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ABSTRACT

A criticd, necessarily not exhaudive, review of dedtruction technologies for
polychlorinated biphenyls (PCBs) is reported. PCBs are one of the best known of the twelve
compound classes defined as Persstent Organic Pollutants (POP).

Although the production of PCBs has been banned dl over the world since severd
years, as PCBs were and in many ingtances ill are used as didectric fluids (e.g. some trade
names. Aroclor in the U.SA., Sovtal in the ex U. S. S. R. Countries, dophen in Germany,
Kanechlor in Japan, and s0 on) and for other indudtrid uses, their presence in anthropogenic
products/equipment/gppliances and ther disperson in the environment is dill rdevant and
extremely differentiated. The present PCBs destruction technologies andyss teke therefore
in account the need for criteria in assessng peformances of dready developed technologies
and, when necessary, optimizing or boogting under development innovative processes.

Key Words: PCBs, remediation, waste, treatment




1. INTRODUCTION

There is growing demand in the public opinion (as reflected from governmentad and
non governmental organizetions and from the scientific community efforts) that stocks, stores
and environmental reservoirs of obsolete chemicds and POPscontaminated wastes must be
rapidly identified, properly collected and properly desroyed in order to sem ther continued
migration into the generd environment.

Parsgent organic pollutants are highly stable organic compounds used as pedticides
a in indusry or unintentiondly produced as the by-products of indudrid processes (manly
incineration) and / or other human activity.

The criteria to dassfy a pollutant as POP are under continuous evolution [1], due to
the progress in underganding ther environmentad fae and the necessty to prevent and
remedy their effects on human hedth and environment: lipophiliaty, perdstence (resst
photolytic, chemica and biologica degradation) and toxidty. As POPs are semi-voldile they
may be trangported around the planet in the amosphere and as they ae fa-soluble by
definition (accumulate in the faty tissues of living organism) a bio-magnification process
generdly takes place.

Differently from other POPs classes, PCBs are — or were — industrid poducts, mainly
gynthetic ails. In common with many of them (PCDD/F and pesticides) is the fact that they
contain chlorine.

Combugtion technologies that have historicaly been used to atempt the destruction of
POPs stocks and POPs contaminated materials may fal to meet the dSringent environmental
conditions progressvely being set in the las decade Indeed, combusion technologies
themselves are identified as magor sources from which POPs and other hazardous substances
are released to the environment.

Thus the threat of POPs for the environment and hedth of population on a plangtary
scde is 0 smious that it requires urgent and effective measures. Severd actions were
therefore established under UN agencies (UNEP, UNIDO, ICSUNIDO, etc) in 1998-2000
within the UNEP program for negotigion rounds of the Intergovernmenta Negotiating
Committee were hdd on daboraiing the legd documents on internationad prohibition of
POPs. Various aspects of POPs and PCBs have been covered by UNEP Chemicals on
fdlowing topics Inventory of World-wide PCB Dedtruction Cgpacity [2], Guiddines for the
Identification of PCBs and Materids Containing PCBs [3], Inventory of Information Sources
on Chemicals PERSISTANT ORGANIC POLLUTANTS [4], Survey of Currently Available

Non-Incineration PCB Dedruction Technologies [5]. Prior to the POPs negotiations, UNEP
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organized a series of regiona/subregional awareness raising workshops on POPs and PCBs,
which covered developing countries and countries with economies in trangtion to prepare the
governments and other partners for the negotiations and encourage immediate action on POPs
a the nationd and regiond leve including case sudies

Within the plan of action of UN organizations with support of the Internationd Centre
for Sdence and High Technology (ICS)-UNIDO an Expert Group Mesting (EGM) on “ Clean
Technologies for the Reduction and Elimination of POPs” was held in Trieste, Itdy, from 4
5 May 2000. Also ICS-UNIDO in collaboration with the Russan Federation State Duma
Committee on Environment, a sub-regiond mesting of the international group of experts was
hdd in Sat-Petersburg from 16 to 19 October 2000 on the theme “POPs reduction-
elimination in North-Eastern Europe’. The megting was organised by the Saint-Petersburg
Regiond Foundetion for Scientific and Technologicd Devel opment.

The purpose of this paper is to review the exiging technologies to treet PCBs,
presenting their limitations and some technicd, environmental, socid and economic  criteria
to choose the most proper technique.

2. FACTSABOUT PCBs [6]

Chemical Structure: The chemicd dructure of the PCBs is the following. The variety of
possble postions for the chlorine atloms give rise to 209 dructures (containing & least one
chlorine atom) caled congeners. Congeners with the same number of chlorine atoms, but in
different positions are termed isomers.

PCBs are dther aily liquids or solids and are colorless to light ydlow in color. They
have no known smedl or tase There ae no known natura sources of PCBs. Some
commercid PCB mixtures are known in the United States by their indudrid trade names,
such as Aroclor and Askardl.
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Chemical Structure of PCBs



PCBs dont burn esdly and are good dectricity insulating materid. They have been
used widdy as coolants and lubricants in tranformers, cgpacitors, and other dectrica
equipment.  Products containing PCBs ae old fluorescent lighting fixtures, dectrica
aopliances containing PCB capacitors, old microscope ail, and hydraulic fluids.

PCBs can be released into the environment from hazardous wagte Stes that contain
PCBs, illegd or improper dumping of PCB wedes, and lesks from dectricd transformers
containing PCBs. PCBs may be carried long distances in the air and they remain in the air for
goproximately 10 days. In water, a smal amount of the PCBs may remain dissolved, but most
dicks to organic particles and sediments. PCBs in water build up in fish and marine mammals
and can reech levels thousands of times higher than the levels in water.

One might get exposed to PCBs by usng old fluorescent lighting fixtures and old
gopliances such as televison sets and refrigerators, from the leek, smdl amounts of PCBs
into the ar when they get hot during operation; eating food, incduding fish, meat and dairy
products containing PCBs, breathing ar near hazardous waste dtes that contain PCBs
drinking PCB-contaminated well water; repairing or maintaining PCB transformers.

Anima experiments have shown that PCB mixtures produce adverse hedth effects
that include liver damage, <kin irritations, reproductive and devdopmenta effects and
cancer. People exposed to PCBs in the ar for a long time have experienced irritation of the
nose and lungs, and skin irritations, such as acne and rashes. It is not known whether PCBs
may cause hirth defects or reproductive problems in people. Some sudies have shown that
babies born to women who consumed PCB-contaminated fish had problems with their
nervous sysems a hirth. However, it is not known whether these problems were definitely
due to PCBs or other chemicals.

There are tests to find out if PCBs are present in human blood, body fat, and breast
milk. Blood tests are probably the easedt, safest, and best method for detecting recent
exposures to large amounts of PCBs. However, snce dl people in the indudrid countries
have some PCBs in their bodies, these tests can only show if one has been exposad to higher-
than-norma levels of PCBs. However, these measurements cannot determine the exact
amount or type of PCBs one has been exposed to or how long expodtion was In addition,
they cannot predict whether any harmful hedth effects will be experienced.

In order to beter define emisson limits for polychlorinaed dibenzodioxins
/dibenzofurans (PCCD/F), Toxicity Equivaence Factor (TEF) have been defined for each of
the compounds in these dasses of POPs and the limit imposed is expressed as toxic

equivdent (TEQ), that is the toxic eguivdent quantity given by the product between the
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sngle compound concentration and its TEF. E. g. European limit for PCDD/F concentration
in flue gases from waste incinerators is 0.1 TE ng/Nnt. TEF have been defined dso for
PCBs.

The TEF may be assumed as an order of magnitude estimate of the toxicity of a
compound, redive to the toxicity of TCDD thet is derived usng careful scientific judgement
dter conddering dl avaldble daa [7]. The reative potency of a compound obtaned in a
single in vivo or in vitro sudy will be refarred to as a rdaive potency (REP) vdue TEFS, in
combination with chemica reddue daa can be used to cdculate toxic equivdent (TEQ)
concentrations in various media, induding anima tissues, soil, sediment and waer. TEQ
concentrations in samples containing PCDDs, PCDFs and PCBs ae cdculated usng the
following equation:

TEQ = (S[PCDDi x TEFi]n) + (S [PCDFi x TEFi]n) + (S [PCBi x TEFi]n)

Subgtantid evidence indicated that the TEF gpproach is equaly vaid for human risk
asessment as for wildlife, dthough wildlife risk assessments usudly attempt to edimate
populdion-levd  effects (unlike traditiond human risk assessments, which focus on
protecting individuas) because effects on populaions are of grester ecologica reevance than
are effects on individuas. The criteria usad for including a compound in wildlife TEF scheme
are the same as those used for human TEFs. Compounds must:

show a gtructurd relationship to the PCDDs and PCDFs

bind to the Ah receptor

didt dioxin-specific biochemica and toxic responses

be persstent and accumulate in the food chain.

Table 1 [7] gives the TEF vaues of PCBs and PCDD/Fs. Although a comparison
between TEF must be regarded as very prdiminary and not exhaudive, it is evident that
PCBsroughly present 2 to 3 lower order of magnitude toxicity with respect to PCDD/Fs.

In order to reduce the toxicity in the environmentad media it is therefore absolutdy
necessary, when destroying PCBs, to verify that in the products generated by this compound
converson, there is no PCDD/F in concentrations 2 to 3 order of magnitudes lower than the
concentrations detected andyzing PCBs.

According to the former condderations oxidaive processes, manly PCBs
incineration, must be consdered with extreme caution.

Destruction Efficiency (DE): The overdl dedtruction of an hazardous compound is
cdculated on the bass of totd weght of the same into the process, minus the sum of the
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compound found in dl products by-products, and environmentd relesses, divided by the
compound input. (DE is reported as a percentage).
Destruction and Removal Efficiency (DRE): Dedtruction and removad efficiency is

intended as the efficiency in dedruction and remova from a main dream, generdly the flue
gases. It is caculated smilarly to DE, but as it is referred only to one siream may be useful to
eva uate cleaning equipment, while may be mideading for awhole process evaduation.

This measure only takes into account contaminants that are present in the stack gases
(@r emissons), but ignores toxic contaminants of concern reeased as 0lid and liquid
resdues. (e. g. bottom ash and waste water).

3. SOURCESOF PCBs

The origin of the PCBs is excusvely ther ddiberate manufecture, primarily for the
use as didectric fluids in dectricd transformers and cgpacitors, but dso for the use in carbon
less copy papers and inks. Other uses of PCBs include: waxes, heat exchange fluids, cutting
oils, flame retardant, insulating paper for dectric cables, adhesves, dudt-removing agents,
hydraulic fluids, specid lubricants paints, vacuum pump oil, waterproofing producs and
certain plagtics. Table 2 shows PCB use in the US between 1929-1975 and Table 3 gives the

common trade names of PCBs in different Countries.

4. POPs AND PCB s PRIORITIESIN ENVIRONMENTAL CONCERNS
Eradicating persgent organic pollutants (POPs) from the globd environment requires
diminating their sources, whether such sources are specific fadilities, processes or materids.
It dso requires dedruction of stockpiled POPs and associated environmenta contamination.
POPs stockpiles are estimated to incude more than one million tons of PCBs didributed
globdly [6,8] ard more than 100,000 tons of obsolete pedicides in countries that are not
members of the Organization for Economic Cooperation and Development [9].
The technologies used for destroying dtockpiles of persgent organic  pollutants
(POPs) must meet the following fundamenta performance criteria
Destruction efficiencies of effectively almost 100 percent for the chemicals of
concern: The determination of 100 percent destruction efficiency is necessarily based on
findings of extremey low concentrations of the chemicas of concern, approaching zero
in any and dl resdues, or outflow Sreams usng the mos sendtive andytica techniques
avalable worldwide. As the absolute zero may be criticized as utopist, or beffled as

technicdly not feesble the only possble criterion to st how low the required
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concentration must be, when consdering toxic substances such as POPs, must be certain
absence of any present and future ham to human hedth and environment. Although
expensve, complete andyses of the dl out flowing streams, resdues, possble lesks must
be caried out with a frequency sufficient to ensure compliance with this criterion during
Sartups, shutdowns and routine operations.

In order to better atan the above mentioned god, priority is recommended for
technologies thet imply containment of all residues and out flowing streams for
screening and, if necessary, reprocessng. This is to ensure that no chemicds of concern
or other harmful compounds, such as newly formed perssent organic pollutants or other
hazardous substances, are released to the environment. Technologies which may require
uncontrolled releases (eg. rdief vave from high-pressure vessds) or environmenta
spreading of POPs, even & hardly detectable levels (eg.: incineration processes with high
gaseous mass flow rdlessad to amosphere), should be carefully scrutinized and possibly
avoided.

Determining the extent to which a technology meets these criteria during both
preliminary tests and routine operations has many aspects induding but not limited to the
following:

scientific and engineering expertise;

equipment and fadilities for sampling and andyds of the materids to be desroyed and Al
residues of the destruction process,

gringent operating guiddines, and

comprenensve  regulaory  framework, incduding enforcement and = monitoring
requirements.

In recent years, severd interndiond and nationd agencies and organizations have
evduated innovaive dedruction technologies, some of which are now in commercid-scae
operation in one or more countries. This effort has been accomplished in the stronger and
dronger constiousness of the environmental problems related to indudrid development.
Doubtless environmenta concerns for a sudainable deveopment range from greenhouse
gases limitation, through POPs, to PTS (Persgtent Toxic Substances). In such a complex
Situation the necessity to set priorities and define specific criteriaisamud.

The hopeful am of the present paper is to enlighten innovative technologies to be
implemented in order to eradicate present and future environmenta effect of PCBs.



It has to be conddered tha, notwithstanding internationd relevant achievements on
the PCBs issue (see eg. [2] and [4]), the most diffused destruction technologies for PCBs,
that isincineration processes, do not completdly stisfy the above proposed criteria

As the destruction term has to be intended with respect to present and future toxicity
or environmental hazard, to specific chemical compounds not of course to matter, it seems
proper to carefully investigate chemical processes that could offer a much most specific and
safer gpproach to solve the problem.

Like the most advanced “clean” combugtion technologies, these newer technologies
will have high resource demands, neverthdess, in the framework of the whole environmentd
remediation perspective, they may result even chegper and indudtridly religble.

5. REDUCTION/DESTRUCTION TECHNOLOGIESFORPCBS

In 1976, the USA Congress enacted the Toxic Substances Control Act (TSCA), which
directed the EPA to control the manufecture, processng, didribution, use, disposd and
labeling of PCBs. More than twenty years ago knowledge on POPs and on PCBs heath and
environmenta  effects were of course less extendve and detalled than nowadays, avalable
technologicd solution were limited manly to landfill digposd and incinerdtion, while
innovative chemical trestment technologies were less proven. Table 4 shows a ligt of disposd
methods as they were defined by U.S. EPA some years ago for different types of PCB
materias. Each of the approved PCB disposd methods is described below.

As a maiter of fact sensble technologica progress are reported in the last decade for
different chemical transformation technologies Some of them have been dso officidly
checked and goproved by governmentd orgenizations so that in principle, a leest in some
more advanced Countries, innovative and safe PCBs dedtruction technologies are a a stake to
play ardevant role.

It must be noticed that these technological progresses have been and ae possble
under vey pedific drocumdances, such as long term  resource  avalability, strong
environmenta awareness and sound scientific knowledge.

It is wel known, (it was even andyzed and theorized — see eg. M.M. Waldrop:
Complexity — The Emerging Science at the Edge of Order and Chaos New York Simon &
Schugter, 1992) that successful indudrid gpplications may be conceived, evolved and
widespread against basic raiond premise The last century creeping technological
devel opmentof interna combustion engines vs. fuel cell may be regarded as emblematic.



In its efforts to promote sustainable industrial development ICS — UNIDO may not
refrain to focus that under devdopment or emerging Countries may not be in a pogtion to
consider and properly exploit these innovative environmenta technologies

Furthermore, accordingly to own and mgor international environmenta organizations
aurveys, the PCBs diffuson in the environment originating from these Countries is
compromisng the globd environment, so that immediale and proper industrial action is
absolutdly needed.

Aim of this paper is to contribute in increasng awareness in scientific community and
decison makers about thistopic.

6. REMEDIATION TECHNOLOGIES

More than 100 nationd governments agreed to a Globa Programme of Action, which
ams to phase out POPs and in particular PCBs. It has been estimated that 31% of the total
world production of PCBs (370,000 tons) have dready been rdessed to the environment.
More than 60% remain in use or in sorage. Only 4% have been destroyed [§].

As one might expect from these figures, there is a mgor controversy surrounding the
best choice of technology for the destruction of the enormous quantities of PCBs currently in
dorage. Dedruction method incudes high temperature incineretion and various chemica
methods. The best technology for destroying PCBs admost certainly remains yet to be
determined and likely there may not be a unique best solution. As a matter of fact in most
casss it is the physcd form of the waste, rather than the specific compound or congtituents
that requires remediation, which determines the applicability of a particular trestment
technology [10].

In many ingtances the “separation” steps, before and after the transformation process,
may be much more onerous that the specific process itsdf.

7.EVALUATION OF DESTRUCTION TECHNOLOGIES

Evdudion criteria sgting is a useful, necessary, sometime mandatory exercise;
nevethdess some criteria may be involuntarily mideading, ingpplicable or become
obsolete. As an example avduable andyss induded the following [9]:

a). Cgpability of treting a variety of wastes with varying condituents with minimd
pretrestment or characterization;

b). Secondary waste stream volumes that are dgnificantly smdler than the origind waste
stream volumes and which contain no toxic reaction byproducts,



¢). Complete mineraization of organic contaminants;
d). Offgas and secondary waste compostion;

e). Cog;and

f). Risk

As this paper is focused on PCBs dedtruction technologies, the following comments
will be rdated to the aove mentioned evduation criteria The versdility in point @ is
necessary when “mixed wastes’ are treated, as in [9]. A certain variety of contaminants is
very likdy when conddering many remediaion activities, viceversa in case of PCBs stocks
destruction or subdgtantidly only PCBs contaminated wastes treatment more advanced
technologies may be much more effective  Although this didinction appears purdy
theoreticd it reflects the necessty to adequate technologica solutions consequently to
present scientific knowledge. PCBs are not synthesized in naure, but were concelved and
widdy produced as industrial products. Production and use ban, in spite or ther effective
properties (Sability, conductivity), does not necessaily imply that destruction technologies
gmilar to typicd “waste’ technologies (such as landfill disposd and incineraion) are suited
for PCBs, generic wade treatment is out of the scope of this paper, but doubtless PCBs
goecific propeties such as fire resdance, toxicity (intrindc and potentid for partid
oxidation), efc. may require extremey high efficiencies not dways avalable when dso
variety capability islooked for.

When tregting generic wastes the am is a harmless volume reduction, or undesirable
mass dte segregation.  In destroying PCBs the need is transforming chemicals in order to
avad any present and potentid toxic effect.

The criterion b) intrindcaly excudes incineraion, unless pure oxygen is used ingteed
of ar. In the case of PCBs the toxicity increase rdaed to even extremdy limited partid
oxidation reinforces the pregnancy of the requirements. Furthermore toxic diffuson in the
environment is augmented when gaseous sStreams are released, 0 that even considering
compareble totd amounts in liquid or solids streams, the polluting effect may be much more
hazardous when dispersed in flue gases.

As long as it concerns PCBs and PCBs — like compounds, haogen converson and off
ges / secondary dreams compostion must be quantitatively specified. These necessties is
conddered the mod reevant in  under-devdopment or emerging Countries, where
sophidicated andyticd resources and equipment may not be avalable Internationd
cooperaion and support is therefore the only possble way to properly address technologicad
choices and implement adequate compliance.



Cog, as wdl risk, are of course an high priority criterion; cods definition would better
be soitted in cgpitd and operating codts, in turn reactive and energy consumption, manpower,
management, license feg, ec. Risk evauation should incude load flexibility, trandert
control, emergency management, dismantling activities.

Findly, aspects such as technologicd possble and proven scade / throughput capacity
should be carefully addressed for innovative technologies

8. HISTORIC TREATMENT TECHNOLOGIES

In the past, POPs and other materias that are difficult to destroy have commonly been
managed by dorage burid in landfills, and/or burning in combugtion sysems (eg., dedicaed
incnerators, indudria boilers or cement kilns). Also a few nations ill dlow injection in

deep wdls. Among these practices, only combustion sysems accomplish some degree of
destruction.

8.1. Landfill Cap System and Deep Well Injection

Landfill capping is one of the most common forms of remediaion technologies. It is
ud to cover buried waste maerids to prevent contect with the environment and to
effectivdly manage the human and ecologicd risks associated with a remediation Ste. The
design of landfill cgos is specific and depends on the intended functions of the sysem. The
mogt criticad components of a landfill cgp are the barrier layer and the drainage layer. Landfill
caps can range from a one-layer sysem of vegetated soil to a complex multi-layer system of
0ils and geosynthetics. In generd, less complex systems ae required in dy dimaes and
more complex systems are needed in wet dimate; the sysem complexity aso depends on the
type of wade (phase, hazardous or solid waste). The materids used in the construction of
landfill cgps indude low- and high-permesbility soils and low-permesbility geosynthetic
products. The low-permesbility materia drains water and prevents its passage into the waste.
The high permesbility materids collect the water thet percolatesinto the cap.

Landfill caps may be temporary or permanent. Temporary caps can be ingdled before
permanent closure to minimize generation of leachate until a better remedy is sdected. These
cgps ae usudly used to minimize infiltration when the underlying waste mass is undergoing
stling. A more sable base will thus be provided for the find cover, reducing the cost of the
pogt-closure maintenance. Landfill caps can aso be gpplied to waste masses too large for
other treetments. Disposd in a landfill is not a proper method for liquid pesticides or highly
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mobile waste. Inorganic pedicides or liquid pedicide waste containing about 5 percent
organic materid can be solidified or Sabilized prior to digposd in alandfill [11].

For perssent substances, burid in landfills is not a destruction technology, it is only a
method of contanment. Moreover, it is a rdaively ineffective method of containment.
Condtituents in buried wastes can and do escape into the surrounding environment, primarily
through leaching into groundweter and voldilizing into the ar. PCBs are known to escape
from landfills by volailizing into the surrounding ar [12] and are known to evgporate more
rgpidly with increesed moidure in soils, sediments and even with increased reative humidity
of ar [13].

Injection of hazardous chemicas down deep wdls is not a widdy used technology. In
fact, FAO (1996) desgnated deep wdl injection as "unsuitable because of the environmenta
rik and lack of control" [14]. Little is known about the long-term chemica behavior of
chemicds tha have been injected down deep wels - potentid reactions between hazardous
waste and underground rocks, clay, sand, water, brines oil, gas €., or the effects such
reactions might have on migration and toxicity. Once hazardous meterids leave the wel bore
and enter the porous layer into which they are injected, it is not possble to track their
movement. Ther wheresbouts become known only when they ae found as groundwater

contaminants.

8.2. High temperature incineration

This has been one of the mogt gpplied remediation technologies for the trestment of a
variety of contaminant sources including pedicidess PCBs and explosves. It is a high
temperature (870 °C to 1200 °C) dedtructive ex Stu trestment of polluted soil; the waste
and/or contaminated soil are fed into the incinerator, under controlled conditions, the high
temperaiures in the presence of oxygen voldilize and combugt the contaminants into
innocuous substances. Though variety of desgns are avalable most incinerator designs ae
fitted with rotary kilns, combustion chambers equipped with an afterburner, a quench tower
and an ar pollution control system. Removd efficiencies of more than 99.99% are feasble.
For PCBs and dioxins the high temperature incinerators can achieve destruction and removad
efficiencies up to 99.9999% [19].

Modern incinerators are commonly described as destroying pedticides, PCBs and
smilar chemicds very efficiently. However, recent tets suggest that incinerators achieve
destruction efficiencies that ae lower than those achieved by certan non-combugion

technologies. In addition, some incinerators burning POPs (pesticides and PCBs) and other
14



wadte are associated with the spread of undestroyed and newly formed POPs (dioxins and
furans) into the surrounding environment, contaminating ar, <oil, vegetaion, wildife and
human populations [16].

The U.S. EPA has gpproved high efficiency incinerators to destroy PCBs with
concentretions  above 50 ppm. Incinerators destroying PCB liquids must meet technicd
requirements like 2-sec resdence time a 1200°C and 3% of excess oxygen, dternatively, 1.5
sec residence time a 1600°C and 2% of excess oxygen in the stack gases. The destruction
and remova efficiency (DRE) for nonliquid PCBs must be eguivdent to 99.999%% (less

than 1 ppm).

8.3. Cement kilns

The main processes employed in making cement dinker can be classfied as ether
"wet" or "dry" depending on the method used to prepare the kiln feed. In the wet process the
feed materid is durried and fed directly into the kiln. In the dry process the kiln exhaust
gases are used to dry raw materid whileit is being milled.

At the veay high temperature of the cement kiln, and with the long resdence times
avaldble very high dedruction efficiency is possble for hazardous wagse. The highly
dkdine conditions in a cement kiln are ided for decomposng chlorinated organic wadte
Chlorinated liquids, chlorine and sulphur ae neutrdized in the form of chlorides and
sulphates. The quantities of the inorganic and minerd dements added in treating chlorinated
wadte ae limited (usudly is a amdl fraction of the large feed requirements of a commercid
kiln). No liquid or solid resdues requiring disposd are generaied since al resdues are bound
within the product.

The most appropriate waste for digposd in cement kilns are those which provide
additiond energy vdue as a subditute fud, or materid vaue as a subditute for portions of
the raw materid feed (eg cdcium, dlica, sulphur, dumina or iron). Liquid wase or low ash
waste can be ddivey easy to burn in cement kilns The materid is fed in dry or in durry
form (especidly for the ‘wet' process), or as a fud supplement into the burning zone of the
kiln. In this zone, the temperature of 1450°C is able to perform high destruction efficiency as
the gas passes though the kiln.

For the typicd counter current process configuration, polluted-soils and solid waste
canhnot be fed into the firing end of the kiln, since they would discharge in the dinker without
adequate trestment; besides, they cannot be fed into the cool end of the kiln, as the waste

would volatilize and would not be adequaidy destroyed. There are two suitable options for
15



feeding the wagte. The fird one condsts on feeding solid materid a the middle of the kiln
through a specidly designed hopper; the kiln temperature a feeding point is goproximatey
1100 °C and increases as the materids pass further down the kiln. This involves a mgor
modification to the rotary kiln. It is regquired a monitoring and verification that complete
dedruction of dable chlorineted compounds such as PCBs does occur with the desred
efficiency [17].

The second option incdudes a pretreatment of the solid waste (eg. thermd
desorption, as the agpproach taken with Catadysed Dehdogendation systems). After such
trestment the materia can be utilised as a raw materia subgtitute, and the condensate can be
incorporated in the liquid feed stream.

When operated properly, destruction of chlorinated compounds in cement kilns can be
>00.00 % complete with no adverse effect on the qudity of the exhaust gas [18]. The
contribution of waste materids to the exhaust gases are reativdly minor given that the wade
are only used as aminor supplement to the main energy or raw materia stream.

Many of the older types of cement kilns are not suitable. Only a few of the cement
kilns in developing countries meet the technica requirements that, in principle, would make
them suiteble for incineraion of certain groups of pedicides Expet advice is needed to
asess whether kilns can be used and specid equipment is required to inject the pesticides
into the kiln. Such equipment is expensve and should only be inddled and used under expert

upavison.

9. EMERGING AND INNOVATIVE TECHNOLOGIES

Evidence of the environmentd and public hedth impects of incinerators, cement kilns
and smilar combugion sysems has crested srong public oppostion to incineration. This
factor as wdl as increasing infradructurd needs, paticulaly those associated with the
management of ar emissons and other resdues, has encouraged the development of other
destruction technologies.

Audrdia holds a leading postion in the use of technologies other than combustion for
the dedruction of intracteble wastes, obsolete pedticides and contaminated environmenta
media As a result, Environment Austrdia has evaduaied a wide range of these newer
technologies.

9.1. Super Critical Oxidation
ProChemTech determined that the process of super criticd oxidation appeared to

offer the best means of treating organic contaminated wastewater. Supercritica water
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oxidation (SCWO) is a high temperature and pressure technology that uses the solubility
properties of supercriticd water in the dedtruction of organic compounds and toxic wastes.
Under supercriticd conditions, with the addition of a proper oxidant (which may be either
oxygen or hydrogen peroxide or a combination of both, or nitraie or any other oxidant)
cabon is converted to carbon dioxide hydrogen to waeter; chlorine atoms derived fram
chlorinated organic compounds to chloride ions nitrccompounds to nitrates, sulfur to
aulfates; and phosphorus to phosphate [10].

The unique properties of super criticd water are the key to the operdtion of this
process. Gases induding oxygen and organic substances are completdy soluble in super
criticd  waer, wheress inorganic sdts exhibit greatly reduced solubility under process
conditions. Organic substances dissolve in the super criticd water, and oxygen and the
organic subdances are brought into intimate single phase contact a temperatures and
molecular dendties tha dlow the conventiond oxidaion reections to proceed rgpidly to
completion.

Process residues are contained and consst of water, gas and solids if the waste
contans inorganic sdts or organics with hdogens, sulfur or phosphorous. The effluent gases
contan no oxides of nitrogen or add gases such as hydrogen chloride or sulfur oxide The
process generates no paticulates and less than 10 ppm carbon monoxide has been measured
[10].

As the eguipment did not exig to agpply this technology a the flow rate needed,
ProChemTech proceeded to desgn and condruct a prototype super critical oxidation unit.
Desgn parameters set were operation in the pressure range of 200 to 270 amospheres at
temperatures between 370 and 480 °C, with the cgpability to process up to 24 kgh of
wastewater containing 15 to 25% mixed organic pollutants.

The prototype unit was inddled and brought on-ine in July, 1993. Following dmost
100 hours of opeation, the following results were obtaned on the sysgem influent and
effluent by the customer's laboratory usng GC/MS procedures, results as mg/l. The pollutants
present in the untrested westewater are totdly destroyed in the super criticad oxidation
process, products of the dedruction are carbon dioxide, water, and a limited amount of
minera acids based on the halogenated solvent content of the wastewater.

The Nationd Research Council has pointed out that this sysem must be congructed
of materids cgpable of resisting corroson caused by hadogen ions. They dso note tha the
precipitation of sats may cause plugging problemsin the system [19, 20].
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DREs of grester than 99% have been reported for the treatment of numerous
hazardous organic compounds wsing SCWO. For example, bench scde tests have shown
DREs of 99.999% or higher for chlorinated solvents, PCBs and pedticides, and >99.99994%
for dioxin contaminated MEK (Methyl Ethyl Ketone) [20]. No daa have yet been found that
dlow the dedruction efficiencies of this technology to be determined. i.e, the concentrations
of undestroyed chemicds in process residues have not been reported for process residues
other than gaseous emissons. Similarly, no data were presented describing the concentrations
in al process residues of dioxins and other POPs potentiadly generated.

Environment Audrdia (1997) notes that end products such as ash and brine require
disposd. The Agency dso finds that the technology is limited to the trestment of waste thet is
ligud or hes a patice sze less than 200 um, and it is most applicable to wastes with an
organic content of less than 20% [21]. SCWO has been gpplied to a broad range of materids,
eg., agueous wade dreams, dudges contaminated soils, indudrid organic  chemicds,
plagics, synthetics, paints and dlied products, indudrid organics agricultura chemicals
explosves, petroleum and cod products, and rubber and plagic products. It is gpplicable to
the treetment of a range of contaminants including acrylonitrile wastewater, cyanide
wastewater, pedticide wastewater, PCBs, haogenated diphatics and arometics, aromatic
hydrocarbons, MEK and organic nitrogen compounds [10].

Due to the high pressures / rddively high temperatures to be reeched to obtain the
supercritical  properties an interesting technologicd  solution has been proposed, tha is the
deep-well reactor. A demondration unit, conssing of a 25 cm diange danless ded b
aurface tubular reactor reaching a depth of approximady 1600 m was demondrated in
Colorado, showing indgnificant corrodon. It is damed that, as long as rdatively high
hydrocarbon content is dready in the wastewater feed, no energy input is required to heat up
the feed to supercriticd temperature. It is therefore in some way rdiable the dam of very
low operating costs, $120 to $140 per dry ton assuming some prefreatment and certain
operating conditions [10].

9.2. Electrochemical Oxidation

This technology, the Dounreay Electrochemicad Silver (Il) Process was initidly
developed for the high-efficiency converson of a wide range of radioactive organic wastes
into environmentally acceptable waste streams. In tests with chemicd warfare agents, this
process, sometimes referred to as mediated eectrochemicd oxidation (MEO), was successful
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in destroying an organophosphorus nerve agent to non-detectable levels after one hour and an
organochlorine agent, mustard, after two hours[10].

An dectrochemicd cdl is used to generate oxidizing species @ the anode in an acid
solution, typicdly nitric adid. These oxidizas and the add then atack any organic
compounds, converting most of them to carbon dioxide, water and inorganic ions a low
temperature (< 80 °C) and amospheric pressure. The organic content of the feed, which can
be soluble or insoluble organic liquids or solids, can vary between 5 and 100 percent without
affecting the process unduly. Likewise, the water content of the waste can vary over a wide
range. Compounds thet have been destroyed by this process include diphatic and aromatic
hydrocarbons, phenols,  organophosphorous and  organosulfur - compounds, and  chlorinated
diphatic and aromatic compounds.

9.3. Solvated Electron Technology

The SoLV™ process neutrdizes hadogenated compounds (those containing chloring
fluorine, bromine or iodine) by exposng them to free dectrons in a olvaed solution.
Solvated eectrons are the most powerful reducing agent known. Commodores SoLV™
process represents the firs important commercid use of solvated eectrons for remediation
purposes. In genera terms, the SoLV ™ process works as follows.

A bae med, usudly sodium, but sometimes cdcium or lithium is introduced into
liquid anhydrous (water-free) ammonia and indantly begins to dissolve. The solution turns to
a vivid blue as dectrons are freed. Haogenated compounds, which have a powerful affinity
for free dectrons are mixed with the solvated solution and are ingtantaneoudy neutrdized.
For PCBs ions of chlorine combine with ions of sodium, and sodium chloride is formed,
leving no toxic agents whatsoever. Interestingly, trested <ol (essuming no  other
contaminant such as heavy metds) is not only cleaned but dso nitrogenenriched from the
ammonia bath.

The gpplication of solvated dectron technology to waste treatment has been
developed by Commodore Applied Technologies Inc., which hes resulted in a proprigtary
reagent known as Agent 313 [10]. The technology has been demondraed in the destruction
of a wide variety of hadogenaed organic compounds induding PCBs dioxins, pedticides,
chlorofluorocarbons (CFCs) and chemica warfare agents (e.g., GB, HD, VX and Lewisite)
[10]. PCBs have been trested by SET, ther treatment resdues and the fate of those residues
aregiven bdow in Table 5 [22].



Decontaminated soils are said to be suitable for return to the Ste, enriched in nitrogen
from trace amounts of resdud ammonia. Proponents dam degtruction efficiencies of 100
percent for organochlorine pedticides such as DDT, Diddrin, 24-D, and 245T. With a few
pedicides - Cabaryl, Paraquat, PMA, and Zineb — dedruction efficiencies as low as 86
percent were achieved [10].

It is important to note that no data were avalable that identify and chemicaly
characterize dl geseous, liquid and solid residues of this process. i.e, no information was
found that describe the concentrations in process residues of dioxins and other POPs that may

potentidly be formed during this process

9.4. Chemical Reduction Reaction

The ECO LOGIC Process involves the gasphase chemicd reduction of organic
compounds by hydrogen a temperatures of 850 °C or greater. Organic compounds ae
ultimately reduced to methane, hydrogen chloride, and minor amounts of low molecular
weight hydrocarbons (benzene and ethylene). The hydrochloric acid is neutrdized by
addition of caudic soda during initid cooling of the process gas. The primary chemicd
reactions that occur in the ECO LOGIC Process are reductive and involve breskdown of the
hydrocarbon dructure and hydrogenation of the product carbon to form methane. An
incidental reaction of water (as steam) with the methane to form carbon monoxide and carbon
dioxide dso occurs in the Process a lesser efficiency. Steam is used in the Process reactor for
hesat transfer.

The process is nondiscriminatory; that is organic molecules such as PCBs, PAHS,
chlorophenols,  dioxins,  chlorobenzenes, pedicides, herbicides and  insecticides  ae
quantitatively converted to methane. Approximatdy 40% of the methane produced can be
subsequently  converted to hydrogen via the water shift reaction and the remaining methane
converted to hydrogen in the catalytic sseam reformer. Thus, the process can operate without
an externd supply of hydrogen. For highly concentrated wastes (eg pure Askardl) the process
produces an excess of methane. Because the reaction takes place in a reducing atmosphere
devoid of oxygen, the posshility of dioxin and furan formation is sad to be diminated.
Maintaining grester than 50 percent hydrogen (dry basis) can prevent the formation of PAHS
[10].

In commerciakscde performance tests in Canada, the gas-phase reduction process
achieved degtruction efficiencies and DREs with high-strength PCB oils and chlorobenzenes.

Dioxins that were present as contaminants in the PCB oil were destroyed with efficiencies
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ranging from 99.999 to 99.9999 percent [9]. When chemicd concentrations in gases and
other resdues fdl bdow limits of detection, they are reported as "less than" vaues not as
zero. As a consequence, vaues cdculated for dedtruction efficiency approach, but never
reech zero. In other words, gasphase chemicd reduction can achieve dedruction efficiencies
of effectively 100 percent.

Resdues generated by the process include product gas from the reector, scrubber
water and dudge from product ges treatment, and smadl quantities of grit from the reector.
Product gas is dther catdyticdly reformed to recover hydrogen or burned as fud in one or
more of the auxiliary systems - the boiler, caaytic reformer and sequencing batch vaporizer
[10]. During typicd operaions, 30 to 50 percent of the product gas is burned as fud for the
boiler or other auxiliary units [23]. If either the product gas or the ambient ar used for
combugtion ar for the boiler or gmilar units contains hydrogen chloride or other chlorinated
pecies, dioxins may be generated during their combustion. In order to meet the fundamenta
technicd criteria for POPs dedruction, both the product gas and combugion ar must be
trested to remove such chlorine donors and so prevent dioxin formation.

9.5. Dehalogenation Processes

Chemica dehdogendtion (or dechloringtion) is a chemica process used to remove
haogens (usudly chloring) from a chemicd contaminant by hydrogen or a reducing radica
contaning hydrogen donor. Examples of direct chemicd dehdogendion indude the akdine
polyethylene glycolate (APEG) processes and base-catdyzed decompostion (BCD); they do
not include desorption or extraction processes followed by chemicd trestment of the
condensate or extraction medium. Ancther dechlorination process is the gasphase reduction
(Eco-Logic process), in which the main difference is the chemical used as reducing reagents.

Further development of the BCD process, incorporaied an dkaine polyethylene
glycol (APEG) eagent (eg., potassum polyethylene glycol) as the base. The APEG reagent
dehdogenates the contaminant to form glycol ether and/or a hydroxylated compound and an
dkdi med <dt. Dedruction efficiencies ae dexribed as "not as high' as some other
tedhnologies [24].

For example, the APEG-PLUS process uses potassum hydroxide (KOH) as reducing
reegent in a mixture of polyethylene glycol (PEG) and dimethylsulfoxide In the case of
based cadyzed dechloringtion, the process key is the hydrogen donor with an oxidation
potentid low enough to produce nucleophilic hydrogen in the presence of bese N& a low



temperature. On the other hand, for the EcolLogic process gassous hydrogen a high
temperature is the reducing reegent to destroy chlorinated organic com pounds.

Chemicad dehdogenation technologies (BCD and APEG) ae applicdble to
hadogenated aomaic compounds, including PCBs, PCDDs, PCDFs, chlorobenzenes,
chlorinsted  phenols,  organochlorine  pesticides, hdogenated  herbidde, and  certan
hdogenated diphatics (eg. ehylene dibromide, carbon tetrechloride, chloroform, and
dichloromethane). If other volaile organic, semivolaile organic, or med contaminants are
present, chemicd dehdogenation can be used in conjunction with other technologies, such as
low-temperature thermal desorption, solvent extraction, or biodegradetion.

In the following, BCD and APEG-PLUS technologies will be presented according to
the criteria defined for the technology evduation. In both cases but especidly in BCD
process, the absence of an important number of dudies cases that provide andytica data,
meke difficult the definition of the technology performance. Even when a extensve report
including cos and performance data about of APEG process gpplication is avalable, the
informeation is not enough to complete the cost evauation.

The BCD/APEG process was successfully demondtrated at the Wide Beach Superfund
gte in 1991, where gpproximady 42,000 tons of dockpiled soil contaminated with PCBs,
manly Arochlor 1254, & concentrations ranging from 10 to 5000 mgkg, were treated.
Gasous emissons, which are very smdl compared with combustion sysems [10], were
treated with cycdone, baghouse, acid gas scrubber, and activated carbon adsorption.

9.5.1.Base Catalyzed Decomposition (BCD)

This process was developed by EPA’s Risk Reduction Engineering Laboratory, in
cooperation with the Nationa Facilities Engineering services Center (NFESC) to remediate
liquids soils dudge and sediments contaminaied with chlorinated organic  compounds,
especidly PCBs, dioxins, and furans.

In the BCD process (Figure 1), contaminated soil is excavated and screened to
remove debris and large particles, then crushed and mixed with sodium bicarbonate (one part
sodium bicarbonate to ten parts soil). This mixture is heated to 200-400 °C in a rotary reactor.
The heat separates the hdogenated compounds from the soil by evaporaion. The voldilized
contaminants are captured, condensed and treated separately. The soil left behind is removed
from the reactor and can be returned to the Ste. The contaminated gases, condensed into a
liquid form, passinto aliquid-phase reactor [20].



The dehdogenation reaction occurs when severa  chemicds incduding  sodium
hydroxide (a bass) are mixed with the condensed contaminants and heated in the reactor. The
resulting liquid mixture can be incinerated or treated by other technologies and recycled. The
BCD process diminates the need to remove the reactants from the trested soil as in the
glycolate deha ogenation process.

Figurel: The Basecatalyzed decomposition process (ref. 26).

The Base Cadyzed Decompostion process was initidly developed for remediating
PCB-contaminated soil, but it was demondrated thet it is dso gpplicable to soil contaminated
with other chlorinated as wel as nonchlorinated organics The technology have the
following important characteristics:

" The additions of sodium bicarbonate to promote lower temperature desorption and partid
degtruction of chlorinated organics.
Steam sweep to create an inert aimosphere above the hot soil. The inert gas suppresses the
formation of oxidaive combudion products like dioxin and diminaies the posshility of
combustion occurring in the rotary reector.
A noved control system to dlow a wet dectrodatic precipitor (WESP) in the off-gas
treatment system to operate without the danger of afire or explosion.

NFESC and EPA have been developing the BCD process since 1990. The BCD
process has received approval by EPA’s Office of Toxic Substances under the Toxic
Subgstances Control act for PCB trestment. Complete design information is available from
NFESC. Predeployment teting was completed a Navd Communications Station Stockon in
November 1991. The research, development, testing and evaudion stages were deveoped
for Guam.

The BCD process components are eesily trangported and safely operated. The process
employs off-the-shdf equipment and requires less time and space to mobilize, set up, ad
teke down than an incineration procedure, which is an dternative method for destroying
organic pollutants. Other advantages of BCD process is that it uses low-costs reegents in
smdl amounts (1 to 5 wt.% of matrix to be treated) that do not have to be recovered and
reused.

In Guam dgte, the system has operated a rates of more than two tons per hour. The
BCD will essly achieve totd PCB concentration below 2 ppm in the treated soil. The ar
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pollution control sysem (APCS) rated with high performance, since the PCBs remova was
99.999 percent and levels of the other organics in the stack were very low. Average combined
dioxin and furan concentrations were 32 nanograms per cubic meter. A second ar control
was peformed after al the APCS equipment was ingdled (including WESP). PCBs
emissons fdl to 99.99999 percent removd and average dioxin and furan concentrations in
the gack fdl to 3.6 nanograms per cubic meter. Automatic control ensures the low oxygen
content (lower than 10 percent) in the WESP.

Daa from Kopper's supefund dte in North Cardlina are inconclusive regarding
technology performance because of andytica difficulties No additiond data were published
on the application of this technology in other superfund.

Compounds such as PCBs, which may react with oxygen a eevaed temperatures to
form even more hazardous compounds such as dioxins, are specidly suited to the BCD. The
inert stream atmosphere in the rotary reactor and throughout the air capture system excludes
most of the oxygen. The sodium bicarbonate bresks down, releesng carbon dioxide and
water to add additiond inert gases to the system.

The performance of the ar pallution control sysem (APCS) depends on the nature of
the organic being removed. High boiling point organic, such as PCBs, are removed largdy by
condensation and captured on either the WESP or the high efficiency mist diminator. Semi-
volatile water-soluble organics are captured in the water through solubilization. The carbon a
the end of the ar sysem ceaptures volaile organics nonwater soluble and residua PCB
Vapors.

The tota quantity of organics released in the rotary reactor is an important factor in
the overdl economics of the sysem. As the bicarbonate causes only partid destruction of
PCBs, dl the condensable organics rdeased will be contaminated with PCBs. This
contaminated resdua must be digposed offste, typicaly by incineration.

Factors that may limit and interfere with the effectiveness of chemica dehdogenation
are high dlay or water content, acidity, or high naturd organic content of the soil. In practice,
the formaion of sdt within the trested mixture can limit the concentration of haogenated
materid able to be treated. In addition, in the process the organic contaminants voldilized in
the reactor must be collected and trested and the off-gas must be collected.

Data reguirements incdude soil, sediment and dudge charecterization. Ste soil
conditions frequently limit the sdection of a trestment process. Different tests should be
conducted to identify parameters such as water, dkdine metds and humus content in the

0ils, the presence of multiple phases, and totd organic hdides that could affect processng
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time and cod; 0l patide dze didribution; soil homogendty and isotropy; bulk densty;
paticde dendty; <ol permegbility; soil moidure; pH of the waste; etc. Process-limiting
characteristics such as pH or moisture content may sometimes be adjusted. In other cases, a
trestment technology may be diminaied based upon the soil dassfication (eg., patide-gze
digribution) or other sal characteristics.

The cog for full-scae operation is estimated to be $270 per metric ton and does not
include excavation, refilling, resdue disposd, or andyticad costs The trestment time is short,
energy requirements are moderate and operation and maintenance costs are relatively low.

The primary factors affecting contaminant removas in the rotary reactor ae
temperature and resdence time. As an example, PCB-contaminated soil requires a
temperature of 360 °C and a resdence time of about one-hdf an hour. However, these
numbers are gpproximate because the type of soil contaminated by PCBsis dso afactor.

BCD can be used to trest contaminaied soils, dudges and filter cakes containing
hazardous organic compounds, such as dioxins, furans PCBs ad cetan chlorinaed
pesticides. If chlorinated compounds are treated (as PCBS), the bicarbonate catdyst increases
plant efficiency by dlowing the soil to be deaned a low temperaiure and chemicdly
destroying some PCBs.

The concentrations of PCBs that have been trested are reported to be as high as
45,000 pats per million, and reduced to less than 2 ppm. The technology is mobile, then the
hazardous wastes do not need to be trangported. Individua Ste conditions must be consdered
to determine the effectiveness of the process [25-29].

ADI Services, a BCD licensee in Audrdia, has developed a variaton of the BCD
reaction (called the ‘ADOX’ reaction) in which an ‘accelerator’ replaces the patented BCD
caadys. In the ADOX reaction the nature of the reaction changes dramaticdly in that
organochlorines are decomposed completely to carbon. The reection, which takes place
rapidy, can be applied to much higher concentrations of organochlorines than the
conventionad BCD process and without the requirement for the addition of oil [30]. No daa
were presented identifying and chemicaly characterizing dl residues from this process. i.e,
the concentraions in dl resdues of undestroyed chemicds and dioxins and other POPs
potentialy formed during this rocess were not reved ed.

The ADI thermd desorption process produces a vaiable amount of dust (usudly less
than 5% of the origind soil feed) and condensates, both are containing dioxins. While these
are captured and contained within the system, they must be able to be safdly decomposed for

the tota process to be consdered effective [30]. In the recent trids in New Zedand, the solid
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resdues were fed back into the sysem. This resulted in a reduction of the dioxin levels from
aninitid leve of 1280 ppb TEQ to avaue below 0.1 ppb TEQ.

Base-catdyzed dedruction is a portable process that detoxifies contaminated soil on
dte a a rate of .9 metric ton (one short ton) per hour. The system accepts a steady intake of
excavated soil thet is then mixed with a base chemica, sodium bicarbonate, which acts as a
cadys. Next, the soil is fed into a reector where heat is goplied, converting contaminants
into non-hazardous compounds. The treated soil is cooled and is suitable for backfill.

The BCD process offers many advantages over exiding chemicad dechlorination
methods, induding the potentid for Sgnificant cost savings. The operaing costs of a full-
scde BCD system are projected to be less than one-fourth the operating costs of incineration,
currently the most common destruction process.

While generdly consdered to be a rddivdy low risk technology, a BCD plant in
Mebourne, Audrdia was rendered inoperable following a fire in 1995. The fire damaged the
treetment system and building. It is undetood that the fire resulted from a combination of
factors. The nitrogen blanket was in place over the reactor, however, on discharge of hot ail
into a dorage vessd without an adequate nitrogen blanket, the fire occurred in the Storage
vessel. The auto gnition point of the hot oil was lower than expected and was exceeded [31].
The plant has been rebuilt and is opereting on a commercid bass, focusng on PCB
contaminated oils, trandormers and capacitors, following approvd by the regiond
environmenta agency.

As the BCD process essntidly involves gripping chlorine from the waste compound,
the trestment process may result in an incressed concentration of lower chlorinated species
(eg., higher congeners are replaced by lower congeners) [10]. This is of potentid concern in
the treatment of dioxins and furans, where the lower congeners are sgnificantly more toxic
than the higher congeners. It is therefore essentid that the process be appropriately monitored
to ensure that the reaction continues to canpletion.

For contaminated soils costs ae sad to range from $250 to $400 per ton, in
Audgrdian dollars. Cogts for PCB contaminated oils are around $1000 per tonne [10].

9.5.2. APEG Plus (Glycolate dehal ogenation) [32-37]

Glycolate dehdogenation mekes use of a chemical reagent called APEG. APEG
consgs of two pats an dkdi med hydroxide (the "A" in APEG) and polyethylene glycol
(PEG). Sodium hydroxide and potassum hydroxide (KPEG) are two common akdi meta

hydroxides. A vaidion of this reegent is the use of potassum hydroxide or sodium
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hydroxide/tetragthylene glycol, referred to as ATEG that is more effective on haogenated
diphatic compounds.

The APEG process consgs of mixing and heeting the contaminated soils with the
APEG reagent. During hegting, the dkadi meta hydroxide reacts with the haogen from the
contaminant to form glycol ether and/or a hydroxylatled compound and an akdi metd <t
which are water-soluble byproducts This trestment chemicdly converts toxic materids to
nor-toxic materias.

The glycolate dehdogenatiion process condds of five deps preparation, reection,
separdion, washing, and dewaering (Figure 2). During the preparation gep, the
contaminated waste (soil, for example) is excavated and dfted to remove debris and large
objects such as boulders and logs. Next, in the reaction step, the contaminated soils and the
APEG reagent are blended in a large contaner cdled a reactor, mixed, and heated for four
hours. Vapors resulting from the hesting process are collected. The vapor is separated into
water and the gaseous contaminants by means of a condenser. The water can be used during a
later step in the process and the gaseous contaminants are passed through activated carbon
filters to capture the contaminant.

The 0ilFAPEG mixture, after trestment in the reactor, goes to the separator, where the
APEG reegent is separated from the soil and recycled for future use in the system. The
trested soil contains products of the treatment which are less toxic chemicds resulting from
the dehdogenation reaction. These new chemicd products are a non-toxic sdt and a less
toxic, patidly dehdogenated organic compound. In paticular, the APEG reagent
dehdogenates the pollutant to form glycol ether andlor a hydroxylaed compound and an
akai meta sdt, which are water-soluble by products.

The s0il passes from the separation step to a washer, where the water collected in the
earlier reaction step is added. The lagt traces of resdual APEG reagent are extracted from the
20l and recyded. The soil proceeds to a de-watering phase where the water and soil are
separated. The water is treated to remove contaminants before discharge to a municipa water
treetment system, a receiving stream, or other appropriate discharge areas. The <ol is re
teted for contaminant concentrations. If it ill contans contaminants above targeted
trestment concentrations, it is recycled through the process or put into an environmentaly
safelandfill; if the soil iscean, it can be returned to its origing location on the Site.

Figure 2: APEG treatment process (ref. 33).



APEG process has been used successful to treat contaminant concentrations of PCBs
from less than 2 ppm to 45000 ppm. This technology has received approvad from EPA's
Office of Toxic Subgtances. There is avalable information relative to the peformance of
APEG process for cleanup of PCB-contaminated soils at three superfund Stes.

APEG technology uses standard equipment. The reaction vessd must be equipped to
mix and heat the soil and resgents. A detailed engineering design for continuous feed, full-
scade PCB treatment system was used in Guam. The concentrations of PCBs that have been
treated are reported to be as high as 45,000 ppm. Concentrations were reduced to less than 2
pom per individuad PCB congener. PCDDs and PCDFs have been treated to non-detectable
levels a pat per trillion. The process has successfully destroyed PCDDs and PCDFs
contained in contaminated pentachlorophenal ail.

The APEG process has been sdlected for cleanup of PCB-contaminated soils at three
Superfund dtes. Wide Beach, New York, ReSolve, Massachusetts and Sol Lynn, Texas.
This technology has received approva from the EPA’s Office of Toxic substance under the
Toxic Subsgtances Control Act for PCB treatment. It uses standard equipment. The reaction
vessel must be equipped to mix and heat the soil and reagents. It is estimated that a full-scae
system can be fabricated and placed in operdion in 6 to 12 months.

Sonificat advances ae currently beng made to the APEG technology. These
advances employ water rather than cosly PEG to wet the soil and require shorter reection
times and less energy, enhancing the economics of the process. Additiona information is not
avalable & thistimefor its congderation.

Table 6 summarizes the results of severd more important gpplications of the
technology and their results.

The APEG treatment technology can produce a trested waste that meets treatment
levds st by best demondraed avalable technology (BDAT), but may not reach these
treetment levels in dl cases. The ability to meet requires trestment levels are dependent upon
the specific waste condtituents and the waste matrix.

There are three main waste streams generated by this technology: the treated soil, the
wash water, and air emissons. The treated soil needs to be andyzed if it meets the regulatory
requirements for the Ste before find digpodtion can be made. The pH in the soils mugt be
adjused before disposa. The chemigsry of this technology is specific to haogenated
organics. Waste wash water contains only trace amounts of contaminants and reagents and
would be expected to meet appropriadte discharge sandards. Volatile ar emissons can be
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released due to the heating and mixing that occur in the process. They are usudly captured by
condensation and/or on activated carbon. The contaminated carbon is usudly incinerated.

The following factors may limit the gpplicability and effectiveness of the process.

The technology is generdly implemented as a baich process and is not cogt-effective for large
waste volumes
Mediawater content above 20% requires excessive reagent volume
Concentrations of chlorinated organics greater than 5% require large volumes of reagent
Regeneration and reuse of reagents may be difficult.

APEG will dehdogenate diphatic compounds if the mixture is reacted longer and a
higher temperatures than for aromatic compounds. It is recommended that a related reagent
KTEG be considered for these contaminants.

Treatability tests dould be conducted prior to the find sdection of the APEG
technology to identify optimum operating factors such as quantity of resgent, temperature,
and trestment time. These tests can be used to identify water contents, akaine metas, high
humus content in the soils and totd organic hdides that have the potentid to affect
processing times and costs.

The treated s0il may contain enough resdud reagent and treatment byproducts that
their remova could be required before find digposal. Specific safety aspects for the operation
mugst be conddered. Trestment of certan chlorinated diphatics in high concentrations with
APEG may produce compounds that are potentidly explosve and/or cause a fire hazard.
Vapors from heeting oily soils, which are often the matrix in which PCBs are found, can dso
cregte such potentid problems as fires and noxious fumes. Taking appropriate corrective
actions during elevated temperature processing can often solve these problems.

APEG units are transported by trailers. Therefore, adequate access roads are required
to get the unit to the Ste. Energy requirements involve hedting the reector and removing the
water for volatilization. For the reector three-phase eectrical services is required dong with a
died geam-genading plant. A standard municipa water supply, or equivdent, is adequate
for this process.

Contaminated soils or other waste materids are hazardous and ther handling requires
that a dte safety plan be developed to provide for personnd protection and spedd hending
measures.



Ondte andyticad capabilities are highly dedrable Extraction eguipment and ges
chromatography/mass spectrometer capabilities should be avalable to measure contaminants
of interest and to provide information for process control.

Cost to use APEG trestment is expected to be in a range of $220 to $550 per metric
ton. However, sgnificantly advances to improve the process economy are being mede to the
APEG technology. They consst in employing water rather than costly PEG to wet the sl
and require shorter reaction times and less energy.

APEG/KPEG process is generdly consdered a sand-done technology adequae
especidly for amdl-scde gpplications, however it can be used in combination with other
technologies. It is primarily for tregting and destroying hadogenated aromatic contaminants
and pedicides APEG dehdogenation is one of the few processes avalable other than
incineration that has been successfully field tested in tregting PCBs.

The concentrations of PCB tha have been tregted are reported to be as high as 45,000
ppm. Concentrations were reduced to less than 2 pats per million per individud PCB
congener.  Polychlorinated  dibenzo-p-dioxins (PCDDs) and polychlorinated  dibenzofurans
(PCDFs) have been trested to nondetectable levds a pat per trillion. The process has
successfully destroyed PCDDs and PCDFs contained in contaminated pentachlorophenal ail.

The effectiveness of APEG on generd contaminant groups was demongtrated for:

PCBs (sediments, ails, soil and dudge).

Pesticides halogenated (oils and soil).

DioxingFurans (sediments, ails, soil and dudge).

The proven effectiveness of the technology for a paticular Ste or waste does not
ensure that it will be effective at dl Stes. The demondtrated effectiveness means that &t some
scae, trestability was tested to show that for a paticular contaminant and matrix, the
technology was effective.

9.6. Molten Metal Pyrolysis

The Cataytic Extraction Process (CEP) is an innovative and patented technology in
which molten metd acts as both solvent and catdyst and is developed by Molten Meta
Technology, Inc.. MMT in Waham, Mass, are usng molten iron and other metals to convert
hezardous wadtes into useful materids, adso dabilizes and reduces low levd radioactive
wastes to a fraction of their origind volume, easing their disposal.



In CEP, vaious industrid wastes are piped into a seded bath of molten metd
(typicdly iron) heated from 2400 F to 3000 F. The cadytic propeties of the high
temperature metd bresk down the chemicd compounds in the waste to their primary
edements. These dements are extracted as gases, ceramics, and dloys by adding sdect
chemicals and materids, such as oxygen and dumina

Waste and sdected coresctants are introduced into a refractory-lined, meta-filled
vesd. According to DOE, the solid, liquid and gas output streams from this reactor vary
condderably depending on the opeding vaiades eg., oxidizing or reducing amosphere.
Typicdly, outputs incdlude 1) a metd product that may be recycled;, 2) dag that contains
oxidized metds 3) gases ocondding of products of voldilizaion, oxidaion and
decomposition; and 4) particulates and metds entrained in the offgas. There are liquid wastes
only if wet scrubbers are used to control ar emissons[9].

MMT describe their process as a recyding technology tha dlows organic,
organometdlic, metdlic and inorganic feeds to be recyded into useful materids of
commercid vaue. The company has caried out commercid-scae processng of severd types
of wage incduding spent metd/dectronic components, chlorinated waste dreams, and
biosolids from wastewater trestment [9].

Spexific waste sreams processed using CEP include chlorotoluene, polyvinyl chloride
(PVC), surplus meta and weapons components, and heavy resduds from ethylene dichloride
and vinyl chloride production. DREs greater than 99.9999 percent were achieved with
specific chemicds of concern [38]. The primary end products of CEP ae described as
follows

1 Gases, primaily comprised of hydrogen, cabon monoxide and up to 1 percent
ethylene, with smdler amounts of other light hydrocarbons,

2. Ceamic dag phese condding of dlica, dumina and cdcum chloride, which is
skimmed off the top of the bath; and

3. Med by-products.

Dioxins and furans were reported as nontdetectable in product geses a the 0.1 ng
TEQ/Nn? dandard [39]. According to MMT, the gases can be used in the synthesis of
organic chemicds, such as methandl; the ceramic materids can be used or buried in landfills
and the metd by-products, which remain as a ferrodloy, can be recovered for use. However,
the National Research Council has observed as follows [39):

The metd furnace does not diminae the need for a combustion process, the product

gases would be oxidized in a sparate unit. These gases would likey be very dirty, containing
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soot from the metd pyrolyss and possbly some dag particulate maiter. Gas cleanup will be
required before the gas is rdeased. In their evduation of this technology, DOE cautions that,
with induction heeting of the metd bath, the method apparently used by MMT, the process
must be carefully controlled to prevent equipment damage and possible explosion.

Recently, USEPA recognized MMT's process as achieving the Best Demonstrated
Avalable Technology (BDAT) for processng wastes for which incineration was previoudy
the only gpproved processing method [9].

DOE edimaed capitd codts for a typicd MMT facility to range from $15 to $50
million, in U.S dollas depending on the volume and compostion of the waste stream. For
example, the MMT unit & Clean Harbors, which has a capacity of 30,000 tons of waste per
yesr, is etimated to cost between $25 and $35 million [40].

9.7. Molten Salt Oxidation

The molten sat process hes been used on a smdl scde since 1950 [9]. In the process,
a bed of dkdine moten st, usudly sodium carbonate, oxidizes organic maerids a a
temperaiure of 900 to 1000°C. Any chlorine, sulfur, phosphorous, or ash products in the feed
ae converted to inorganic sdts and retained in the sdt bed. This process cannot treat soils
and other materials with a high content of inert materia [20].

With bench and pilot scde sysgems liquid 1,24trichlorobenzene (586 weght
percent chlorine) was destroyed in molten sodium  carbonate/sodium  chloride  with
efficencies of 99.9999970 and 99.9999932 percent a bed temperaiures of 900°C and 1000°C
repectively. With chlordane, the pilot scde sysem achieved DREs of 99.99983 percent
when samples were taken before the baghouse and >99.9999988 percent when sampled after
the baghouse [10]. Degruction efficiency with chlordane was agpparently not determined.
Indeed, the use of both peformance measures, "dedtruction efficency” and DRE, in
describing the peformance of this technology suggests that one may have been usd
inaccurately. i.e, dedruction efficiency can be determined only if al process resdues are
andyzed for the presence of undestroyed chemicads of concern. It is dso important to note
tha no data were presented describing the concentrations in process residues of dioxins or
other POPs potentialy formed by the process.

One hazard of the process is potentid superhestedvgpor explosons when liquid
wagtes are introduced. Gaseous emissions may require filtering due to the entranment of very
fine st particles, and the totd sdt requiring disposd may be severd times the weight of the

wastes destroyed [10].
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Depending on chlorine content as wel as the cgpacity of the facility, the cost (in
Awgrdian dollars) of tregting organochlorine wastes vary from $1200 to $2000 per ton. The
resduds from the process are not useful, and must be disposed of properly in a secure
landfill. For a feed rate of 1000 kg/h, the cogt is in the order of $1150/tonne. The above costs
do not incude effluent trestment cods, resduds and waste shipping costs handling and
transport codts, andytica codts, and Ste restoration costs [20].

9.8.Plasma Arc

In plasma ac treatment directing an dectric current through a low-pressure gas
dream cregtes a therma plasma fidd. Plasma arc fidds can reach 5000 to 15000°C. The
intense high temperature zone can be used to dissocide wede into its a@omic dements by
inecting the waste into the plasma, or by usng the plasma arc as a heat source for
combustion or pyrolysis[10].

The Nationa Research Council (1993) described the waste streams from plasma arc
destruction of wastes as "essentidly the same as those from incineration..” such as
combustion by-products and sdts [20].

Vaious plasma reactors have been developed for the thermd destruction of hazardous
wagte. Environment Audrdia conddered three avalable plasma sysems in its review of
appropriate technologies for the destruction of hazardous wastes. These are:

PACT (Plasma Arc Centrifuga Treatment)
PLASCON (In-Hight Plasma Arc System)
STARTECH (Plasma-éectric waste converter)

PACT: The Plasma Arc Centrifugad Treatment (PACT) process developed by Retech uses
heat generated from a plaama torch to mdt and vitrify solid feed materid, incuding
contaminated soils. Organic components are vaporized and decomposed by the intense heet
of the plasma and are ionized by the ar used as the plasma gas, before passng to the off-gas
treetment system. Metatbearing olids ae vitrified into a monalithic norHeachable mass.
Gases trave through the secondary combugtion chamber and then through a seies of ar
pollution control devices[20)].

Liquid and solid organic compounds can be trested by this technology and it is
appropriate for treatment of hardto-destroy organic compounds and wastes contaminated
with metds. DREs for organic compounds are greater than 99.99%. However, volatile metals

and products of incomplete combustion (PIC) can be generated and may need to be removed
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by an appropriate scrubber [10]. No data were found to describe the concentrations of
undestroyed chemicas in process residues other than gaseous emissons. As a conseguence,
the destruction efficiencies achieved by this technology are as yet unknown. Similarly, no
data were found to describe the concentrations in process resdues of dioxins and other POPs
that may potentialy be formed by this process.

The sysem can be operated under pyrolytic conditions with a reducing amosphere to
avoid or minimize dioxin formation in the primary chamber and the volume of gases
produced in the process have been cdculaed to be as little as 2 percent of the volume of an
incinerator of equivalent capacity. However, it is usud to follow primary combustion with
secondary combustion where dioxins can be formed. Since totd ar emisson volumes are less
than for conventiond combustion processes, the potentid impact of emissons is expected to
be lower. Treated soils and other maerids from this process are generdly converted into ash
and as such can be returned to the site [10].

The PACT system can be expected to have a reatively high capitd cost as wel as
high operating cost ($4000 - $3000 per ton) [10].

PLASCON: In the PLASCON system, a liquid or gaseous waste stream together with argon
is injected directly into a plasma ac. Organic chemicds in the waste disassociate into
eementd ions and aoms, recombining in the cooler area of the reection. End products
incdlude gases and an agueous solution of inorganic sodium sAts[10].

PLASCON is not currently configured to treat a range of waste types (eg.,
contaminated soil, capacitors, etc.). However, in conjunction with appropriate preprocessing
(eg., themd desorption) its applicability is broadened. Bench scde tests achieved DRES
ranging from 99.9999 to 99.999999 percent. Like the other plasma arc process, no data were
found describing the concentrations of undestroyed chemicads in process residues other than
gaseous emissons S0 that the dedruction efficency of this technology remans unknown.
However, dioxins were found to occur in scrubber water and stack gases in the part per
trillion ranges[10].

The PLASCON sysem has been operating a Nufarm, a herbicide manufacturing
works in Laverton, Victoria, Audrdia, snce early 1992. Totdly organic wastes containing a
vaigy of organochlorine compounds ae being treted on a gamdl throughput bess.
Typicdly, the waste averages 30% w/w of chlorine. A second PLASCON unit has been
commissoned to cope with the increased plant throughput (200 kW system). This system is

currently being used to destroy stockpiled CFCs and hdons [10].
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Operating codts induding labor vary depending on the work to be trested and the
location of the site. These codts in Audrdian dollars, are esimated to be under $3000/tonne
but typically range from $1500 - $2000/tonne [10].

9.9. Catalytic Hydrogenation

The potentid destruction of chlorinated wastes by hydrogendtion over noble metd
cadyds has been recognised for many years [10]. However, noble metd catdyss ae
paticulaly susceptible to poisoning by a range of dements found in red world Stuations,
thus limiting the gpplicability of the technology.

The CSIRO Divison of Cod and Energy Technology has developed a process for the
regeneration of PCB contaminated tranformer fluids using hydrogenation cataysts based on
meta sulphides, which are extremdy robust and tolerant of most caidys poisons [41]. The
process is dso damed to dedroy a wide range of chlorinated hydrocarbons, yidding
hydrogen chloride and light hydrocarbons as by-products.

In recent trids relatively high concentrations of pure POPs compounds were treated in
a hydrocarbon solvent and dl were dedtroyed to beow the detection limit of andyss as
shown in Table 7. The proponents clam that the variations in destruction efficiencies reflect
differences in the limits of detection rether than red differences in the extent of destruction
[42].

Most gaseous effluents are recycled through the reactor, dthough purge gases are
discharged through a cataytic combustor. The proponents cam tha no dioxins or furans
have been detected leaving the catalytic combustor in gaseous emissions and that PCBs were
less than 15 ng/n. No data have been found describing the concentrations of dioxins and

other POPs in other process residues.

9.10. Ultrasonic Technology

Researchers & ANL ae developing an innovative ultrasonic detoxification process
that could ultimatdy be used to detoxify contaminated soil and groundweter a affected sSites.
ANL is one of the fird research organizations to sysemdicdly test ultrasonic technology on
the detoxification of contaminated soil and groundwater. Benchscae batich and continuous-
flow experimenta sysems have been st up in the laboratory. The results of initid
experiments conducted a Argonne confirmed that the ultrasonic detoxification can be used to
reduce the concentrations of CCl; in waer (to less than 2 ppb) and soil (to less than 1 ppm).

A conceptud process desgn of an ultrasonic soil- detoxification system has been completed.
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In addition to the dedtruction of organic compounds this process is dso potentidly adle to
remove radioactive compounds from the soil marix, ad these metds can be subsequently
recovered. Prdiminary cost edtimates of the technology indicated that it would be less cosly
than incineration for tresting soils and dudges contaminated with PCBs [43].

9.11. Advanced Oxidative Process [44]

Advanced oxidetive processes (AOPs) involves the use of O,, HyO,, TiO, UV light,
dectrons, iron or other oxidizing compounds to degrade PCBs and voldile organic
compounds (VOCs). AOPs utilize these oxidizing agents to produce free radicds, which
indiscriminetely destroy organic meatter. The following set of reections (Scheme 1) illustrates
severd reactions that can lead to the generation of free radicas (OH).

FREE RADICAL (OH) FORMATION
BY ADVANCED OXIDATIVE PROCESSES

Ozonation

03+ 0OH —» —» —» —> 00H + oOF

(Several steps)

UV Peroxidation

H,O, + photon —»> 00OH + oOH
Fenton's Reagent

Fer2+ Hy0, —> Fet3 + OH + ©OF
TiO, Photocatalysis

©
TiO, + photon — holg + eectron

® €]
hole + H0 — H + oOH
Electrochemical Peroxidation
Fe+2+ Hy0, —> Fet3 + OH + O

HoOp + € —>  OH + o0H

Scheme 1: Generation of Free Radicals

Electrochemicd peroxidation (ECP) is an advanced oxidative process developed by
SUNY a Oswego researchers, which uses dectricity, sted dectrodes, and peroxide to
degrade PCBs and VOCs. The dominant mechanism for this process is Fenton's Reagent
enhanced by dectricity. Fenton's resgent creates free radicds, which can paticipae in
reections, which indiscriminatey oxidize avalable organic matter. The following saries of
reactions illustrates the processes (Scheme 2).



ECPs can effectivdly and economicdly degrade low PCB concentrations in soil,
sedments, and dredged durries. ECPs have reduced trestment time from hours to minutes to
degrade PCBs in sediment and water. Researchers at Oswego have conducted a series of ECP
expaiments on sediment contaminated with approximaidy 65 ppm of PCBs from the
Superfund Ste in Massena

ERC researchers have dso conducted bench scde experiments, degrading more than
95% of PCBs in liquids and 68% of PCBs in durries from a subsurface storage tank (SST)
from a sate Superfund ste. These series of experiments were up-scaed using 200 L of the
SST water, and resulted in 85% reduction of PCBs.

Other applications for dectrochemicd  peroxidation includes PCB  surface
decontamingtion, dye decoloration, dedtruction of benzene, toluene and Xxylene in ground
water, dmultaneous metd removd and organic dedruction, vapor phase trestment and
wastewater treatment.

Fenton's Reagent Cr eates Free Radicals (0OH)

Eq.1. Fet2+ Hy0; —> Fe®3 * OH + oOH

Free Radicals Produced Can Participatein Reactions
Which Indiscriminately Oxidize Available Organic Matter

Eq.2 RH + oOH — HLO+ R°
Organic Radicals (R ) Can Also Be Oxidised, Dimerized

or Reduced, Resulting in a Variety of Possible Reaction
Pathways and Products

Eq.3: R° + Fet3 —= Fe*2 + Oxidized Product
Eq. 4 2R° —»  Dimer Product

Eq.5: R° + Fet2 —= Fet3 + RH

Eqg. 3 Allowsfor the Regeneration of Fe +2from Fe 3 which
alowsfor the Propagation of Redox Chain Reactions

RH = Organic Contaminant

Scheme 2: Electrochemical Peroxidation Reaction

9.12. Solvent Extraction — Chemical Dehalogenation — Radiolytic Degradation

This ex-Stu physochemicd reduces the volume of the pollutant that needs to be
destroyed. The technology uses an extracting chemicad to dissolve target contaminants from
soils in a find solution for treatment with recovery of the solvent used. This process produces
rlatively dean soil or sediment that can be retumned to the origind dte or disposed on

landfill. In some practices, prior to the solvent extraction, a physcd separation technique
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may be used to screen the soils into coarse and fine fractions, which may enhance the kinetics
of the extraction process This pretrestment technology is very useful in mitigating organic
wagte and heavy metas.

Solvent extraction technology can be applied to soils contaminated with volatile and
semi-volatile organic compounds and other higher boiling point complex organics such as
polynucleer aomatic hydrocarbons (PAHS), petroleum hydrocarbons, pesticidefinsecticide,
polychlorinated biphenyls (PCBs), dioxins, and pentachlorophenol (PCP). Recent US EPA
regulatory guiddines dlow soil extraction with non-harmful solvents for remova of PCBs.
[43].

Solvent Extraction techniques are codt-effective methods to treat PCBs and other
chlorinated compounds, but the main limitation is that the contaminants transferred to another
phase must be destroyed through a seconday method. Different gpproaches have been
developed to combine solvent extraction with other techniques like chemicad dehadogendtion
with immobilized reagents (CDP) and gamma-ray irradiation. Recent studies shows that the
PCB concentration in transformer oil was reduced from 700 ppm to non-detectable levels in
less than 5 minutes usng chemicd dehdogendtion. While the reallts for radiolytic
degradation showed that the PCB concentrations decreased with an incressed gray dose
rearly 60 mega rads were needed to degrade PCBs from 300ppm down to 1ppm in solvent
saturated soil [46].

9.13. Solar Detoxification —Photochemical Degradation

Sunlight energy can be used to degrade organic compounds of synthetic and naturd
origin. Short wavdengths (295 — 400 nm) of solar spectrum are greetly attenuated by the
amosphere, that radigtion is able to generate direct and indirect photolytic processes that can
degrade pedicides and PCBs polluting soil and surface weaters. Since the mentioned
wavdengths ae attenuated more drongly than longer visble waveengths, the rate of
photolyss of pedicides is highly dependent on latitude, seeson and other meteorologica
conditions, thus in tropica regions photochemicd processes ae a key factor to assess
pesticides fate and degradetion [47].

Solar energy is used to degrade hazardous organic chemicds by direct thermd
decompogtion or by photochemicd reaction. Some advantages include savings in fud use
improved therma dedruction of contaminants, and a reduction in exhaust gas volumes



including PICs (products of incomplete combustion). These processes can use ether therma
energy or arange of photochemica reections.

In order to use efficiently solar energy is required to concentrate the solar radiaion to
achieve high temperaiures to decompose or dedroy the contaminants. Solar radiaion is
reflected by mirrors (heliogtats) and absorbed by a receiver resching temperatures of up to
2,300K. No auxiliary fud is required and it has been demondtrated to show an improvement
in the destruction and remova efficiency (DRE) of organics, induding pedticides, by a factor
of 100 or more agang conventiond therma technologies. High dedtruction efficiencies can
be achieved a a temperature of 750 °C that is lower than the temperature required for thermal
incineration.

The man photochemicd processes that ad themd trestment in solar detoxification
indude photocataytic oxidation using titanium dioxide (TiO2) as a cadyd. Ultraviolet
radiation is used to promote an oxidation reaction in photocatdytic reactions usng a cadys
auch as TiO, in the presence of oxygen. The reactivity of snglet oxygen, irradiated with
visble light in the presence of dissolved oxygen, is usad in the dye-sengtizer processes. The
reactive species produced can then react with contaminant moleculesin the waste.

Oxidative degradation of pedicides including Lindane in contaminated water has
been tested with direct sunlight in a solar furnace. Singlet oxygen was effecive agang some
of the pedticides but reected dowly or not a dl with others. All pedticides were degraded by
OH radicd generating agents (such as methylene blue). Each system has different
cgpabilities, which needs to be taken into congderation when making comparisons.

9.14. Thermal Desorption I ntegrated Technologies
In this method the technologies involving thermd desorption as a pretreatment-
separdion technique integrated with a post trestment-destruction technology are presented.

9.14.1.Thermal Desorption — Catalyzed Dehal ogenation

This system is composed by a therma desorption system linked to the Base Catayzed
Dechlorination (BCD). The system uses an indirectly heeted therma desorber to split organic
compounds from contaminated media [48]. The sysem is desgned to achieve feed materid
temperatures of up to 510°C dlowing an effective treatment of soils and dudge polluted with
a wide range of low and high bailing point compounds The system is gpplicable for
hydrocarbons, pedicides, herticides, PCBs, coa by-products, wood tregting compounds,

dioxins and furans. The gases produced during the process are treated by a vepour recovery
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system which indudes an oil venturi, an oil scrubber, a water scrubber, a condensing unit and
vgpour phase carbon adsorption unit.

Contaminants and moisture voldilized from the contaminated meterid ae entrained
in the off-gas and are condensed and recovered by the scrubbers/condensers. The condensed
mixture is separated and the organic contaminant is collected for recyding via solvent
recovery, fud subditution or trestment usng the BCD process. Separated waer can be
treated by liquid phase carbon adsorption and sand filtration. Mot of the treated water can be
recycled back to the process for use in the scrubbers and cooling conveyar.

9.14.2. Thermal Desorption— Pyrolysis

The PCS (Product Control Soméug Technology is based on thermd desorption
combined with flash pyrolyss technique, and followed by combustion. The man operaiond
units of the sysem include indirectly hested rotary reector, indirectly cooled solid meaterid
cooler, and multi venturi scrubber, pyrolyss gas combustion chamber, water trestment,
auxiliary equipment and autometic operation with continuous monitoring.

The rotary reactor is the main component of the sysem. Wadte is patidly vaporized
in a reductive environment under low vacuum conditions (0 to 50 Pa). The reactor is
oylindricd in shgpe, aranged horizontdly and rotates aound its axis The operating
temperature in the reactor ranges from 450 to 800 °C. The waste may be introduced directly,
or after drying in a desorber. If needed, the waste is ground in a mill in order to homogenize
to a gze less than 5 mm. The wadte is decomposed into solid and vapor phases which include
heavy meds in water insoluble form, high boiling point organics in the solid phase, and
volatile organic compounds, volatile heavy metds and haogens in the vgpor phase.

After the pyrolyss, the vgpor phase is combusted and rapidly cooled; the gas stream
is cleaned in a wet gas scrubber prior to emit. Although dioxin and furan gases are not
genedly formed in a reductive environment, it is possble that they could be formed
following the combustion sep. Therefore, after combudion the resulting gases must be
treeted by scrubbing. The scrubber process water is cleaned, neutrdized and water
recirculated.

The process goplications include the converson to energy of waste such as olid
hazardous waste, PCB contaminated soil, mercury contaminated soil, hospitd waste
municipa solid waste, sewage dudge and cod. Besides, the technology can treat a full range
of chlorinated hydrocarbons, organochlorine pedticides, dl organic and/or inorganic materids

with combined contamination of organics, hdogens and heavy meds  Although, this
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technology is not gpplicable for trestment of liquids (water, flammable liquids and solvents),
explosgves andlor materids with highly oxidizing nature under heat trestment and materids
that cannot be decomposed by thermal trestment a 600 °C.

9.14.3.Thermal Desorption — Retort System

This technology is adapted to trest contaminated soils containing volaile organic
compounds (VOCs) or some semi-VOCs. The process has been configured for the treatment
of pedticide contaminated soils, especidly for dip Stes.

The sysem involves an indirectly fired retort that is used to remove the voldile
maerias through an off gas-vent, leaving the treasted soil for return to its origind dte. The
retort operates on a continuous bass under negative pressure, and under neutra conditions
(i.e nether oxidizing, nor reducing) resulting in some leskage of ar into the sysem. The
treated soil leaves the refort via an overflow washer from where it is trandferred to a
stockpile

The reort contents are indirectly hested. A combustion chamber surrounds the retort
and the components are initidly brought up to operding temperaure by hedting a batch
charge of inet materid. When this mass is a opening temperaiure, feed is dated. Bed
temperatures are monitored to ensure that conditions are maintained by varying dther the
feed rate or the firing rate; temperatures are set in the range of 400 — 700 °C depending on the
resdence time required, type of contaminant and <soil propeties. Typicdly in treding
organochloride pedticide contaminated soils the retort operates with a bed temperaiure of 450
t0500 °C [49).

Within the retort the pollutants are volailized and/or decomposed and separate as part
of the off-gas. The off-gases are then dawn by a fan through a hot ges filtration system that
removes particulate matter, dlowing the cleaned gases to go to an afterburner for the resdud
organics destruction. The afterburner is designed to operate a 1,100 °C with a twosecond
resdence time. From the afterburner, the gases are quenched to minimize dioxin and/or furan
formetion.

Retort process is only able to treat solids and dudge, dthough liquids (eg. pedticides
formulations) could be trested by firg producing a durry. Trestment of low volaility
compounds such as PCBsis not propoased on the current development status.
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9.14.4. Vitrification

The soil is treated with high temperature to cause a mdt and form a glass when
cooled. This technology can dther be caried out in-Stu or ex-situ; condss on insarting
graphite dectrodes into the contaminated encased area and energizing with a high dectrica
resstance hedting (more than 1,700 °C) to mdt soil into a molten block. It is applicable for
the treetment of organics (incduding pegticides and PCBsS), inorganics and radionuclides. The
organic contaminants will normaly be destroyed while the inorganics will be trapped into the
vitrified matrix. The Plasma Arc Centrifugd Trestment (PACT) mentioned above is a
combination of Plasma Arc and Vitrification techniques [49)].

9.15. Biological Technologies

Biologicd techniques ae commonly caried out with indigenous microorganisms
snce these present superior performance due to the better survivd rates compared to drains
taken from geogrephicdly different locations (norrindigenous inoculants). However, some
dudies have illugrated that the use of indigenous microorganiams for bioremediation and as
hogs for deveoping geneticdly enginesred organisms does not provide any advantage in
dynamic and highly competitive environments. Thus, the survey recommends that the dte
must be engineered to provide tempora advantages for the non-indigenous microorganisms,
or the known inoculants mugt be able to degrade a specific Ste better than the native dran
[50].

9.15.1. Bioslurry

This is a proper technique for Stes that require grester process control, more complete
and faster degradation rates. The contaminated soils are mixed with water to form a durry in
order to dlow contact between microorganisms and contaminants. Then the durry is fed into
a bioreactor where a controlled amount of ar is supplied for mixing and aerating; inoculation
may be peformed to enhance trestment. If conditions (temperature, nutrient concentration
and proper agration) are optimized, durry processes are fagter than other biologica processes.
Thetrested durry is suitable for direct land gpplication, smilar to composted soils [51].

The cleanrup time is less than twelve months. Surry-phase bioreactors are used to
remedigtle soils and dudge ocontaminated with explosves petroleum  hydrocarbons,
petrochemicas, solvents, pegticides and other organic chemicas. Biodurry is favored over in



gtu biologica techniques for heterogeneous soils, low permesbility soils and areas where
underlying groundwater is difficult to capture.

9.15.2. Enhanced Bioremediation

Enhanced bioremediation, dso cdled biogtimulation or bicaugmentation, is a process
to increese the biodegradation rae of contaminated soil by the addition of nutrients and
oxygen. The activity of microflora and fauna may be dimulaied by circulating weater-based
solutions  through the contaminated soils andlor  addition of  indigenousinoculated
microorganisms, engineered microbid species or seeding with pollutant degrading bacteria o
& to enhance biologicd degradaion of contaminants or immobilizetion of inorganic
contaminants [51]. Although it could be done in anaerobic conditions, it is more
advantageous when oxygen is not limiting in order to prevent the formation of persstent by-
products such as vinyl chloride resulting from the anaerobic degradetion of trichloroethylene.

This technique can be used in Situ to treat soils contaminated with different pollutants
such a peroeum hydrocarbons, solvents, pedicidess, wood —preservatives  and/or

nitrotoluenes.

10. RECOMMENDATIONS AND CONCLUSIONS

Due to redrictions on the use of PCBs, occupationa exposures will be minima. The
only work place exposures in the future will probably be from replacing or servicing old
equipment, trangporting PCBs to hazardous waste storage and destruction Sites and handling
PCBs a these dtes Workers involved in these activities should wear protective clothing and
follow decontamination procedures on completion of the work.

The difference between technologies that only separate and/or concentrate a pollutant
(eg. solvent extractions, therma desorption) and those which destroy the contaminant (eg.
pyrolyss, oxidation, reduction, and biodegradetion) mugt be conddered when seting gte
remedition gods. Those technologies that only immobilize contaminants (eg. landfill cep
systems, sabilization and vitrification) should dso be dearly differentiated.

The gpplicability and availability of the different trestment technologies depends on
the location of trestment systems and whether the wasi€'s ability to be transported to the
trestment facility. The pegticides or PCBs are transported between countries depending on the
avalability of trestment systems within the country in which the waste is generated, as well
as the quantities involved. While it is dedrable to minimize the trangport of pedicides and
PCBs the trangport and mobilization of these contaminants will continue until enough
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movable units or in-Stu trestment systems are performed within the countries that generate
the waste.

To sdect the most proper technology is required to condder severd ratable and non
raadble criteria Among “nonraable’, or redive criteria, ae included public acceptability,
risk and environmenta impacts, which depend on the specific geogrgphic Ste location. The
raable criteria may include the gpplicability of the method (in accordance with its
devdopment datus), overdl codt, minimum achievable concentration, cleanrup time required,
rdicbility, maintenance, post tresiment cost and ability to use soil after trestment. Socid,
environmental, technical and economical criteria should be consdered during technology
section process, the more criteria involved, and the more suited ones, the better
performance obtained. In case of choosing more than one technology to treat a specific waste
or soil, should be congdered the limitations, impacts and risks gppeared due to the combined
methods. Environmenta Impact and Risk Assessments must be carefully consdered in order

to avoid or control the emissions of POPs during the remediation process.
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Table 1: Toxic Equivalency Factors (TEFs) for Dioxin-like PCBs

PCB Congener TEF
3434-TeCB (IUPAC 77) 0.0005
234,34-PeCB (IUPAC 105) 0.0001
23454-PeCB (IUPAC 114) 0.0005
2453 4-PeCB (IUPAC 118) 0.0001
34,52 4-PeCB (IUPAC 123) 0.0001
34,53 4-PeCB (IUPAC 126) 01
234534 -HxCB (IUPAC 156) 0.0005
234,345-HxCB (IUPAC 157) 0.0005
24534 5-HxCB (IUPAC 167) 0.00001
345345-HxCB (IUPAC 169) 0.01
2345234 -HpCB (IUPAC 170) 0.0001
23452 45-HpCB (IUPAC 180) 0.00001

Toxic Equivaency Factors (TEFs) for PCDD/F

Mono-, Di -, Tri - CDD 0
2,3,7,8-TCDD 1
Other TCDD 0
2,3,7,8-PeCDD 05
Other PeCDD 0
2,3,7,8-HxCDD 0.1
Other HXCDD 0
2,3,7,8-HpCDD 0.01
Other HpCDD 0
OCDD 0.001
Mono-, Di -, Tri - CDF 0
2,3,7,8-TCDF 01
Other TCDF 0
1,2 3,7,8-PeCDF 0.05
2,3,4,7,8 - PeCDF 05
Other PeCDF 0
2,3,7,8-HxXCDF 0.1
Other HXCDF 0
2,3,7,8-HpCDF 0.01
Other HpCDF 0
OCDF 0.001
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Table 2: Industrial use of PCBs (source EPA, 1994)

PCBs use Percentage
Capacitors 50.3
Transformers 26.7
Pladticizer uses 9.2
Hydraulics and lubricants 6.4
Carbontless copy paper 3.6
Hest transfer fluids 16
Petroleum additives 0.1

Miscdlaneous indudtrid uses

2.2




Table 3:PCBs COMMON TRADE NAMES

Aroclor Chlorinal Fenclor Nonflammable Liquid
Arochlor B |Chlorphen Hyvol Phenoclor

ALC Clophen Indor Pydraul

Apirdio Clorinol Inerteen Pyrdene

Asbestol Diaclor Kenedor Pyranol

ASK DK Kenneclor / Kanechlor | Pyrodlor

Askard* Dykanol Magvar Saf-T-Kuhl

Adkarel EEC-18 MCS 1489 Santotherm
Capacitor 21 | Elemex N o-Hamol Santovac 1 and 2
Chlorextol Eucarel Nepalin Sovol and Sovtol

*Askad is dso the generic teem used for non-flammable insulding liquid in trandformers and
capacitors. "Askarel" PCBs are chemicd mixtures containing many different PCB congeners. They have
a heavy, liquid, oil-like condstency, and weigh 1,200 to 1,800 kg/ms. They are very dtable, exhibit low
water solubility, low vepour pressure, low flammability, high heat capacity, low eectrica conductivity,
and have afavourable dielectric constant for usein dectrical equipment.

Ref.. 1. US.EPA.—PCBsQ& A Manua -1994
2. AMAP Report 2000:3— PCB in the Russian Federation: Inventory and proposalsfor
priority remedia actions. ISBN 82-7971-008-6
3. Interim Draft—PCB Risk assessment review guidance document —January 12,2000 —
Versar Inc.




Table 4: Methods approved for PCB disposal

Type of PCB material Methods
Liquid PCBs PCB incinerator
>500 ppm PCB incinerator, PCB boiler or PCB
50-500 ppm landfill
Non-liquid PCBs> 50 ppm PCB incinerator or PCB landfill
Dredged materids and municipd PCB incinerator or PCB landfill
sewage treatment dudge >50 ppm
PCB transformers
>500 ppm PCB incinerator a PCB landfill
50-500 ppm Drain and dispose as solid waste
Other PCB-contaminated dectrica
equipment (except cgpacitors) Drain and dispose as solid waste
containing 50-500 ppm
PCB capacitors
> 500 ppm PCB incinerator
50-500 ppm PCB incinerator or PCB landfill
PCB hydraulicsmachine containing Drain and dispose as solid waste
> 500 ppm
Other PCB articles
>500 ppm PCB incinerator or PCB landfill
50-500 ppm Drain and dispose as solid waste

All other PCBs >50 ppm

PCB incinerator




Table 5: Solvated Electron Technology:
Materials Treated and the Nature and Fate of Treatment Residues

S.No. [ Material Treated | Products Disposal Options
1 Concentrated Biphenyl, cddum hydroxide, | Landfill as sdts.
PCBs cacium chloride.
2. PCBsin soils Biphenyl, cddum hydroxide | Return soil to ground.
cadum chloride, dean soil.
3 PCBson surfaces | Biphenyl, cdcium hydroxide, Collect sdtsand landfill.
cacium chloride.
4. PCB/oil mixtures Biphenyl, cddum hydroxide, Reuseail. Landfill salts.

caddum chloride, ail.




Table 6: APEG performance data (ref. 32 and 33).

Site Contaminant/ | Concentration | Concentration | Volume treated
Waste form before after
Signo Trading, Dioxinfliquid 135ppb <1lppb 15 gdlons
NY
Montana Pole Dioxin 147-83,923 ppb <1ppb 10,000 gdlons
Butte, MT Furan/ail
Western
Processing Kent, Dioxin/liquid 120 ppb <0.3 ppb 7,550 gdlons
WA and dudge
WideBeachErie PCBs (Araclor 120 ppm <2 ppm 1ton
Country, NY 1254)/soil
Guam, USA PCBg/soil 2500 ppm with hot <1 ppm 22 tons sol
otsashigh as 3,4 tons crushed
45,860 ppm rock
Bengart & PCBg/sail 51 out of 52 drums, <27ppm 52fifty-five gdlon
Memel 108 ppm drums
Buffao, NY
TCDD, 2,4-D, 1.3 ppm ND 20 gdlons
Economics 2,4, 5-T/liquid 17,800 ppm 334 ppm
Products Omaha, 2,800 ppm 55 ppm
NE
Organic Silvex 10,000 ppm Silvex 32 ppb
Crown Plating, pesticides’herbicides Dioxin 24.18 Dioxin 0.068 ppb
M O (Slvex)




Table 7: Catalytic Hydrogenation -Destruction Efficiencies
Achieved with Organochlorines [42]

Compound Feed Product Destruction
Concentration Concentration Efficiency, %
(mg/kg) (mg/kg)
PCB 40000 <0.027 >00,99993
DDT 40000 <0.004 >09.99999
PCP 30000 <0.003 >09.99999
HCB 1340 <0.005 >00.9996
1234TCDD 46 <0.000004 >09.99999




