd@ble 4. However, the combination gt least 16, with sufficient cutting ability to maintain the high
of UV-technique with adsorption seems to be more effective surface area of metallic sodium in the reactor vessel.

method of clean-up of contaminated water and reduces the
cost of remediation of adsorbent.
The method of UV-radiation was also applied on highly 3.3.2. Modification of the KPEG process
contaminated extraction waters accumulated from the wash- ~ The aim was to analyze reaction conditions of a modi-
ing of soils (see th@able 5. fied KPEG method mainly at pilot-plant conditions, to judge
The efficiency of decontamination of contaminated waters the ability of this method to react with the low-chlorinated
is high. Due to disproportionate times of reaction, the use of PCBs which were the dominant compounds in the Czech
catalyst and/or combination of UV/OX and AC filtration is commercial mixtures and, at present, represent the principal
however inevitable in practice. In any case, optimum reaction PCB contamination, to elucidate the role of powdered Al in

conditions have to be determined experimentally. the KPEG system and finally to compare both sodium and
KPEG-AI methods at identical hydrodynamic conditions in

ilot-plant reactors, with identical analytical procedures.
3.3. Chemical dehalogenation of liquid PCB wastes priotp y P

3.3.1. Sodium process, pilot-plant experiments 3.3.2.1. Bench-scale testingome bench-scale experi-
Some selected experiments in the pilot-plan unit are sum- ments are summarized Table 7
marized inTable 6 Our data show a big discrepancy between the previously

The rate of reaction in pilot-plant equipment at the tem- published data obtained at laboratory conditions with PCB
perature of about 80C substantially differs from the results  mixtures containing a dominant proportion of highly chlo-
obtained at laboratory conditions published by other authorsrinated congeners of PCB (Aroclor 12683)1,32]. The rate
[49]. Particularly, the demanded surplus of sodium is not jus- of reaction of mixtures of PCBs containing mainly three or
tifiable on the basis of high cost. It has been found that the four atoms of chlorine is lower. This conclusion corresponds
chemistry of extremely fine sodium particles differs from that in principle with the laboratory data obtained recerjg],
of molten fused sodium (melting point 97.C). The rate of however, the surplus of KOH and PEG as well as the temper-
reaction was much lower in comparison with laboratory find- ature to achieve excellent efficiency has to be much higher
ings. Good destruction efficiency was obtained, however, atin bench reactor conditions. The rate of reaction is strongly
the temperature above the melting point of Na and at higher dependent on the temperature and relative short periods of re-
mixing speeds. Because of the decisive temperature depenaction temperatures above 1@ were achieved. To be able
dence of the rate of reaction, the recommended temperatureo apply this reaction for the decontamination of transformer
is about 130C (the upper limit of the temperature applied oils (where the temperature of heating of dielectric oil should
depends on the chemical properties (b.p.) of the treated con-be maintained about 10Q) it is necessary to expect much
taminated oil). Reynolds number of impelRa,, have to be longer reaction times.

Table 5
Decontamination of highly contaminated aqueous extracts from washing of soil by UV radiation only (no filtration on AC filter)
Sample PCB congener no.

28 52 101 118 138 153 180 Sum
Raw extract (mg/L) o2 017 004 004 001 001 0006 069
After UV treatment (ng/L) 5% 89 39 235 056 165 05 695
Raw extract (mg/L) a2 005 001 001 001 001 001 021
After UV treatment (ng/L) 130 35 <5 <5 <5 <5 <5 170

Volume of waters was 2000 L, flow of water 100 L/h, 12 passages of the whole volume of liquid through the reactor. Hydrogen peroxide was continuously
added with the aim to maintain the redox potential at the level of 500 mV. No catalyst added. Time of reaction was 240 h.
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Table 6

195

Efficiency of dehalogenation of oil contaminated with PCB by dispersion of metallic sodium, activated with synhydrid (S) and ethanol (E), m&$g rate S/

cong. of PCB =5/0.5/100

Time (h) Temperature’C) Conc. PCB Mixing conditions Total amount of Mass ratio Volume of
(mg/kgp Na (in g) added Na:PCE batch (1)
0 80 325.3 Turbine, 250 rpm 4300 33 400
1 294.0
2 252.5
3 205.5
4 205.5
4 Changed to 120
10 26.5
0 80 903.5 Turbine, 250 rpm 5500 15 400
4 700.5
4 Changed to 120
12 50.1
0 100 260.0 Turbine, 1000 rpm 3000 29 400
4 29.0
6 16.0
6 Changed to 130
8 2.2
0 80 3450.0 Turbine, 1000 rpm 4600 2.2 600
4 2640.0
4 Changed to 130
10 <1

Volume of the batch was 400 (600) L.
a Sum of indicative congeners.

The addition of powdered Al has improved the time course

of decontamination. The positive influence seems however

not decisive, as shown iRig. 4 (drop in the curve between
210mg/kg to 140 mg/kg can be attributed to the addition of
metallic Al). It is proposed to add Al as an end-step of the
process with the goal of lowering the remaining concentration
of PCBs to the regulatory limits, if necessary. In comparison
with the sodium method, the rate of dehalogenation is quicker,
and there are no problems with separation of products of
reaction from clean oil.

3.3.2.2. Pilot-plant experimentdndicative results are sum-
marized inTable 8

The obtained results give evidence to an excellent effi-
ciency of decontamination of PCBs in oils, even in the case
of application of the reaction to the low chlorinated mixtures

some positive influence on the rate of reaction, but are not
acceptable from the economic point of view.

- Special disintegrating mixing devices ensuring great sur-
face area between both liquid-phases are needed.

Despite the results demonstrating a high efficiency of
decontamination by this method, there is a drawback. At
present, the regulatory levels of PCBs comply with the deter-
mination of 6 (or 7) indicative congeners only. When analyz-
ing chromatographs of the oil treated by this method, there is
evidence of a pronounced increase of probably di-chlorinated
congeners, which were not detected in the original contami-
nated oil. It seems, that these compounds have emerged prob-
ably as a result of chemical changes in the course of contact
of congeners having three and four ClI with an alkali envi-
ronment, with simultaneous substitution reaction. These new
congeners are not included in the analytical determination.

of PCBs. However, abundant amounts of reaction agents areTherefore, much additional research of the mechanism of this
necessary to be able to achieve an efficiency in excess of 99%reaction is necessary.

The rate of reaction depends on various parameters:

Between 140 and 16, if the mass ratio KOH/ sum PCBs
is approximately 15 and thRey, is above 16 the rate of
reaction can be approximated by a first order reaction with
a reaction constant of approximately 0.019/min.

The rate of reaction is low at a temperature below 4@0
and is significantly suppressed in the range of 80100

In line with our experiments, it is supposed that the opti-
mum value of the KOH/PCBs (or PEG 300/PCBSs) ratio is
approximately 15 (or 30). Higher values of this ratio have

3.4. Medium temperature thermal desorption

3.4.1. Bench-scale

The results of experiments carried out in a bench-scale
unit are given inTable Q

Condensates were collected separately in the first phase of
heating (up to the volume of 1020 mL, temperature 32},
and in the second phase of heating (corresponding to the
temperature range in the soil 322-5@, 160 ml). The time
of heating was sufficient to achieve a quantitative desorp-
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Table 7
Modified KPEG process, volume of contaminated oil was 35 L, turbine-like propeller, 3000 rpm
Reaction time (min) Comments T(°C) PCB* (mg/kg) PEG (300kg) KOH (kg) Al (kg) PCBPEG:KOH:AI
0 20kg of ol 115 800 15 0.8 0.1
25 Al powder added 125-130 330 0.05
68 125-130 140
Total 0.016 kg 15 0.8 0.15 1:93.7:50:9.4
0 100 600 15 0.7 0.1
40 110 460
70 Al powder added 115 290 0.07
130 120 260
190 120 230
Total 0.021kg 15 0.7 1.07 1:85.7:33.3:8.1
0 105 700 1.8 0.7 0.15
45 105-143 270
85 Al powder added, 125 210 0.1
increase off to 140°C
110 135 140
380 100 80
Total 0.0245kg 1.8 0.7 0.25 1:73.4:28.6:10.2
0 140 9200 8 34 0.1
60 Reactants added 145-150 580 4 1.7 0.1
150 150-159 90
420 150-155 7.4
Total 0.325kg 12 5.1 0.2 1:37.3:15.8:0.62
0 140 15000 8 34 0.1
170 Reactants added 148-157 1700 5 2 0.1
235 148-149 970
440 150 250
Total 0.525kg 13 54 0.2 1:24.8:10.3:0.38
0 145 810 8 3.4 0.4
150 150 <1
Total 0.0284 kg 8 3.4 0.4 1:282:120:14.1

Paraffinic oil was contaminated by dielectric liquid Delor 103 from electrical condensers. Rate of reaction was enhanced by powdered aluminum.
2 PCBs were determined as a sum of seven indicative congeners.

tion of both moisture and organics. Samples of treated soil condensates contained insignificant amounts of PCB relative
taken from different heights of the heated layer were ana- to a total mass of PCBs in the soil (concentration of the sum
lyzed separately. Residual concentrations in all levels of soil of PCBs in the condensate was 370 ug/L, or 438). The
were identical, below 0.4 mg/kg, which indicated a good heat fraction corresponding to the organic-phase was diluted in a
transfer into the layer of soil. In the first phase of evaporation, known volume ofn-hexane and analyzed. It was found, that

Table 8
Dehalogenation of contaminated oil in pilot-plant reactor by KPEG and at addition of powdered Al
Total time T(°C) PCB PEG KOH Al PCB:PEG:KOH:AI Efficiency Comment
(min) (ma/kg) (kg) (kg) (kg) mass ratios (%)
0 152 11900 96 48 0
185 152-165 320 1 97.3 Aluminum added
225 160 150 98.7
600 80 72 1:30.25:15.12:0.31 99.4 After spontaneous cooling
0 130 17200 48 24 2
200 152-165 3400 48 24 80.2
455 154-158 590
600 140-100 170 1:20.9:10.45:0.43 99.0 Cooling
0 140 95 25 12 0.2
90 140 13 0.1
400 140-180 a 1:986:473:11.8 90.4

Agitated reactor vessel and turbine-like impeller at 1000 rpm were used. Batch of contaminated oil was 267 kg.
2 Sum of indicative congeners.
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Fig. 4. Time dependence of concentrations of PCBs (mg/kg) in oil treated by modified KPEG method in bench-scale volume of reactor (see procedure no. 3
in Table 7.

the organic-phase (originally 160 ml) represents a very con- not fully understood and more information is needed. Bench-
centrated mixture of PCBs in other non-polar liquids (more scale experiments have also shown how firmly moisture (and
than 5% wt. of the total indicative congeners). Surprisingly, it organics) were adsorbed in the pores of soil particles and
was discovered that the congener No.28 which represented alsubject to a great resistance to transfer of vapors through the
most 70% of the total mass of indicative congeners in the soil, layer of soil particles in the static bed.

was only 47% of the congeners in the aqueous condensate. Some experiments were performed with the addition of
The fate of individual congeners during thermal treatment is powdered sodium hydrogen carbonate. It is evident that the

Table 9
Rate of desorption of PCB from contaminated soils
Time of Temperature in the Temperature in the Condensate Condensate
experiment (h) center of layer (A){C) center of layer (B){C) (A) (ml) sum (B) (ml) sum
0 28 29 0 0
1 72 82 0 150
3 80 96 550 500
5 88 98 850 850
7 205 104 960 1050
9 277 191 1010 1100
11 316 227 1020 1100
13 322 320 1020 1100
17 420 349 1130 1130
19 420 410 1180 1230
21 502 428 1180 1230

(A) Contaminated soils, (B) mixture of contaminated soil with 7% wt. of sodium bicarbonate. Type of soil Milevsko Il, size of particles bellow 2u6vom, s
indicative congeners 300 mg/kg, content of moisture 3.2% of wt. Height of layer of the treated soil 300 mm, total mass of the soil 32.1 kg, old wntaminat
(more than 20 years). Velocity of nitrogen in the free space above the level of the soil in the chamber: 5.5 cm/min.
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Table 10 The possibility of decontaminating contaminated using

Efficiency of separation of PCBs from contaminated soils in pilot-plantbatch  5+tivated carbon (AC) is also demonstrated: very strong links
desorpt'on_“”'t — _ between PCBs and surface of pores of AC were expected.
Type of soil: Sum of seven indicative Efficiency of After the batch MTTD process in the controlled atmosphere

congeners (mg/kg dry) separation (%) nitrogen with traces of oxygen up to 1% vol.) the specific

Before LTTD After LTTD area of AC has increased by an average of over 20% and AOX
Milevsko | 11638 0425 9996 (adsorbed chlorinated organics, g/kg dry) decreased by over
m::gz:g: 1;‘8 81 gggg 90%. Experiments with thermal decontamination of bodies
Milevsko Ii 1860 <05 9997 (carcasses) and packages of electrical condensers, after the
Milevsko I 3020 <05 9998 previous pouring of the dielectric PCB liquid (pure Delor
Milevsko Il 3810 <05 9999 106), revealed an average composition of scrap from con-
Milevsko | 5350 <05 9999 denser as follows: metallic sheet 0.18 mg/ml-foil below

Capacity 15-18 tonnes a batch, temperature up t6650itrogen gas circu- 0.001 mg/n%, carbon ash 0.16 mg/kg.
lation. Soils were contaminated mainly by Czech commerce PCBs products

based on the mixture of Delor 103. 3.4.3. Chemical dehalogenation of oil-in-water

dispersions in solid-state reactor

The efficiency of destruction of aqueous liquid wastes of
the type oil-in-water emulsions is demonstratedable 12
The efficiency of 83.5% destruction is relatively high. How-
ever, the composition of PCBs in both condensates remains at

decisive phase of desorption takes place at much lower tem-
peratures. This fact can be ascribed to the role of an alkaline
additive which enhances the process of reductive dechlori-
nation. The remaining concentration of PCBs in the soil was

also very low, below 0.1 mg/kg. A similar procedure has been very high levels. Additional treatment of condensation prod-

applied recently in the .BCD process]. ucts is necessary and so the costs of decontamination in-
Bench-scale experiments have demonstrated that the

e X crease.
method of low temperature desorption is a very effective tool

for decontamination of soil contaminated with PCBs and/or Much additional research is necessary with the aim to im-
or decontamination of sol contaminate S andio prove the efficiency of destruction of such wastes and lower
other chlorinated organics.

the quantity of water-phase.

3.4.2. Pilot-plan MTTD 3.5. Treatment technology evaluation and ranking
Some selected data are summarized Talale 10

Table 11lillustrates the fate of individual congeners after The purpose of this section of the paper is to evaluate

the thermal desorption procedure: and rank the commercial technologies that might be used for
The treated soil from batch MTTD process contains a the treatment of soils (in general of solid wastes like electric
residual concentration below of about 0.5 mg/kg PCB inde- Capacitors and/or Condensers) and ||qu|ds Containing p0|y_
pendently on the original concentration in treated contami- chjorinated biphenyl contamination. We believe that the best
nated soil and of the type of soil (loamy or sandy). A high treatment technology for treating solid wastes contaminated
efficiency of separation of PCBs from soils (over 99.9%) is with PCB is indirect-fired temperature thermal desorption.
demonstrated even in the soil with an Original concentration The evaluation of source materials in the Czech Repub”c
of about 5000 mg/kg PCB. indicates that the priority in wastes to be treated is likely
At present, the regulatory level for unrestricted disposal to be PCB solid wastes and PCB liquids in that order. The
of treated soil is 0.05 mg PCBS/kg Itis Unlikely that lower MTTD process could be dup"ca‘[ed under an amended oper-
residual PCB levels can be achieved in the batch MTTD unit ating permit until the market in PCB waste and soil matures.
because of the fixed-bed configuration. It may be possible The existing modular units could be used for a treatment of
to lower the residual levels, however, by incorporating a re- contaminated capacitors and/or transformers and could be
ductive dechlorination reaction within the LTTD process (by used onsite for activated carbon treatment or transported off-

adding caustic soda and/or sodium bicarbonate). site for soil treatment at spill location. The existing chemical
Table 11
Composition of indicative congeners in the soil treated by thermal desorption in pilot-plant unit
Type of soil Congeners (mg/kg) Efficiency of
i 0,
28 52 101 118 138 153 180 separation (%)

Milevsko |

BeforeLTTD 134 331 199 237 276 276 233

AfterLTTD 0.32 013 005 0045 Q03 0035 Q018 99.78

Milevsko Il

BeforeLTTD 375 108 414 424 295 325 172

AfterLTTD 0.26 0074 Q0025 0021 0021 0026 Q017 99.31
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Table 12
Efficiency of destruction of PCBs in contaminated oil-in-water emulsion in solid-state reactor

Volume, | Mass, kg Concentration of PCB, mg/kg Total amount of PCB, mg
Inlet
Solid carrier 9750 18 175,500
Emulsion—water 678 678 37 25,086
Emulsion—oil 122 128 110,000 14091,000
Inlet total 14,291,586
Outlet
Solid carrier 9,750 10 97,500
Condensate la (taken up to 120) 380 380 3 2,774
Condensate I-water 760 760 25 19000
Condensate I-olil 30 35 11,000 346,500
Condensate |l-water 314 314 32 10,048
Condensate Il-oil 56 58 32,000 1,881,600
Outlet total 2,357,422

The original oil-in-water emulsion consisted from two immiscible phases: watery-phase (emulsion—water) and oily-phase (emulsion—oil).

processes will require a substantial investment in equipmentommendation which designs may be more suitable for our
and technology development to bring it to the level where it necessities was referred and it is available in the feasibility
can satisfy the needs in of terms of capacity for dehalogena-study for IDOS Waste Treatment Facilii§2]. In this study,
tion PCB generated from imported liquids and soil (capaci- there are mentioned conventional calciner designs (Astec,
tors) desorption. RLC, Texas Incinerator), steam strip design (Maxymillian
The well-known BCD dechlorination processis morereal- Technologies), hot sand recycle design (SoilTechATP), fluid
istic from an equipment and cost standpoint, but this processbed design (RSI), specialized PCB design (ETG) and liquid
requires a substantial investment for technology rights. We dechlorination systems (Commodore SET, BCIgble 13
also believe that the need for a liquid dechlorination facility only summarizes typical small plant commercial indirect-
could be substantially reduced or eliminated by dechlorinat- fired design that have been used for the treatment of PCB
ing PCB in the thermal treatment unit. This technology has contaminated soils in the United States, which are as for as ca-
been demonstrated at full commercial scale in the U.S. pacities similar to our above mentioned unit. Over the years,
The existing extraction process can be used for washingseveral other designer of indirect-fired medium temperature
oversize and debris screened from the incoming soil feed.thermal desorption system have been tested or used commer-
Arrangement of individual technologies and flow-sheet of cially for the treatment of contaminated soils. Most of the
wastes and decontamination products is presenteHim &. designs are no longer in operation for the reason stated. They
Comparison of indirect-fired thermal desorption equip- are reviewed here briefly for background information only.
ment used to treat PCB contaminated soils and dechlorina- Information on available PCB-destruction facilities was
tion processes that are available in the United States and recalso incorporated into the United Nations Environment Pro-

Table 13

Comparison of small plants design used to treat contaminated soil

Supplier Equipment description and special characterifiizis

Onsite technologies OT provides portable calciner designs with the desorber mounted on the trailer, the condensation system on a second trailer The

systems have been. used for the treatment oily drill cuttings, but could be used to treat PCB contaminated soils. Soil temperatures
of 450°C are achieved

McLaren Hart MLH developed a low temperature, batch-charged soil treatment system that is similar to the Termidos process. Heat was
supplied by radiation from gas fire heating tubes above the soil bed. A vacuum was drawn on the reactor to enhance contaminant
vaporization. The volatilized organics were destroyed in a thermal oxidizer. It seems to be effective for treating soils containing
petroleum hydrocarbons only

Shirco The Shirco unit was a continuous feed version of the soil bed technology that predated the McLaren Hart processor. In this case
the bed of soil was placed on a traveling grate and the temperature were higher

LT3 Weston Environmental Services developed and commercially used an indirect-fired processor using hot oil as the heating medium.
Hollow screws heated internally by re-circulating hot oil were used to transport the soil through the reactor. Vaporized organics
were either condensed or burned in a thermal oxidizer

Bethlehem Bethlehem Corporation developed a system combining a hot soil recycle with a high efficiency paddle in an attempt to improve
heat transfer. The ceiling temperature (3CJ of the hot oil heating medium limited both the Weston and Bethlehem system.
The use of higher temperature oils was considered to constitute a safety hazard
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Fig. 5. Arrangement of individual decontamination processes. 1, inlet of the contaminated soil and/or capacitors drained of their liquid tanaifcatedn
adsorbents; 2, outlet of decontaminated soil; capacitors and/or sorbents for recycling; 3, agueous condensate contaminated with PCBsndgates conde
containing the decisive amount of PCBs; 5, unit of the clean-up of contaminated water (UV-activated carbon system); 6, tanks for waste andfatecontami
underground water; 7, extraction unit (extraction of contaminated soil with agueous solvents); 8, reservoir of contaminated aqueous edréety)9, (
decontaminated soil; 10, decontaminated water (used for the preparation of the extraction solution); 11, chemical dehalogenation of canitsuanthted
water-free oil condensates by sodium dispersion; 12, chemical decontamination of oils and oil-in-water condensate; 13, storage tank oésifgrresidu
incineration; 14, solid-state reactor-destruction of oil-water mixtures by reactive emulsion process; 15, contaminated oil (dielectrit6ligquixding of
decontaminated oil (the content of PCBs bellow 10 ppm) with clean light combustion oil as a fuel for heating MTTD; 17, adsorption of PCB from highly
concentrated aqueous condensates and contaminated waste water with high content of solid sediment on activated bentonite.

gramme[63]. The publication responds to request for infor- pure PCBs. Reported rate charged to remediate transform-
mation on, and to continuing interestin alternativestoinciner- ers, capacitors, transformer oils and waste oil contaminated
ation and identifies more than 20 vendors who represent thatby PCBs varies between 0.35 and 1.78 USD/kg (approxi-
they can treat and destroy PCB oils, transformers, or capaci-mate average is 1.1 USD/kg) for transformers, between 0.14
tors, using chemical or physical processes. The survey of cur-and 3.3 USD/kg (approximate average rate is 1.42 USD/kQg)
rently available non-incineration PCB destruction technolo- for capacitors, between 0.15 and 2.63 USD/kg (approximate
gies including the costs is summarized inable 14 These average rate is 0.88 USD/kg) for transformer oils and be-
technologies realize mainly physical-chemical and chemi- tween 0.13 and 2.63 USD/kg (approximate average rate is
cal methods and do not include incineration. Nevertheless, it 0.86 USD/kg) for waste oils respectively, 468].
must be recognized that some PCB destruction facilities in-  Rate charged to remediate PCB contaminated soils with
clude in this analysis incorporate, or require, an incineration thermal desorption was dependent on many factors and
step, generally for the final destruction of the PCBs extracted ranged from 40 to 500 USD/tonnfg2].
from electrical equipment. Our experience with operation of these technologies
The reported rate charged to remediate to destroy con-shows thatthe disposal of highly concentrated liquids (dielec-
taminated transformer oils, waste oils, transformers and ca-tric liquids from capacitors, oil condensates from MTTD con-
pacitors is very variable according to the product but gener- taining more than ca. 5.000 ppm PCB) by chemical methods
ally lower than the cost of incineration, except in the case of is not cost-effective and cannot thus compete with the price of
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Table 14

PCB treatment/destruction technologies (transformers, capacitors and oils)

Item Costs (USD/kg) Company Technology

Transformers 0.71-1.78 ABB Service (Germany) Decontamination with hot solvents

Transformer oils 1.31-2.63 AMEC GeoMelt (Australia, UK, USA) Vitrification

Transformer oils 0.20-0.75 Aprochim (Brazil, France, Spain) Casing is treated with solvent vapor. Extraction of oils
with solvents

Waste oil 0.13-0.57

Transformers 0.84-1.42

Capacitors 0.14-1.25

Waste oils Bilger (France, Germany, Netherlands, The oils are treated with metallic Na

UK)

Transformers

Capacitors n.a.

Transformers 2.0 Cintec (Canada) Solvent washing allowing recycling of metallic parts

Capacitors 5.36

Transformer oils 0.8 Cleanaway (UK) Solvent cleaning of transformers and high tempera-
ture incineration of residues and oils

Waste oils 0.5

Transformers 1.0

Capacitors 1.6

Electric oils, Waste oils EcoLogic (Australia, Canada, Japan) High temperature reduction of organics to methane
and HCl in the of hydrogen

Transformers n.a.

Capacitors

Electrical oil ELF Aprochem (France) Thermal conversion of PCBs to HCl in the high tem-
perature furnace

Waste oil

Chlorinated residues n.a.

Transformer oils 0.15USD/L Fluidex (Australia, South Africa) Chemical destruction with sodium (at the 100 ppm)

Transformer oils 0.73-1.45 Grosvenor Power (UK) Catalytic dehalogenation (patented catalyst)

Transformer oils 0.7USD/L Manitoba Hydro (Canada, USA) Dehalogenation with metallic sodium

Transformers, capacitors n.a. SD Myers (1), (Brazil, USA) The components are cleaned with solvent, PCB con-
centrates are sent away for destruction

Mineral oils, retrofilling n.a. SD Myers (2), (Canada, South Africa, Dechlorination process (KPEG?)

UK, USA

Electrical and waste oil, trans-  n.a. Ontario Power (Canada) Metallic sodium todestroy PCB, solvent extraction for

formers, capacitors solid parts

Transformer oils 1.1 Orion BV (Netherlands) Solvent cleaning associated to an incinerator

Waste oil 1.34

Transformers 1.34

Capacitors 1.69

Waste oil 15 Papusha Rocket Technol (Russia) High temperature chemical destruction (plasma
chemical detoxification)

Electrical equipment followed 0.58 Petrochimitekhnology Solvent washing of equipment

Oil 0.175 (Russia) By plasma chemical destruction

Transformer oil 0.6 Powertech (Canada, Japan) Metallic sodium to destroy PCBs

Transformers 1.65 Safety-Kleen (USA) Solvent washing of equipment, metallic sodium to de-
stroy PCBs

Capacitors 3.3

Qils 0.22

Waste oils 0.44

Transformers 1.0-1.67 Sanexen (Canada) Solvent washing of equipment, sodium based reagent
to destroy PCBs

Transformer oil 0.34-1.0
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Technology

Item Costs (USD/kg) Company
Transformer oil 0.95 Shanks (UK)
Transformers 1.03

Capacitors 0.87

Waste oil 0.63

Electrical equipment and n.a. Shinco Pantec (Japan)
waste oil

Electrical oils n.a. TASSCO (Canada)
Transformers and possibly ca- n.a. Tredi (Canada, France)

pacitors

Solvent washing of equipment, the remaining parts
are incinerated

Solvent washing of equipment, chemical dechlorina-
tion of oils with sodium dispersion

Removal of Cl from PCB by metallic sodium (with
residual content under 2 ppm PCB)

Decontamination of equipment using a non-
flammable solvent

their incineration (in CR at present around 1.85 USD/kg). Al- -
though up to now there is in CR only one incineration plant
equipped with suitable technique, at least two other plants
are to be in operation in the not distant future, which could -
lead to some price cuts. On the basis of the trial operation of
the technologies mentioned one can conclude that they are
especially applicable to: -

¢ Disposal of condensers

e Lowering of PCB contentin transformer oils to ensure their
recycling

¢ Lowering of PCB contentin contaminated soils of alimited
range (eventually on site) for their re-deposition at the site
of the contamination

e Lowering of PCB content in adsorbents to ensure their
recycling

e Lowering of PCB content in waste (underground) waters

The best way disposal of capacitors is their disassembling
followed by discharge of the dielectric liquid and cleaning
of metal parts and solid fillings with MTTD. The evaporated
dielectric liquid can be incinerated, and the decontaminated

Water, aqueous condensates from MTTD, PCB content up
to 30.000 ng/L, final PCB concentration below 100 ng/L:
19.2USD/nd

Soil with PCB content to 6.000 ppm, MTTD method, fi-
nal PCB concentration below 0.5 ppm, disposal of waste
waters and oil condensates included: to 150 USD/tonnes
Activated carbon (to ca. 10.000 ppm PCB): maximum
615 USD/tonnes

- Capacitors (costs on disassembling, MTTD treatment and

disposal of dielectric liquid are included, the metal parts
are used as a secondary raw material): 1.1 USD/kg
Contaminated solid wastes (debris, pieces) with PCB con-
tent to ca. 200 ppm (extraction with aqueous solvents, only
PCB lowering below 100 ppm which permits their land fill-
ing, the latter costs included): maximum 70 USD/tonnes

As judged from a limited set of data at present available,

these costs are essentially in the range as those reported by
foreign companies.

metal parts could be recycled as a secondary raw material4- Conclusions

In contrast to the prevailing application of solvent washing
of the core and casing of the capacitors (3able 14 we
have found out that the extraction of PCB liquid namely from
aluminum-paper rolls is insufficient by this procedure.

In the case of oil condensates from MTTD containing
more than approximately 5.000 ppm PCB, their incineration
is the preferred cost-effective way. The above presumptions
were taken as the basis for the evaluation of operating ex-
penses of the disposal of wastes of different types.

The costs were assessed from data obtained from a lim-
ited number of test experiments and should be thus taken as
tentative for information purposes. The operating expenses
include the costs of energy, chemicals and nitrogen, depre-
ciation of fixed assets, expected transport costs (to 200 km
distance), eventually costs of decontaminated soil deposition
and waste water disposal as well as operator wages.

- Waste and transformer oils containing up to 5.000 ppm
PCB, final concentration below 10 ppm (KPEG method,
Na method): 0.85-1.12 USD/kg

(1) The separation efficiency Of the batch low temperature

thermal desorption is over 99.9% and by incorporating
reductive dechlorination reaction within the MTTD pro-
cess aregulatory level for unrestricted disposal of treated
soil of 0.05 mg/kg can be achieved.

The throughput capacity of the batch MTTD process is
low compared to other (continuous) thermal treatment
technologies because of the poor heat transfer conditions
inherent in the fixed bed. On the other hand, the process
has some advantages in that additional treatment capac-
ity can be added on a modularized basis (more cham-
bers for one common condensation unit). The batch pro-
cess is simple and cost-effective. The inert nitrogen at-
mosphere in the chamber substantially suppresses the
generation of highly toxic intermediates like dibenzodi-
oxins and dibenzofurans during the thermal operation.
Preferentially, batch MTTD could be used for carbon re-
generation, decontamination of metallic parts of electric
condensers and the paper-aluminum rolls. It can also be
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shipped offsite for treating suitable quantities of strongly
PCB contaminated soil (hundreds tonnes/year/one cham-
ber) at the source of the spill on a very economical basis.
The application of batch medium temperature desorption
unitis advantageous namely in the case where disintegra-

tion of contaminated wastes is inconvenient (big metallic (5)

pieces, blocks of concrete). The organic products from
thermal desorption, including PCBs, can comfortably be
destroyed by chemical methods of dechlorination.
Chemical methods of dehalogenation provide:

- Reductive dechlorination to destroy PCBs in oil which

203

thermal process is used. The soil could be blended for use
in a non-agricultural application, especially land recla-
mation. The oil is treated to a level where it can be used
onsite as a fuel supplement in the MTTD or can be recy-
cled.

These technologies have the particular advantage of be-
ing applicable on a smaller scale than is incineration and
are, when correctly applied, able to comply with the en-
vironmental management regulations.
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